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Abstract

Since it was discovered in the year 2000 that secondary electrons with energies below 20 eV, which are

the most abundant secondary species produced upon the interaction of ionizing radiation with biological

tissue, can induce severe damages in the DNA such as single and double strand breaks, the interest for the

study of the interaction of electrons with essential molecules of the human body has grown immensely.

Double strand breaks can lead to cancer and are therefore a substantial threat to human health, however, the

radiation research community is not sure how these strand breaks are formed upon interaction with ionizing

radiation. The fact that even electrons with energies well below the ionization threshold can induce great

damage in biological molecules via a resonant process called dissociative electron attachment (DEA), has

even furthered the interest in these electron interactions, as it was shown to be a very efficient decomposi-

tion mechanism.

A variety of studies, such as DEA studies to components of the DNA, for example, have been under-

taken so far to shed more light on the role electrons play in the radiation damage of biomolecules. In this

thesis two nucleobases, adenine and hypoxanthine, have been studied by observing their response towards

low-energy electrons. It has been found that these nucleobases behave in a similar manner upon low-energy

electron interaction, as do other nucleobases, that have been studied previously. The loss of hydrogen is

suspected to act as a precursor for the decomposition of the DNA and the nucleobases can also undergo

ring cleavage, which will induce substantial damage in the DNA.

Furthermore, the search for improved and more efficient methods for the treatment of cancer is as im-

portant as ever, considering the ever-rising number of cancer deaths. Radiotherapy has proven to be one

of the best treatments for tumors, but was found to be ineffective in hypoxic - oxygen deprived - tumors.

Compounds called radiosensitizers were developed to enhance the radiation damage in these tumor sites,

however, the molecular mechanism at which radiosensitizers operate is still unknown to this date. Investi-

gating radiosensitizers with low-energy electrons might enlighten the mystery of their working mechanism.

We performed an extensive DEA study to the proposed radiosensitizer 4-nitroimidazole (4NI) and two

methylated nitroimidazoles, and found quite unexpected results. While 4NI is very sensitive towards elec-

trons, which trigger a rich chemistry in the molecule, leading to the formation of a variety of reactive

radical species at very low energies below 2 eV, these reactions are completely blocked in the methylated

compounds. This means, that only small changes in the structure of this molecule can have immense effects

on its radiosensitizing properties, which is an important aspect to take into consideration when searching

for new radiosensitizers.
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Chemotherapy is also among the most efficient treatment methods for cancer and it has been shown, that

the concomitant administration of chemo- and radiotherapy can have a superadditive benefit. However,

also in this case the exact molecular processes responsible for this effect are not known, making further

investigations necessary. In this thesis I present the study of platinum(II) bromide as a model molecule for

platinum-based chemotherapeutic drugs and metal halides, that have shown good radiosensitizing abilities.

It was found that the most effective reaction upon low-electron interaction is the formation of the fragment

anion Br– , that is most probably coupled with ion pair formation.
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Zusammenfassung

Seit der Entdeckung im Jahr 2000, dass Sekundärelektronen mit Energien unter 20 eV, die in großen Men-

gen bei Bestrahlung von biologischem Gewebe mit ionisierender Strahlung entstehen, schwere Schäden

in der menschlichen DNA wie Einzel- und Doppelstrangbrüche verursachen können, ist das Interesse an

der Wechselwirkung von Elektronen mit essentiellen Biomolekülen enorm gestiegen. Doppelstrangbrüche

sind die schwerste Schädigung der DNA und können zu Krebs führen, welhalb sie eine enorme Gefahr

für die menschliche Gesundheit darstellen. Es ist jedoch bis dato ungeklärt, wie ionisierende Strahlung

diese Schäden genau verursacht. Es wurde entdeckt, dass selbst Elektronen mit Energien weit unter

der Ionisierungsschwelle durch den resonanten Prozess der dissoziativen Elektronenanlagerung (DEA)

Strangbrüche in der DNA induzieren können, was diesen Prozess sehr interessant für die Untersuchung

von Strahlenschäden macht.

Eine Vielzahl an Studien wurden bereits durchgeführt um die Rolle von Elektronen bei Strahlenschäden

besser zu verstehen, wie etwa DEA-Studien mit den einzelnen Komponenten der DNA. Für diese Arbeit

wurden zwei Nukleobasen, Adenin und Hypoxanthin, auf ihre Wechselwirkung mit niederenergetischen

Elektronen untersucht. Diese Moleküle zeigen sehr ähnliche Verhaltensweisen bei Beschuss mit Elektro-

nen wie andere Nukleobasen, zum Beispiel den Verlust eines Wasserstoffatoms, der als Vorbote für das

Entstehen von Strangbrüchen gilt, sowie die Zersetzung der Ringstruktur, was ebenfalls schwere Schäden

in der DNA verursachen kann.

Weiters ist die Suche nach verbesserten und effizienteren Behandlungsmethoden für Krebs besonders

wichtig, da die Anzahl der weltweiten Krebstode ständig steigt. Strahlentherapie ist eine der effizien-

testen Behandlungsmethoden für Tumore, hat sich aber bei der Behandlung von hypoxischen - sauerstof-

farmen - Tumoren als wirkungslos erwiesen. In Folge wurden Substanzen entwickelt, die die Strahlen-

schäden in diesen Tumoren erhöhen sollen und welche Radiosensitizer genannt werden. Der genaue

Wirkungsmechanismus dieser Radiosensitizer ist jedoch noch unbekannt, weshalb die Untersuchung dieser

Moleküle mit niederenergetischen Elektronen das Verständnis für diesen Prozess fördern soll. In dieser

Arbeit wird eine DEA-Studie an das als Radiosensitizer vorgeschlagene 4-Nitroimidazol (4NI) und zwei

Methyl-Nitroimidazole präsentiert, welche unerwartete und für die Krebsforschung sehr interessante Ergeb-

nisse zeigt. Während nämlich 4NI sehr empfindlich auf Elektronen mit sehr niedrigen Energien unter 2 eV

reagiert, welche im Molekül eine Vielzahl an chemischen Reaktionen hervorrufen und die zur Bildung von

einer Vielfalt an reaktiven Radikalen führen, sind diese Prozesse in den methylierten Molekülen komplett

blockiert. Dies bedeutet, dass selbst kleine Änderungen in der Struktur des Moleküls bereits große Effekte

auf die strahlensensibilisierenden Eigenschaften eines Radiosensitizers haben können, was für die Suche
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nach neuen derartigen Molekülen enorm wichtig ist.

Eine andere sehr effiziente Behandlungsmethode von Krebs ist Chemotherapie, die meist allein angewen-

det wird, jedoch auch gemeinsam mit Strahlentherapie getestet wurde, was sich in manchen Fällen, abhängig

vom Chemotherapiemedikament, in einem superadditiven Effekt niederschlug. Die genauen molekularen

Prozesse sind jedoch auch in diesem Fall nicht bekannt, was weitere Untersuchungen notwendig macht, um

gezielter nach passenden Medikamenten suchen zu können. Für diese Arbeit habe ich platinum(II) bromid

untersucht, das als Modellmolekül für platin-haltige Chemotherapiemedikamente und den strahlensensibil-

isierenden Metallhaliden dient. Es wurde herausgefunden, dass die effektivste Reaktion in diesem Molekül

bei der Wechselwirkung mit niederenergetischen Elektronen die Bildung des Fragmentanions Br– ist. Die

wahrscheinlichste Erklärung ist, dass diese Reaktion mit einer Ionen-Paar-Bildung gekoppelt ist.
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1 Introduction

1.1 Motivation

Cancer is a disease that almost everyone will be affected by at one point in their life, either by falling

sick themselves or by seeing a relative or a close friend go through it. In 2012, about 14.1 million new

cases of cancer were recorded globally and by the year 2035 this number is expected to rise to 22 million

annually [1]. At the same time, cancer deaths are estimated to rise from 8.2 million in 2012 to 13 million

per year within the next two decades. In Austria, about 40,000 people develop cancer each year and about

60% of these new cancer patients survive, which is above the European average and the fifth best survival

rate in Europe [2]. Besides the implementation of urgently needed cancer prevention strategies, especially

for developing countries (more than 60% of all global cancer cases and 70% of all cancer deaths occur in

Africa, Asia, as well as Central and South America) [1], also the development of new and more efficient

cancer treatment strategies is absolutely vital. The behavior over the years of cancer death rates for several

different cancer types in the U.S. is portrayed in Figure 1.1. The drastic rise of lung cancer deaths in the

second half of the 20th century that stands out in this figure was caused by the increased number of people

smoking [3].

Figure 1.1: Age-adjusted Cancer Death Rates of US Males between 1930-2010. Image taken from [3].
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CHAPTER 1. INTRODUCTION

Figure 1.2: Effects of radiation on the human body. Image taken from [12].

Cancer can be heritable and caused by genetics or by three major external factors: physical carcinogens

(e.g. UV and ionizing radiation), chemical carcinogens (e.g. asbestos, tobacco smoke, and arsenic), and

biological carcinogens (e.g. infections from certain viruses, bacteria of parasites) [4]. However, only

5 - 10% of all cancer cases are believed to be the result of genetic defects, while 90 - 95% can be attributed

to the environment and lifestyle [5].

About 10% of all global cancer incidents might be caused by radiation [6], especially leukemia, lym-

phoma, thyroid cancers, skin cancers, sarcomas, and lung and breast carcinomas. An increased number

of cancer cases have been observed for example in Sweden after exposure to radioactive fallout after the

accident in the Chernobyl nuclear power plant in 1986 [5] and in Hiroshima and Nagasaki after the atomic

bombings of these cities in 1945 [7]. The effects of radiation on the human body are depicted in Figure 1.2.

Radiation deposits energy in the biological tissue and breaks molecular bonds, that means the molecular

structure of the irradiated molecules is changed [8, 9]. When these molecules are fragmented by radiation,

free radicals can be formed that can cause further damage in the tissue [10]. If these damages impact the

DNA and the cellular repair mechanisms fail, chromosome abnormalities can develop and eventually cause

cancer [11].
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1.1. MOTIVATION

Double strand breaks (DSBs) of the DNA are the most significant lesion that can lead to cancer [13].

In in vitro experiments it was observed that ionizing radiation causes approximately 35 DSBs per cell per

Gray [14]. Albeit the DNA repair mechanisms being very effective and most DSBs being repaired within

24 hours, about 25% of the strand breaks are not repaired correctly. Experiments with irradiated fibroblast

cells have shown that approximately 20% of the cells die within 4 days after being exposed to 200 mGy

radiation [14–16]. Major cell damage induced by ionizing radiation such as DSBs either lead to cell death

or reproduction inability. However, despite leading to acute radiation syndrome, these heavily damaged

cells can not develop cancer. In contrast, if a cell is still partially functional, for example after lighter

radiation damage, it can proliferate and eventually become cancerous since proliferation is an essential part

in the development of cancer [8, 9, 13]. The development of radiation injuries such as cancer is depicted in

Figure 1.3.

Figure 1.3: Development of radiation injuries including cancer. Image taken from [13].

As already mentioned, secondary electrons are produced in biological tissue by ionizing radiation. Low-

energy secondary electrons with energies below 20 eV are the most abundant secondary species produced

in biological tissue (∼ 5 ·104 per MeV radiation) [17]. They are produced in a multitude of ionization events

along the radiation track and they lose most of their energy in subsequent ionization events and inelastic

collision processes [18]. This phenomenon is visualized in Figure 1.4, where a simulated radiation track of

an alpha particle in water is depicted. There, the magnitude of the secondary electron production process

is visualized very well, especially when taking the scale of the depicted radiation tracks into consideration.

This means that although the initial ionizing radiation is high in energy, low-energy electrons play an

important role in the damage-inducing processes of this radiation [19]. To fully understand the damaging

effects that ionizing radiation has on the human body, we have to investigate and understand the chemical

alterations that are induced by low-energy electrons (LEEs) in the DNA or other essential biomolecules.
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CHAPTER 1. INTRODUCTION

Figure 1.4: Simulated ionization track of an alpha particle with an energy of a few MeV entering from the
left into water (well suited to simulate biological tissue). Each red circle signifies an ionization
event, i.e. the production of secondary electrons. Image taken from [20].

At energies below 20 eV, two major processes are responsible for damaging the biological molecules. The

first one is electron ionization (EI), which is an inelastic scattering of the electron with the target molecule

that can ionize and subsequently also fragment molecules from energies of 7 eV and upwards. The sec-

ond process, dissociative electron attachment (DEA), on the other hand, can already damage molecules

severely at energies below the ionization threshold by forming a transient negative ion (TNI) and possible

subsequent dissociation. In a study by Sanche and co-workers it was discovered that electrons can induce

even single strand breaks (SSBs) and DSBs in the DNA at low energies such as 3 eV [17]. Subsequent

studies with components of the DNA revealed that an initial loss of an hydrogen from a TNI formed in the

nucleobases can act as precursor for radiation damage by inducing substantial chemical modifications in the

base and consequently in the DNA [21]. Studying the single components of the DNA upon their response

to low-energy electrons is therefore crucial for the understanding of the damages induced in the DNA by

ionizing radiation. Not only the study of the components of the DNA and RNA is important, but also of the

so-called unnatural DNA bases such as hypoxanthine and xanthine that can be produced by deamination of

the natural DNA bases, as I have done during my PhD in the case of hypoxanthine [22].

A big issue is the improvement of established methods for the treatment of cancer, as for example radio-

therapy. Since ionizing radiation can effectively kill cells, we can also use it to destroy malignant cells that

are dangerous for the human body such as cancer cells. Besides local surgical methods and chemotherapy,

radiotherapy is one of the most effective treatments of cancer [25] and more than half of all cancer pa-

tients receive radiotherapy at least once during their therapy [26]. However, it was already discovered very

early on, that oxygen present in the irradiated cells has a substantial effect on its response to radiation and

that consequently radiotherapy does not work well under hypoxic - oxygen deprived - conditions. In 1909

Gottwald Schwarz, a Viennese physician, discovered that if a block of radium is pressed against human

skin and thereby prevents the contact of the skin with oxygen, the skin is much less damaged than if the

block is just positioned on the skin without pressure [23] (Figure 1.5). Exactly this effect, the so-called

”oxygen-effect” is responsible for the resistance of hypoxic tumors such as head and neck cancers towards

radiotherapy [24].
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1.1. MOTIVATION

Figure 1.5: Original research article from 1909 discovering the effects hypoxia has on radiation-induced
damages in the human skin. On the in the photos one can see the skin below a lightly positioned
radium block while on the right the hardly affected skin beneath the pressed radium block is
shown [23]. Image taken from [24]

This has led to the development of radiosensitizers, drugs that are administered together with radiother-

apy and that should enhance the damage of radiation in the tumor sites, but not in the healthy tissue [27].

Radiosensitizers have been tested in clinical trials and have been proven to be quite effective in the case of

e.g. supraglottic and pharyngeal carcinoma [24] and one compound - nimorazole - has even become part of

the standard treatment schedule in Denmark for head and neck cancers. Albeit their obvious efficient bene-

fits in cancer treatment, the molecular mechanisms of radiosensitizers are not fully understood at this point.

A favored theory is that if a DNA strand is broken, i.e. two highly reactive strand ends are formed, then

these radicals will react with oxygen present close to the DNA to form stable strand ends. Consequently, the

damage is made permanent and the DNA will need enzymatic processes for its repair. However, if no oxy-

gen is present in the vicinity of the DNA, the highly reactive strand ends will eventually react with H+ ions

formed by the ionizing radiation and restore its original form, that means mending the cleavage induced in
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CHAPTER 1. INTRODUCTION

Figure 1.6: Schematic of the proposed mechanism of radiosensitizers for hypoxic tumors (© National Can-
cer Institute/Katrin Tanzer (CCO Public Domain)).

the strand. It is suspected that radiosensitizers enhance the damaging effect of the ionizing radiation by the

production of reactive radicals (this possible pathway is portrayed in Figure 1.6), but this has not yet been

experimentally confirmed, so it is highly necessary to study the electron interactions with radiosensitizers

to shed more light on the molecular processes of radiotherapy [27].

Another therapeutic approach to cancer is chemotherapy, that is the treatment of cancer by the admin-

istration of medication. These cytostatic agents will inhibit cell proliferation and promote cell death and

thereby stop the growth of tumor cells. However, chemotherapeutic drugs not only affect cancer cells, but

also healthy cells in the whole body and therefore come with severe side-effects [28]. Therefore, the idea

of concomitant radiotherapy and chemotherapy (CRT) arose, hoping for a superadditive effect between

chemotherapeutic agents and radiation. Such an effect was found for example in the case of cisplatin, one

of the most used cancer drugs, where a beneficial effect was observed when patients with solid tumors

were administered cytostatica additional to radiotherapy. However, the processes triggered by the ionizing

radiation in chemotherapeutic compounds are not yet fully understood and the molecular mechanisms on

which these agents operate are not known at this time. Discovering the exact reactions happening in CRT

would help the search for more efficient chemotherapeutic agents and help make the treatment of cancer

more effective [29].
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1.2. THESIS OVERVIEW

1.2 Thesis Overview

This thesis describes the interaction of low-energy electrons with several biomolecules that are either

essential components of the human body or could be used to make the treatment of cancer more effective.

More specifically, the nucleobases adenine and hypoxanthine have been studied in an extensive study per-

forming both electron ionization (EI) and dissociative electron attachment (DEA). An investigation of the

proposed radiosensitizing compound 4-nitroimidazole revealed that DEA to this molecule yields efficiently

the formation of a variety of radicals that can enhance radiation damage to the DNA already at low energies

below 2 eV, while these reactions are completely blocked upon methylation of the molecule. Additionally,

electron interactions with platinum(II) bromide, a model compound for chemotherapeutic agents suited for

concomitant chemoradiation therapy, has been studied, finding that the compound very efficiently reacts

with water leading to an efficient DEA reaction at higher temperatures.

This thesis is structured as follows:

Chapter 1 gives an introduction to this thesis and explains the motivation for the presented measurements.

Furthermore, an overview of the thesis is given.

Chapter 2 presents an extensive overview about elastic and inelastic scattering of electrons with molecules

and a short overview of the basic concepts of the DNA and cancer, as well as a detailed description of the

interaction of ionizing radiation with biological tissue and the present state of the research concerning the

involvement of low-energy electron interaction in radiation damage.

Chapter 3 offers an introduction to the experimental setup used for all the studies presented in this thesis

as well as to vacuum technology and mass spectrometry.

Chapter 4 is devoted to the issue of fitting ion efficiency curves obtained by electron ionization. A short

review about the theoretical background and past research in this field is given and a newly developed fitting

software is presented and characterized.

Chapter 5 contains scientific results obtained during the course of my PhD, which have been published up

to date. The publications are given in the order that most serves the purpose of giving an overview of the

different applications of the studied compounds by going deeper and deeper into matter. Each of these three

sections follows the same structure by giving an introduction at the beginning, where the applications and

the relevance of the concerning molecules are discussed. Furthermore, experimental considerations as well

as conclusions and an outlook at the end are provided. In the end of the chapter one further publication that

does not fit the biological and medical background of this thesis but shows important results nonetheless, is

discussed shortly.

The following publications are presented in this thesis:

7



CHAPTER 1. INTRODUCTION

Chapter5.1 presents our publication on electron ionization to the nucleobases adenine and hypoxanthine

as well as a second publication concerning dissociative electron attachment to hypoxanthine.

Electron ionization of the nucleobases adenine and hypoxanthine near the threshold: a combined experi-

mental and theoretical study

M. Michele Dawley‡, Katrin Tanzer‡, William A. Cantrell‡, Peter Plattner, Nicole R. Brinkmann, Paul

Scheier, Stephan Denifl, and Sylwia Ptasińska

Physical Chemistry Chemical Physics 16, 25039 (2014)

DOI: 10.1039/C4CP03452J

This publication studies the effects of electron ionization on the nucleobases adenine and hypoxanthine and

presents for the first time appearance energies for hypoxanthine. Our results suggest that the pyrimidine

ring is not as stable as the imidazole ring, which could contribute beneficially to the understanding of the

damage induced by ionizing radiation and consequently electrons on the DNA.

Dissociative Electron Attachment to the Gas-Phase Nucleobase Hypoxanthine

M. Michele Dawley‡, Katrin Tanzer‡, Ian Carmichael, Stephan Denifl, and Sylwia Ptasińska

The Journal of Chemical Physics 16, 215101 (2015)

DOI: 10.1063/1.4921388

This publication shows the response of the nucleobase hypoxanthine towards low-energy electron attach-

ment. While the dehydrogenated parent anion was the most abundant fragment, several fragments that are

associated with ring cleavage are observed, giving rise to the assumption that this nucleobase can already

be decomposed at sub-ionization energies.

Chapter 5.2 contains our DEA study to the possible radiosensitizer 4-nitroimidazole and methylnitroim-

idazole as well as the German version of the publication. A second publication presents more detailed

results of this study.

Reactions in Nitroimidazole Triggered by Low-Energy (0-2 eV) Electrons: Methylation at N1-H Completely

Blocks Reactivity

Katrin Tanzer, Linda Feketeová, Benjamin Puschnigg, Paul Scheier, Eugen Illenberger, and Stephan Denifl

Angewandte Chemie International Edition 53, 12240 (2014)

DOI: 10.1002/anie.201407452

Reaktionen in Nitroimidazol, ausgelöst durch niederenergetische (0-2 eV) Elektronen: Methylierung an

N1-H blockiert die Reaktivität

Katrin Tanzer, Linda Feketeová, Benjamin Puschnigg, Paul Scheier, Eugen Illenberger, and Stephan Denifl

Angewandte Chemie 126, 12437 (2014)

DOI: 10.1002/ange.201407452

In this publication the response of 4-nitroimidazole towards low-energy electrons was investigated. Al-

ready at energies below 2 eV, electrons trigger a rich chemistry, which produces a variety of radicals, that

is blocked, however, upon methylation of the N1-H position of the molecule.

‡These authors contributed equally.
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Reactions in nitroimidazole and methylnitroimidazole triggered by low energy (0-8 eV) electrons

Katrin Tanzer, Linda Feketeová, Benjamin Puschnigg, Paul Scheier, Eugen Illenberger, and Stephan Denifl

The Journal of Physical Chemistry A 119, 25, 6668 - 6675 (2015)

DOI: 10.1021/acs.jpca.5b02721

This publication presents further results not shown in our communication in Angewandte Chemie about

nitroimidazoles such as the study of the effects of the position of the nitrogroup on the fragmentation pro-

cesses as well as several additional fragments. Almost all fragmentation processes are blocked below 2 eV

in the methylated compounds while 4-nitroimidazole can effectively produce radicals already at 0 eV.

Chapter 5.3 contains our publication on DEA of the chemotherapeutic model component platinum(II) bro-

mide.

Low energy electron attachment to platinum(II) bromide PtBr
2

Katrin Tanzer, Andrzej Pelc, Stefan E. Huber, Małgorzata A. Śmiałek, Paul Scheier, Michael Probst, and

Stephan Denifl

International Journal of Mass Spectrometry 365-366, 152-156 (2014)

DOI: 10.1016/j.ijms.2013.11.016

This publication shows the interaction of low-energy electrons with the model compound for concomitant

chemoradiotherapy, platinum(II) bromide. This molecule reacts with water inside the machine and gives

way to an effective DEA reaction that is temperature-dependent.

Chapter 5.4 presents our publication on our DEA study to cyanamide, which has been found in the inter-

stellar medium and could be a precursor in the evolution of life on prebiotic earth.

Low energy electron attachment to cyanamide (NH
2
CN)

Katrin Tanzer, Andrzej Pelc, Stefan E. Huber, Zdenek Czupyt, and Stephan Denifl

The Journal of Chemical Physics 142, 034301 (2015)

DOI: 10.1063/1.4905500

This publication contains the results of our DEA study to cyanamide. Even though cyanamide appears not

to be an efficient electron scavenger as other molecules, several fragment anions are produced with CN–

and NH –
2 being the most abundant.

Chapter 6 concludes the thesis with a short summary of the presented results and by giving an outlook on

possible further measurements that would be very interesting to conduct.
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2 Theoretical Background

2.1 Electron Interactions

2.1.1 Introduction to Electron Scattering

The electron (e-) is one of the most essential elementary particles of the universe. Although the phenomenon

we today know as electricity, where the electron gets its name from, was already observed in ancient Greece

and investigated for many years to come, it took almost 2000 years before the electron was finally discov-

ered by J.J. Thomson in 1897. He observed that actually electrons are emitted from a glowing cathode

and not - as was believed at that time - so-called cathode rays. Moreover, he determined the mass of the

electron to be 1/1836 the mass of a proton, i.e. 9.11 · 10−31 kg [30]. For this ground-breaking discovery

he received the Nobel Prize in Physics nine years later [31]. In 1902, German physicist Philipp Lenard

(who was awarded the Nobel Prize in Physics in 1905 for his work on cathode rays [32]) discovered that

electrons are emitted from metal surfaces after irradiation by ultraviolet light, which is best known as the

photoelectric effect and was explained by Albert Einstein in 1905 (for which he was awarded the Nobel

Prize in Physics in 1921 [33]). Lenard also discovered that electrons require sufficient energy to ionize gas,

which is an immensely significant observation for the field of ion physics. In experiments performed by

James Franck and Gustav Hertz it was discovered that electrons always lose a certain amount of kinetic

energy when interacting with electrons and that the absorption of energy of the atom is quantized [30].

Figure 2.1: Schematic depiction of a collision with the asymptotic scattering angles Θ1 and Θ2. Wechsel-
wirkungsgebiet signifies here the interaction region. Image taken from [34].

In this chapter I will discuss the basic concepts of electron interactions with atoms and molecules. At

the beginning we have to go back to classical scattering physics. Generally speaking, the scattering of

an electron with an atom can be seen as a scattering between two particles (Figure 2.1). If two particles

approach each other, they will both be deflected, as long as they are in the interaction region. Their exact
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CHAPTER 2. THEORETICAL BACKGROUND

trajectories can only be calculated if this interaction is known. However, it is also possible to calculate

the magnitude and direction of the momenta in great distance of the interaction region by just considering

energy and momentum conservation:

Momentum Conservation: p1 + p2 = p′1 + p′2 (2.1)

Energy Conservation:
p2

1

2m1
+

p2
2

2m2
+ Q =

p′21
2m1
+

p′22
2m2

(2.2)

m signifies the mass of the particles, p the momentum of the particles before the collision, and p′ the

momentum of the particles after the collision. Q is the kinetic energy of the particles before the scattering

process which is converted into internal energy. There are three possible types of collisions, depending on

the magnitude of Q:

• Q = 0: Elastic Scattering: the entire kinetic energy is preserved, no changes in the internal energy

of the collision partners

• Q , 0: Inelastic Scattering:

– Q < 0: Inelastic Scattering with excitation: the kinetic energy decreases, excitation of colli-

sion partners

– Q > 0: Superelastic Scattering: total kinetic energy increases due to de-excitation of collision

partner [34]

Another possible scattering reaction is Reactive Scattering. These are collisions, where the mass of one

collision partner is changed, e.g. in chemical reactions or through radioactivity [34]. This reaction is

particularly important for the processes of dissociative electron attachment (see Section 2.1.3), electron

ionization (see Section 2.1.2), and electron excitation.

For all types of scattering, we have to determine whether the collision is of a non-relativistic or relativistic

nature. The scattering of an electron with energies below 200 eV - as were used for the studies presented

in this thesis - with an atom is a non-relativistic scattering process, because the velocity of the electron is

not high enough [35]. Since the electron is far lighter than the atom - even the lightest atom, hydrogen, is

about 2000 times heavier than one electron - the fraction of the kinetic energy that is lost by the electron in

an elastic collision is in the order of 10-4, which is negligible in experiments that study single reactions in

high vacuum [34], such as the ones I performed for this thesis.

Before continuing further with the descriptions it is useful to introduce a quantitative description to

measure the probability of certain reactions to happen during the collision process. It naturally depends

on the involved particles and the reaction happening as well as the velocity of approach of both collision

partners, and the impact parameter (perpendicular distance between the the particle and the center of the

field of the second particle). One can assume a beam of Np particles per cm2 per second directed in z-

direction and that only elastic scattering and single scattering are allowed (see Figure 2.2). The number of

particles that are scattered into the solid angle dΩ (Ns(θ, φ)dΩ) is dependent on the number of projectiles

Np and the number of targets Nt. The cross section σdi f f , the differential cross section to be more exact,

12
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Figure 2.2: Laboratory coordinate system used to describe the scattering of a beam of Np projectiles by Nt

target particles. Image taken from [35].

is defined as the number of particles scattered in dΩ/s divided by the current density of the incoming

particle [35]:

σdi f f =
Ns(ϑ, φ)

NpNt

(2.3)

Generally, however, we are not interested in the particles scattered into a certain solid angle, but into the

total solid angle, 4π steridians. This is called the integral cross section and given by

σint =

∫

σdi f f dΩ (2.4)

If we assume now a gas cell with N particles inside with a beam of projectiles impinging (Figure 2.3), of

the particles that penetrate to a point x in the gas cell without scattering, a fraction that equals Nσdx will

be scattered between x and x + dx. From this follows that if I0 is the Intensity of the projectile beam at the

beginning and I the intensity of the unscattered projectiles, that

dI = −INσdx (2.5)

and consequently

I = I0eNσx = I0e−Qs x (2.6)

where Qs = Nσ is the so-called macroscopic cross sections. That means that the scattering of projectiles in

a gaseous cell follows an exponential attenuation law. The probability that a particle reaches a certain point

13



CHAPTER 2. THEORETICAL BACKGROUND

Figure 2.3: Gas target with N stationary targets per cm3.

x is e−Qs x, so the average distance x̄ that a projectile will penetrate before scattering - also called the mean

free path λs is calculated by

x̄ =

∫

xe−Qs xdx
∫

e−Qs xdx
(2.7)

Consequently - after performing the integration - we find that

x̄ =
1

Qs

(2.8)

Unfortunately, for electron scattering it is not that straightforward to get the total cross section since one

has to sum up several different cross sections:

σtot =
∑

m

σm = σel + σinel. + σDEA + σioniz. + . . . (2.9)

with σinel. being σrot + σvib + σelectronic [35].

To get more information on those single cross sections, we have to take a step back and take a look

at interaction potentials, since the collision between an electron and an atom is not as straightforward as

the collision of two pool balls, for example. Depending on the properties and character of the involved

collision partners, the goal is to find a function that describes the interaction between those particles as

exact as possible. In some cases, realism has to be sacrificed for mathematical tractability to make further

dealings with these potentials easier [35]. Some of those potentials are depicted in Figure 2.4.

Realistic Interaction Potential between the Electron and an Atom/Molecule

Up to now, we have made some fundamental derivations and discussions, but we have made some major

simplifying assumptions, e.g. assuming the electron as an unstructured mass point and neglecting the elec-

tronic structure of the target. Therefore we have to make some modifications for the scattering potential,

which consists of three components [35, 36].

The first one is the static potential, which describes the Coulomb potential, i.e. the electrostatic interac-

tion between the scattering electron and both the electron in the shell as well as the atomic nucleus under

the assumption that the electron does not perturb the charge distribution of the target. This interaction is
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Figure 2.4: Commonly used spherically symmetric potential functions: (a) smooth, elastic spheres; (b)
point centers; (c) the square well; (d) the Sutherland potential; (e) the Lennard-Jones potential;
(f) the Buckingham potential. Image taken from [35].

strong on a short range and vanishes outside of the atomic radius. Its mathematical notation is as follows:

V(r, x, X) = −
Nn∑

i=1

Zi

|r − Xi|
+

Ne∑

j=1

1
|r − x j|

(2.10)

The first term is the attractive interaction of the scattering electron with the nucleus while the second term

describes the repulsive interaction between the scattering electron with the electrons of the shell [35–37].

The second component is a polarization potential. When the electron approaches the atom, it shifts the

electron cloud and in that way induces an electrical dipole in the atom or molecule which results in mutual

attraction. This resulting electric field is uniform for a large separation distance r and if the molecule is

spherically symmetric we can write the potential energy as

Vpol(r) = −αe2

2r4
(2.11)

with α being the scalar dipole polarizability of the molecule. If one looks at small separation distances r and

low impact velocities, then an ”adiabatic polarization potential” should be used instead of this ”asymptotic

polarization potential” because it takes the non-uniformity of the electric field over the molecular volume

into account [35]. For large incident electron velocities, however, a velocity-dependent polarization model

is better suited [38].
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The last component concerns the so-called exchange potential. Up until now we have not considered,

that the scattering electron and the shell electrons are indeed indistinguishable and we have to regard the

scattering of identical particles. The wave function describing the system must therefore satisfy certain

symmetry properties with respect to the change of the coordinates of the two particles. That implies that

the wave function must by symmetric or antisymmetric with respect to the interchange of the particles,

depending on whether their combined spin is even or odd. For electron scattering specifically, the wave

function has to be antisymmetric regarding the spin due to the Pauli-Principle. If we assume an interaction

potential that is only depending on r, the proper asymptotic expression for the spatial part of the wave

function can be written as

Ψ ≈ eiκz ± e−iκz +
eiκr

r
[ f (Θ) ± f (π − Θ)] (2.12)

The symmetric component of this function is

(Is)sym = | f (Θ) + f (π − Θ)|2 (2.13)

and the antisymmetric one

(Is)anti = | f (Θ) − f (π − Θ)|2, (2.14)

which give us the interference term

f (Θ) f ∗(π − Θ) ± f ∗(Θ) f (π − θ)], (2.15)

which is an intrinsic characteristic of quantum mechanics [35]. To include the exchange interaction we

therefore assume that all electrons of the atom Ne form a mean field. It is possible to calculate this interac-

tion with a ”non-local potential”, which means that one has just one Schroedinger equation in which all the

electrons are considered (Hartree-Fock-Method). Another approach is to define a local exchange potential

(Density Functional Theory) based on the Hohenberg-Kohn-theroem. They showed that the ground-state

energy and other properties of a system are dependent on the electron density. This location-dependent

electron density is unique for a system with a certain number of electrons, so in contrast to the Hartree-

Fock-Method we look at Ne Schroedinger equations [36, 37].

2.1.1.1 Elastic Electron Scattering

Classical Scattering Theory:

At first, one has to look at the scattering of two particles with the masses m and M that interact with another

via a potential V(r) (Figure 2.5). The total kinetic energy of the particles TCM amounts to

TCM =
1
2

m(ẋ2
m + ẏ2

m) +
1
2

M(ẋ2
M + ẏ2

M) (2.16)
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Figure 2.5: The scattering of two particles with the masses m and M in the center-of-mass system, where
the motion is two-dimensional. An interaction potential consisting of an attractive component
and a shorter-range repulsion is assumed. Image taken from [35].

in Cartesian coordinates. If we transform the equation into polar coordinates we can write the kinetic energy

as

TCM =
1
2

Mr(ṙ2 + r2φ̇2) (2.17)

Since the total energy and the angular momentum of the system are constant, the energy of the system and

the angular momentum can be written as

E =
1
2

Mrv
2
0 =

1
2

Mr(ṙ2 + r2φ̇2) + V(r) (2.18)

J = Mrbv0 = Mrr
2φ̇ (2.19)

with v0 being the relative initial velocity of the two particles and b the impact parameter. If one knows the

potential, a particular trajectory by assigning values to the parameters v0 and b or to the constants of motion

(total energy and angular momentum) can be specified [35].

However, this scattering problem can be reduced even further. If the value of φ̇ is substituted from

Equation 2.19 into Equation 2.18, the total energy can be written as a function of time:

1
2

Mrv
2
0 =

1
2

Mr ṙ
2 + Ve f f (r) (2.20)
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Figure 2.6: The potential functions used for analysis of elastic scattering in an attractive inverse-first-power
potential field (left) and and attractive inverse-third-power potential field (right). Vr is the real
potential, Vc(r) a fictitious centrifugal potential, and Ve f f the effective potential. Images taken
from [35].

with Ve f f (r) the ”effective potential”, which is defined by

Ve f f (r) = V(r) +
Mrv

2
0b2

2r2
(2.21)

In Figure 2.6 two examples for effective potentials are displayed, where one can see clearly that the effective

potential is different from the potential [35].

Quantum mechanical Scattering Theory:

Classical scattering theory is adequate to describe scattering up to a certain point, but if the scattering

of lighter particles or scattering at lower temperature is regarded, the classical treatment fails since the

Heisenberg uncertainty principle states that ∆x · ∆px ≥ ~, i.e. that the exact position and momentum of

a particle cannot be known at the same time. That means that if electron-scattering with energies in the

eV-Regime is discussed, it has to be treated it with quantum mechanical theory. The electron now instead

of being treated as a particle, is described as a plane wave with the wave function Cei(κz−ωt) with C being

the amplitude, κ the wave number, and ω the angular frequency. The scattering process can be approached

as a steady-state problem and the energy of the incoming de Broglie wave can be assumed as unchanged

during the process of elastic scattering. Due to that, the wave function for the incoming wave only shows a

spatial dependence and is denoted by

Ψinc(r,Θ) = Ceiκz (2.22)

The average number of particles that are expected in a unit volume at a certain location in the incoming

beam is given by

Ψ∗incΨinc = |Ψinc|2 = C2 (2.23)
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and is called the probability density. The total wave function consists of two components, the incoming

plane wave and the scattered part of the incoming wave: ψtot = ψinc + ψscatt. The requirement for the scat-

tered wave is that it must have the form of an outgoing spherical wave with an 1/r decreasing amplitude for

larger r because of particle number conservation [35].

In the next paragraph, I will shortly elaborate on the solution of the wave equation by the method of

partial waves. The time-independent wave equation is

▽2 Ψ +
2Mr

~2
[E − V(r)]Ψ = 0, (2.24)

and one can define U(r) = 2MrV(r)
~2 , so that Equation 2.24 can be written in the more convenient form

▽2 Ψ + [κ2 − U(r)]Ψ = 0 (2.25)

Since the interaction potential V only depends on r, a so-called separation of the wave equation into two

parts can be performed, where one part is dependent on r and one part is dependent onΘ: Ψ(r,Θ) = L(r)Y(Θ).

If we substitute this expression into Equation 2.25 and insert the Laplacian operator in spherical coordi-

nates, we get
1
L

d

dr

(

r2 dL

dr

)

+ r2[κ2 − U(r)] = − 1
Y

[

1
sinΘ

d

dΘ

(

sinΘ
dY

dΘ

)]

(2.26)

One can see that the left side of the equation is only dependent on r, while the right side of the equation is

only dependent on Θ. That means that if both sides of the equation are equal for all values of r and Θ, they

must also be equal to a constant l(l + 1). The radial wave function can be written as

1
r2

d

dr

(

r2 dL

dr

)

+

[

κ2 − U(r) − l(l + 1)
r2

]

L = 0 (2.27)

l is the angular momentum of the projectile about the fixed scattering center and is called the angular

momentum quantum number. The part of the wave function with Θ-dependence can be denoted as

1
sinΘ

d

dΘ

(

sinΘ
dY

dΘ

)

+ l(l + 1)Y = 0 (2.28)

and is a special case of Legendre’s equation. It is a second-order equation so it has two linearly independent

solutions that are expressed as a power series in cosΘ. Since both solutions will become infinite for Θ = 0

unless l is zero or a positive integer, physically acceptable solutions are limited to these values for l:

P0(cosΘ) = 1

P1(cosΘ) = cosΘ

P2(cosΘ) =
1
2

(3 cos2Θ − 1)

P3(cosΘ) =
1
2

(5 cos3Θ − 3 cosΘ)
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These Pl(cosΘ) functions are known as the Legendre polynomials [35].

The wave functions can now be written as

Ψ(r,Θ) =
∞∑

l=0

AlPl(cosΘ)Ll(r), (2.29)

where the terms in the sum are called partial waves and Al are constants and Ll(r) solutions of the radial

wave function (Equation 2.27) for certain values of l. We can also use that the incoming wave Ψinc can also

be written as the sum of partial waves

Ψinc = eiκz = eiκr cosΘ =

∞∑

l=0

(2l + 1)ilPl(cosΘ) jl(κr) (2.30)

with jl(κr) the spherical Bessel function jl(κr) ≡
(
π

2κr

)2 1/2
J l+1/2(κr) [35]. The first four spherical Bessel

functions are displayed in Figure 2.7.

Figure 2.7: The first four spherical Bessel functions. Image taken from [35].

In a classical scattering process the angular momentum of the system can be written as J = Mrv0b, while

in quantum mechanics, it can also be written as J = L~. Therefore, we can write the impact parameter, as

b = L~
Mrv0
= LŻ [35].

That means that the projectiles approach the target not on a fixed impact parameter, but between lŻ and

(l+ 1)Ż in what is called a ”shell”. One can conclude that most of the projectiles whose angular momentum

quantum number is l will be found also in this shell. Usually a spectroscopic notation is used to designate

the values of l, so collisions where l = 0 are called ”s-wave collisions”, collisions with l = 1 are ”p-
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wave collisions” while collisions with l = 2 are called ”d-wave collisions” and so on. Naturally, s-wave

functions are independent of the angle, so s-wave scattering is spherically symmetric around the scattering

center [35].

If one assumes an s-wave scattered by a spherical potential well (a very detailed derivation can be found

in [35]), the scattering cross section can be determined through phase shifts of the partial waves [35].

2.1.1.2 Inelastic Electron Scattering

If part of the kinetic energy of the scattering electron is transfered to the inner degrees of freedom of the

target, it is called inelastic electron scattering:

e−(E1) + A→ e−(E2) + A∗ (2.31)

Naturally, the energy of the electron before the scattering E1 is larger than E2 in that case. Examples

for inelastic scattering are electron ionization (Section 2.1.2) and dissociative electron attachment (Section

2.1.3). Inelastic scattering means that the target atom or molecule gets excited. In the case of an atom, only

electronic excitation is possible, while in the case of a molecule we can also have vibrational and rotational

excitation. Here, electronic excitation is always larger than vibrational excitation which then again is larger

than rotational vibration [39] (see Figure 2.8).

Figure 2.8: Schematic visualization of the energy levels of a diatomic molecule. Image taken from [39].

Born-Oppenheimer-Approximation

Before I discuss the different excitations that can be induced in molecules, one essential concept of molec-

ular physics has to be established - the so-called Born-Oppenheimer-Approximation (BOA). Since the

atomic nucleus has a much bigger mass than the electrons in the shell, the motion of the nucleus is also

much slower. This means that the electron shell of the atom can follow the motion of the nuclei for any
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desired internuclear distance R and one can separate the total wave function Ψ(ri,Rj) into the motion of the

electrons and the motion of the molecule:

Ψ(ri,R j) = Ψelectron(ri,R j) + Ψnuclei(R j) (2.32)

Here ri are the electron coordinates and R j are the coordinates of the nuclei. If we insert this wave function

into the Schroedinger equation, one derives for the potential energy of the nuclei in the potential

Epot(R j, k) = 〈Eel
kin〉 + 〈Epot(ri,R j)〉 (2.33)

with k being the electronic state. The total energy of the molecule is the sum of potential energy and kinetic

energy of the nuclei.

E = Epot(R j,k) + Ekin(R) (2.34)

The consequences from the Born-Oppenheimer-Approximation are that one can see the nuclei as static in

the time of electronic transitions. The motions of the nuclei, e.g. rotations and vibrations, can be seen as an

effective potential and therefore in a temporal medium of the electron distribution. The total energy of the

molecule is given by [30, 40]

Etot = Eelectronic + Evibrational + Erotational (2.35)

In the following paragraphs I will describe the single energy terms, vibrational and electronic in detail since

they are of importance to my studies, but rotation only very briefly.

Rotation

Rotation of Diatomic Molecules

The easiest model to describe the rotation of a diatomic molecule is a rigid rotor, in which the nuclei are

connected by a massless rod and rotate around their center of mass S . The moment of inertia θ of this rigid

rotor can be calculated as

Θ = m1R2
1 + m2R2

2 = mrR
2 (2.36)

Figure 2.9: A diatomic molecule as a rigid rotor. Image taken from [30].
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Figure 2.10: Energy levels for the rigid rotor and the non-rigid rotor. Image taken from [36].

m1 and m2 are the masses and R1 and R2 are the distances of the masses to the center of mass. A more

realistic model is the non-rigid rotator, for which the rotational energy amounts to

Erot =
~

2

2mR2
e

J(J + 1) − ~
4

2km2R6
e

J2(J + 1)2 (2.37)

if we take the quantum mechanical view into account that the angular momentum is quantized (i.e. L2 =

J(J + 1)~2). The additional potential energy added due to the centrifugal force leads to a lowering of the

energy levels (Figure 2.10). One can see that for small values of the angular momentum J, the difference

between the two rotors is negligible, but the larger J and the energy get, the larger the difference gets [30,

35, 36].

Rotation of Polyatomic Molecules

In contrast to diatomic molecules or linear molecules, which can only rotate around one axis through the

center of mass perpendicular to the molecular axis, polyatomic molecules have more possibilities to rotate.

Although the rotational motion of such a polyatomic molecule can get very complicated, it can always

be described as a superposition of rotations around the principal axes of inertia, which are fixed in the

coordinate system of the body over his mass distribution. Generally, polyatomic molecules have three

principal moments of inertia IA, IB and IC (with IA < IB < IC) around three principal axes of inertia A, B

and C (around which the principal moments of inertia are either minimal or maximal) [30, 36]. Since the

angular momentum is J =
∑

i(ri × pi) the total rotational energy amounts to

Erot =
1
2





J2
A

IA

+
J2

B

IB

+
J2

C

IC



 (2.38)
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Figure 2.11: Different types of polyatomic molecules and their according principal moments of inertia.
Image taken from [41]

In the absence of external torques, energy and angular momentum conservation must be satisfied:

J2
A

IA

+
J2

B

IB

+
J2

C

IC

= const. Energy Conservation (2.39)

J2
A + J2

B + J2
C = const. Angular Momentum Conservation (2.40)

We have to distinguish between several types of molecules, depending on their geometry. In Figure 2.11

the four main types of molecules are displayed. These types of molecules have different relations for the

principal moments of inertia. A detailed approach to the rotation of polyatomic molecules can be found

in [30] and [39].

Vibration

Vibration of Diatomic Molecules

If one recalls the energy term derived from the Born-Oppenheimer-Approximation (Equation 2.34), one

only looks at the term or the potential energy in the case of a vibrating diatomic molecule that is not

rotating. For the beginning a harmonic oscillator with a parabolic potential

V =
k

2
(R − Re)2 (2.41)

is assumed with k as a spring constant and R as displacement from the equilibrium distance Re. Since the

harmonic oscillator is a standard problem in Physics, it is known that the solutions of the oscillator are the

so-called Hermite polynomials [30]. Therefore one gets for different vibrational quantum numbers ν

Evib = ~ω(ν +
1
2

) (ν = 0, 1, 2 . . . ) (2.42)
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Figure 2.12: Equidistant energy levels, the wave function (red dotted) and the squares of the wave function
(red) in the parabolic potential of a harmonic oscillator. Image taken from [30].

In Figure 2.12 the energy levels in a harmonic oscillator and the wave functions are visualized. The square

of the wave function gives the probability of finding of the electrons. However, such a parabolic potential

is not a realistic approximation because the potential should actually be antisymmetric around Re since

smaller distances lead to more repulsion. Greater distances will lead to a loosening of the bond which will

at some point lead to dissociation. An empirical ansatz is the Morse-Potential

V = De

[

1 − e−α(R−Re)
]2

(2.43)

where De is the dissociation energy and a = ( mr

2De
)

1
2ωe, a molecule-specific parameter. A comparison of the

parabolic potential, the Morse potential and the actual potential for the ground state of the Na2-molecule

can be found in Figure 2.13. It is important to note that although the distance between two neighboring

vibrational levels gets smaller with growing energy, it stays finite up to the dissociation energy. This means

that there is only a finite number of vibrational levels for diatomic molecules in contrast to the infinite

number of electronic levels of the H-atom, for example [30].

Figure 2.13: Comparison of the parabolic potential, the Morse potential and the actual (real) potential for
the ground state of the Na2-molecule. Image taken from [30].
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Figure 2.14: Temporal progression of the rotational energy, the vibrational energy, and the potential energy
of a vibration during the vibrational period. Image taken from [30].

Most molecules rotate and vibrate at the same time. Since the vibrational frequency is more than two

magnitudes higher than the rotational frequency, a molecule runs through many vibrations during one rota-

tion period (usually 10-100). This means that the distance from the nucleus R changes all the time during

the rotation. The angular momentum J = I · ω of a free molecule is constant in time, but the moment of

inertia I = MR2 varies periodically due to the vibrations. Therefore the rotation frequency ωrot changes in

time to the vibrational frequency ωvib and consequently also the rotation energy

Erot =
J(J + 1)~2

2MR2
(2.44)

varies accordingly with R. The total energy E = Erot + Evib + Epot naturally stays constant during that time,

so there is a permanent energy exchange between rotation, vibration and potential energy in the vibrational

rotor [30], which can be seen very well in Figure 2.14.

Vibration of Polyatomic Molecules

In a molecule with N atoms each atom has three degrees of freedom of motion, so the molecule must have

3N degrees of freedom in total. Three degrees of freedom are needed for the translation of the center of

mass and for non-linear molecules three degrees of freedom are needed for the rotation around the three

principal axes of inertia through the center of mass. For nonlinear molecules 3N-6 vibrational degrees of

freedom remain, so we can attribute the vibrational motion of the atoms in the molecules to 3N-6 different

vibrational motions. For linear molecules, only two degrees of freedom of rotation remain since the rotation

of the molecule around the molecular axis is not an actual rotation of the nucleus but only of the electron

shell. The according rotational energy Erot =
~

2

2I
is very big due to the small moment of inertia of the

electron shell and is counted among the electronic energy. So for linear molecules 3N-5 degrees of freedom

26



2.1. ELECTRON INTERACTIONS

Figure 2.15: Normal vibrations of a non-linear (a) and of a linear three-atomic molecule (b). Image taken
from [30].

remain for the vibration [30].

If the atomic nuclei of a molecule are moved out of their equilibrium positions there will be linear restor-

ing forces which can lead to harmonic vibrations of the nuclei. For small enough vibrational amplitudes

these vibrations can be approximated as linear combinations of 3N-6, so-called normal vibrations (3N-5

for linear molecules). Characteristic for these normal vibrations are that all nuclei of the molecule pass

the equilibrium position at the same time and that the total momentum and total angular momentum of

the nuclei are zero. The center of mass of the molecule has to be stationary, otherwise there would be a

translation, and no rotation can occur, which is already covered by the rotational degrees of freedom. Fig-

ure 2.15 shows such normal vibrations for a non-linear three-atomic molecule (three degrees of freedom)

and a linear three-atomic molecule (four degrees of freedom). Generally one can say that energies of bend

modes are always smaller than both of the stretch modes [30, 36].

Electronic States

Electronic States of Diatomic Molecules

From the Born-Oppenheimer-Approximation (BOA) one can assume that the nuclei of a molecule do not

move, but are stationary at an arbitrary nuclear distance. The energy E(R) is the total potential energy of the

system including nucleus and electrons plus the temporal mean kinetic energy of the electrons. To describe

a certain state of molecules with several electrons, the orbitals of the molecules are ordered by growing

energy and occupied with electrons with respect to the Pauli-Principle. To characterize the molecular

orbitals and therefore also states of molecules several parameters were introduced:

• The energy En(r) in the state n which is described by the principal quantum number n
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Figure 2.16: Electron configurations of the ground states of several homo-nuclear (left) and hetero-nuclear
(right). Images taken from [30].

• The electronic orbital angular momentum L =
∑

li of the atomic orbitals. Generally this is the

vector sum of the angular momenta of the atomic states into which the molecular state in question

dissociates for R→ ∞.

• The projection of the orbital angular momentum |Lz| = Λ · ~ = ~ ·
∑

λi

• The total electron spin S =
∑

si and its projection S z = MS ~ = ~
∑

msi
onto the molecule axis [30]

The energetic order of the orbitals Ψ(n, l, λ) is as follows: 1sσ, 2sσ, 2pσ, 2pπ, 3sσ, 3pσ, 3pσ, 3pπ, 3dσ,

3dπ and so on. For homo-nuclear molecules each orbital can be found with even or uneven symmetry.

Occupied orbitals are written in their energetic order with their occupation numbers (1 or 2) as an exponent

on the right top. In Figure 2.16 the electron configurations of several homo-nuclear and hetero-nuclear

molecules with the according spin occupations can be found [30].

The σg-orbitals are bonding molecular states while the σu-orbitals lead to repulsive potential energy

curves and are therefore called anti-bonding orbitals. For the H2-molecule both electrons are in the bond-

ing 1sσg-orbital. Although the binding energy EB(Re) should be double than for the H +
2 -molecule, the

electronic repulsion decreases the binding energy a bit. The nuclear distance Re is a bit smaller due to the

stronger attraction of the nuclei because of the increased negative charge between the nuclei. In case of the

He +2 -molecule, the third electron has to be put in the 1sσu-orbital, which is anti-bonding. This makes the

bonding energy smaller than the one of H2 and the nuclear distance is accordingly bigger. For the neutral

He2 molecule, however, two electrons are in the 1sσu-orbital, which almost completely compensates the

binding energy and is therefore impossible to form at room temperature. The Li2-molecule, on the other

hand, has two additional electrons in the (weaker) binding 2sσg-orbital and is consequently stable with a

binding energy of about 1 eV [30].

If one of the electrons is excited from the ground state into an energetically higher orbital, then molecular

states, whose energy En,lλ(R) is dependent on the nuclear distance, are formed. According to the BOA one

gets for each electronic state a different potential energy curve E(r) which for R → ∞ dissociates into an
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Figure 2.17: Potential energy curves of excited states of the H +
2 -molecular ions [30].

atom in the ground state and an excited atom. Of course there is also the possibility that doubly excited

states dissociate into two excited atoms. In Figure 2.17 potential energy curves E(r) of several excited

states of the H +
2 molecular ion are shown. For this molecule there singly excited states exist, as there is

only one electron present in the molecule. The first excited 1σu-state is formed by an antisymmetric linear

combination of two 1s atomic orbitals. Since the angular momentum of the electrons is |l| = 0 for both 1s

atomic orbitals, also the projection λ~ = |lz| = 0. It is a 1σu-state because the linear combination φA −φB of

the two atoms is negative upon mirroring of all coordinates around the zero point, so the wave function has

to be zero. The state is not stable and dissociates. Atomic orbitals with the principal quantum number n = 2

can either be formed from s-functions with l = 0 or from p-functions with l = 1. For l = 1 the projection

of the orbital angular momentum on the axis between the nuclei can be either 0 or ±~, so λ = 0,±1 is

possible [30]. The combination of a 1s atomic orbital with an orbital with n = 2 leads to molecular orbitals

ψ(n, l, λ) = φA ± φB:

φ(n, l, λ) =






2s(λ = 0) ± 1s =⇒ σg, σu,

2p(λ = 0) ± 1s =⇒ σg, σu,

2p(λ = 1) ± 1s =⇒ πg, πu,

(2.45)

In Figure 2.17 one can see that most of the excited potential energy curves of the H +
2 molecular ion

do not possess a minimum but decrease with increasing distance R and can therefore not lead to stable

molecular states. Physically this is due to the fact that in these excited states the electron does have a very

small probability of finding for the space between the two nuclei and can therefore not compensate the

nuclear repulsion enough. Only the 3σg-state has a flat minimum for large nuclear distances [30].

In Figure 2.18 some of the binding and repulsive potential energy curves of the Li2-molecule are displayed.

It is very important to note here, that for the formation of molecules from larger atoms, the electrons of the

closed inner shells barely contribute to the molecule formation since they stay concentrated around the

nucleus of its atom during the formation process. The electrons that contribute to the molecular bond are
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Figure 2.18: Potential curves of excited states of the Li2-molecules with single and double excited states.
Image taken from [30].

called valence electrons and are situated in the outer, not fully filled electron shell of the atoms [30].

The potential energy curve diagrams of alkali-dimers, for example Li2, are very similar to the diagram of

the H2-molecule. The difference in the total energies En is due to the small atomic excitation energies of the

valence electron. The polarization of the inner shells of the electron, however, only marginally contributes

to the chemical bond [30, 42].

Electronic States of Polyatomic Molecules

In the previous section we established that molecular orbitals are formed as linear combinations of atomic

orbitals of the atoms in the molecule. To get a strong bond, the so-called orbital overlap integral
∫

φAφBdτel

between the two involved atomic orbitals of the atoms A and B should be as big as possible. I will not go

further into detail here because the subject is very well established and very good description can be found

in [30, 39, 42].
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Franck-Condon-Principle

As was just established, if inelastic collisions between electrons and molecules occur, transitions between

two well-defined molecular states (electronic, vibrational, or rotational) happen. The energy losses of the

scattered electron for molecular vibration and rotation are small compared to the energy required for an

electronic transition. When looking at the H +
2 -molecular ion, for example, for which the first excited

vibrational state is 0.27 eV in comparison to the ionization potential of 15.426 eV [43]. The changes in

the electronic characteristics of the molecule as a result of an ionization process can be described by the

Franck-Condon-Principle. This principle states that during an electronic transition no changes occur in

the nuclear separation and the velocity of relative nuclear motion. The system will have the same nuclear

configuration right after the transition as before the transition. Because of the great ratio of the nuclear

and electronic mass and the short interaction time, 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. This is why such a process is called a vertical transition. A number of possible

electronic transitions can occur, depending on the shape of the potential energy curves, which can be seen

clearly in Figure 2.19.

Figure 2.19: Schematic potential energy diagram for the ground state of H2 and some states of H ∗
2 , H +

2 ,
and H 2+

2 . The shaded area is the Franck-Condon region. Image taken from [43].
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Figure 2.20: Illustrative diatomic molecule and molecule-ion potential energy curves. The actual energy
difference between the curves a, b, c, and d is much greater than represented. Image taken
from [44].

The nuclear separation in the vibrational ground state is spaced between the limits R1 and R2, which is

the Franck-Condon region. In this area, a system can transit into any other potential energy curve, given

that the transition is vertical. After the ionization a new electronic state is formed and the forces that act

upon the nuclei are now different from the ones before the transition. As a result the nuclear configuration

and the nuclear motions change [43, 44].

The quantum mechanical formulation of the Franck-Condon principle, if it is applied to a diatomic

molecule, can be expressed as

Pa,b ∝
[∫

ψaψbdr

]2

(2.46)

Pa,b is the probability that the transition involves the vibrational level a in the lower electronic state and

the vibrational level b in the ionic state, ψa and ψb are the corresponding vibrational wave functions, while

r is the internuclear distance. The integral is usually called an overlap integral. Its values depend on the

relative positions of the two potential energy curves. In Figure 2.20 it can be seen that the overlap of the

wave functions of the corresponding lowest vibrational states (ν = 0) is quite large for the curves a and b,

but extensively smaller for the curves a and c, which naturally also correlates to the transition probability.
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However, the probability for a transition to occur between a and the ν = 4 vibrational level of c is high

enough for a transition to occur between those two curves. For such a transition to happen between the a

and b curve, however, is very unlikely due to the sinusoidal nature of the ν = 4 wave function which gives

rise to the positive and negative portions of the overlap integral, which will cancel each other out [44].

Transitions to a repulsive upper state or to an attractive state above its dissociation asymptote have to be

approached slightly different. Discrete vibrational levels are here replaced by a continuum of energy levels

and the finite (quadratically integrable) wave functions corresponding to the discrete vibrational levels are

modified into infinite sine functions (curve d in Figure 2.20). Theoretically, the probability of a transition to

the upper state could be calculated by using Equation 2.46, however, the actual value of the overlap integral

in this case would be for the most part determined by the overlap of the first one or two loops on the left

of the wave function for the lower state. Therefore we can approximate the sinusoidal wave function of

the upper state by a Dirac δ-function placed on the potential energy curve. If we substitute this function in

Equation 2.46 and perform the integration, the transition probability becomes proportional to ψ2
a [44].

Figure 2.21: Typical example for a potential energy curve diagram for the ionization of a diatomic molecule.
Image taken from [45].

In such systems the transition probability distribution is especially interesting. A simple and satisfactory

technique for obtaining this distribution is to reflect ψ2
a in the potential energy curve. This is illustrated

in the top of Figure 2.20 and even more detailed in Figure 2.21. When the potential energy curve is

repulsive, the transition will be followed by immediate dissociation. The excess energy of the transition to

the dissociation asymptote is transformed into kinetic energy of the dissociated atoms. So the probability

distribution that is calculated by the reflection technique can also be used as a distribution function for the

kinetic energy of the dissociated atoms, although of course the energy scales for the two cases will differ
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greatly. In Figure 2.21 also another case is portrayed - the transition to a potential energy curve right above

the dissociation continuum. Also here the reflection principle can be used, note that it is cut on the lower

edge because of the dissociation energy [44].

These considerations are only applicable to diatomic molecules, in the case of polyatomic molecules

(with the exception of small polyatomic molecules of high symmetry that can be treated as diatomic

molecules, e.g. CH4 and NH3) the potential energy curves are replaced by n-dimensional potential en-

ergy surfaces, where n refers to the number of atoms in the molecule. Although we have established that

electron ionization forms an ion without changes in the nuclear separation, the resulting molecular ion can

divert some of the excess energy into vibrations and can then undergo further uni-molecular decompositions

along energetically available paths. This makes it impossible in the case of polyatomic molecules to fully

comprehend the ionization process in terms of detailed potential hyper-surfaces and statistical concepts

would have to be applied [43].
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2.1.2 Electron Ionization

The process of ejecting electrons from atoms or molecules by electron impact and the subsequent ionization

of the atom or molecule is called electron ionization (EI; often also known under the name electron impact

ionization). At the beginning I will try to elucidate the most important mechanism of the ionization process,

then discuss the produced ions and the ionization cross section.

2.1.2.1 Ionization Mechanisms

If electrons are accelerated and hit gas-phase molecules, depending on the energy of the electron beam, the

molecules will be ionized. There are several different processes that can happen upon electron ionization:

XY + e− −−−→ XY+ + 2e− single ionization

−−−→ XY2+ + 3e− double ionization

−−−→ XYn+ + (n + 1) e− multiple ionization

−−−→ X+ + Y + 2e− dissociative ionization

−−−→ X+ + Y− + e− ion pair formation

(2.47)

Additionally to the products shown here, also other products, for example excited ions, can be formed,

especially in more complex molecules, which will be discussed later [43, 44].

The ionization processes that are displayed in Equation 2.47 are all direct ionization processes, where

the scattered and the ejected electron leave the electron simultaneously within a very short time span

(∼ 10−16 s). There is, however, a second type of ionization process which competes with direct ion-

ization, in which the electrons leave the molecule after one another, this process is known as autoionization

via a bound metastable state. Examples for this process are [43]:

XY + e− −−−→ XY∗∗ + e− −−−→ XY+• + 2e−

−−−→ XY2+ + 3e−

−−−→ X+ + Y−
(2.48)

Autoionization is a two-step process: first the molecule (XY) is lifted into a superexcited, bound state

(XY∗∗), which is metastable and only excists for a finite amount of time. This state can couple radiationless

to the continuum and ionization happens. Autoionization can only happen if there are enough degrees of

freedom (electronic excitation, vibration, rotation, spin angular momentum) among which the energy can be

distributed. From one of those degrees of freedom the energy is eventually redistributed to a mode that will

lead to a continuum state. Since autoionization is a resonant process, it can complicate the interpretation

of ionization cross section functions immensely [43]. If an ionization efficiency curve exhibits a number

of breaks and a clear departure from linearity, it is highly possible that an autoionization process might be

involved. Autoionization processes have been observed among others in the ionization efficiency curves of

Kr+, Xe+, Ne++, Ar++, Kr++, Xe++, Zn+, Cd+, Hg+, CO+, and C6H +
6 [44].

In general, when speaking of electron ionization, it means the removal of a valence-shell electron, but
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if the energy of the scattering electron is high, even an inner-shell or core electron can be removed, which

is called inner-shell ionization. This process can be identified by the subsequent emission of characteristic

X-rays or Auger electrons or by the analysis of energy loss spectra. Auger decay is the general decay path

for most of the light-element core holes so we have to expect at least doubly charged final states for inner-

shell ionized molecules. The most dominant decay path is dissociative ionization because most doubly

ionized molecules are not stable [43].

2.1.2.2 Types of Produced Ions

Parent Molecular Ions

A positively charged ion with a lifetime of ≥ 10−5 s produced by a reaction in the form of XY+e−→ XY++

2 e− is called molecular ion or parent ion. If a molecule has an even number of electrons, as most organic

molecules do, single ionization results in an ion with an odd number of electrons, which is indicated by a

dot, such as in the case of methane, for example,

CH4 + e− −−−→ CH +•
4 + 2 e− (2.49)

If the target molecule is a free radical then the ionization process will lead to the formation of an even-

electron ion, for example in the case of nitric oxide [43]

NO• + e− −−−→ NO+ + 2 e− (2.50)

The production ratio of parent ions to fragment ions depends on the energy of the electron and the nature

of the molecule. At and just above the ionization potential (for molecules usually 7-15 eV) only singly

charged parent ions are produced, but if we go to higher electron energies also fragment ions and multiply

charged ions are formed. A parent ion possesses many excited states, so it can be produced in any of the

vibrational-electronic levels that can be accessed according to the Franck-Condon principle [43].

The relative abundance of the produced ions dependent on the electron energy can be illustrated by so-

called clastograms. From such diagrams we gather that for small molecules (diatomic, triatomic, and some

tetratomic) the parent ion is mostly the dominant ion at all electron energies. Notable exceptions from this

rule are halogen-containing molecules as for example CF4, CCl4, and IF7. For large molecules, however,

the parent-ion intensity is usually decreasing with higher electron energies [43, 46] (Figure 2.22).

Fragment Ions

The production of fragment ions can happen in several different ways. The parent ion M+• can decay into an

even-electron fragment ion M+•→ F +i + N •j but also into an even-electron fragment ion M+•→ F +•i + Nj.

Primary ions are fragment ions like F +i that are produced in single transitions. They may be produced

in excited states and then decay into further fragments which are called secondary, tertiary, or further

fragment ions. This secondary fragmentation can either yield an even-electron ion and a neutral molecule

or a positively charged radical and a neutral radical. Both of these reactions occur in the fragmentation of

organic ions, although the even-electron fragments contain only paired electrons, so they tend to be more
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Figure 2.22: Schematic mass spectra of some light paraffins with incident electron energies of 70 eV. Image
taken from [43].

stable and are therefore more abundant. The fragmentation of a hypothetical triatomic molecule XYZ can

occur through some of the following fragmentation paths [43]:

XYZ + e− −−−→ XYZ+ + 2 e−

XYZ+ −−−→ X+ + YZ −−−→ X+ + Y + Z

XYZ+ −−−→ XY+ + Z −−−→ X+ + Y + Z

−−−→ X + Y+ + Z

XYZ+ −−−→ X + YZ+ −−−→ X + Y + Z+

−−−→ X + Y+ + Z

XYZ+ −−−→ XY + Z+ −−−→ X + Y + Z+

(2.51)

These reactions lead to five different fragment ions, also multiply charged and ions formed by rearrangement

can be produced. The number and relative abundance of fragment ions is dependent on the properties of the

parent molecule. We can divide the fragment ions roughly into three groups. The first group are fragment

ions that contain the functional group of the molecule, to the second group belong fragment ions that are

produced by the rupture of the functional group like the cleavage of hydrocarbon bonds, while ions of the

third group are formed by rearrangement. Generally, one can say that the relative abundance of the fragment

ions mirrors the strengths of the bonds in the parent molecule [43]. A very good guide to the interpretation

of mass spectra can be found in [46].

Since with growing molecule size the number of electronic and vibrational states is also increasing and

therefore calculating the fragmentation of large polyatomic molecules with conventional theoretical meth-

ods is not possible anymore, interpretation of fragmentation patterns still heavily relies on empiricism.

Every fragment ion is dependent on its rate of formation and its rate of decomposition, so it can be said

that a mass spectrum is a recording of the position of the quasi-equilibrium of these rates for the fragment
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ions. These rates will be influenced by several factors including the ionization potential, the electron con-

figuration, the bond dissociation energies and rearrangement and elimination channels. For these factors

rules and guidelines have been formulated, such as Stevenson’s rule. This rule says that in a fragmentation

AB+→A++B or AB+→A+B+ the decay path is favored which produces the ion whose neutral species has

the lower ionization potential. If the ionization happens in this way, the products will be in the ground state

while in the other way the products will be excited. This rule is true for the fragmentation of most organic

molecules, but there are also some exceptions from this rule. Another one of these guidelines is that ions

with an odd number of electrons are much less stable than ions with an even number of electrons, which

therefore do not contain unpaired electrons [43].

Multiply Charged Ions

Singly charged parent and fragment ions are the great majority of ions produced in electron ionization, but

as the electron energy increases also multiply charged ions can be be produced. The more often an ion is

ionized, the less probable its formation is. For example Hg ions up to and including Hg5+ are formed by

electron energies up to 500 V. The percentages in the total ion current carried by various ions decreases

from 58 % for Hg+ to about 3 % for Hg5+. Similar results have been seen for Cesium and Xenon at electron

energies of about 700 V. However, the percentage of multiple ionization in diatomic and small polyatomic

molecules is much smaller than for monoatomic gases [43, 44].

Similar to singly ionized ions also doubly ionized molecules can fragment while their charge can be

either separated or remain with only one of the fragments:

XY2+ −−−→ X+ + Y+ (2.52)

XY2+ −−−→ X2+ + Y (2.53)

Generally, these ionization processes rather lead to singly charged fragments rather than one multiply

charged ion and a neutral fragment [43].

Metastable Ions

Ions produced by electron impact are often formed with a great amount of internal energy and therefore

dissociate quite fast, often even before reaching the detector. These ions are called metastable ions and

have an approximate lifetime of ≤ 10−5 s. In contrast, stable ions are ions that reach the detector without

decomposing while unstable ions are ions which already dissociate before leaving the ion source (in a time

of about ≤ 10−6 s) [43].

Metastable transitions can explain the existence of metastable ions with various mechanisms. The disso-

ciation usually occurs during the first vibration oscillation of the molecule or due to a fast predissociation

that involves a transition from one potential energy hypersurface to another, so most of these ions will al-

ready be formed in the ion source. If crossings of potential energy surfaces are spin forbidden, however,

then some ions will undergo electronic predissociation which will be delayed and therefore occur in the

analyzer. This origin of metastable ions is called electronic (forbidden) predissociation. Another possible

mechanism is the dissociation by tunneling. Here the excitation at the beginning is administered to bound
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levels of an excited state of the parent ion which are above the dissociation limit of this state but below the

weak dissociation barrier and can dissociate by tunneling through said barrier. Vibrational predissociation

can also lead to unimolecular decompositions in the metastable time range. The fourth possible metastable

dissociation can occur when the parent ion undergoes internal rearrangement [43].

Rearrangement Ions

The term rearrangement is generally used to describe a ionic dissociation reaction where products are

formed which could not be produced by simple cleavage of bonds, such as

A−B−C−D + e− −−−→ A−B−C−D+ + 2 e− −−−→ AC+ + BD + 2 e− (2.54)

To observe these rearrangements they must occur in a short time span, i.e. before the ion leaves the ion

source. To achieve this, the unfavorable entropies of activation for the rearrangement ions have to be

balanced by favorable activation energies. Frequently transfer of hydrogen or fluorine happens, but also

rearrangements that involve larger groups like CH3 or C6H5 have been observed [43].

Ion Pairs

Fragment ions can also be produced via ion pair production, where a negatively and a positively charged

fragment ion are formed at the same time by electron ionization of the parent molecule:

AB + e− −−−→ A+ + B− + e− (2.55)

Ion pair production can be described by an electronic transition in the Franck-Condon region to a repulsive

curve and a dissociation into the charged fragments, which can also be excited. A schematic of such a

reaction is displayed in Figure 2.23. The scattered electron can carry away excess energy which makes it

possible for such a negative-ion production process to happen over a wide energy range [43]. For example

in the case of ion pair formation from the CO molecule, i.e. CO+ e– −−−→ C+ +O– + e– , the process starts

at 22 eV and reaches a maximum at about 40 eV [44].

2.1.2.3 Characterization of Ionization Cross Sections

Ionization cross sections are important for the understanding of inelastic collision processes. These pro-

cesses can be divided into to fast and slow collisions when comparing the velocity of the incoming electron

with the velocity of the molecular electrons. In the case of a fast collision the influence of the incoming

electron is negligible and it can be treated as a sudden and small external perturbation. The cross section

formula in this case consists of the properties of the incoming electron and on the other side of the prop-

erties of the target molecule. For slow electrons, however, the combined system of the incoming electron

plus the target molecule has to be considered [46].

The shape of an ionization cross section function can be determined by the Bethe-Born approximation

and several other approximations as well as empirical formulas [43]. To describe all of these theories would

exceed the summarizing character of this thesis, so I will just concentrate on a qualitative description of

the electron ionization cross section. In Figure 2.24 the experimental electron ionization cross sections for
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Figure 2.23: Schematic potential energy curves of a diatomic molecule AB that illustrate possible ion pair
production by electron impact. Image taken from [43].

several noble gas atoms can be found. The thresholds for all these atoms are slightly different, a detailed

theoretical review, discussion, and analysis of such thresholds can be found in Chapter 4 and some results

are shown in Section 5.1.

The lowest threshold energy of a molecule is the so-called adiabatic ionization energy which would be

a transition from the ground vibrational level of the ground electronic state of the molecule to the ground

vibrational level of the lowest electronic state of the molecular ion (see Figure 2.21). However, if the two

potential energy curves lie in a certain way so the ground state of the molecular ion lies outside of the

Franck-Condon region, it is inaccessible and can therefore not be observed via electron ionization. The

molecular ion will be in an excited vibrational state and the energy at which it is observed will be higher

than the adiabatic ionization potential (dotted green line in Figure 2.21). Since the Franck-Condon region is

comparatively narrow (approximately 0.1 to 0.2 Å for medium to large molecules), this will be the case for

a lot of molecules. The threshold energy for this vertical transition is called ”ionization energy” (IE) [44].

When a transition is made into a dissociative potential energy curve, there are two possibilities. The first

option is when the turning point of the dissociation curve of the molecular ion coincides with the Franck-

Condon region, in this case the fragments that are formed will have no kinetic energy. If the turning point

lies to the right of the Franck-Condon region, the dissociation products will be formed with kinetic energy

and the threshold energy for these fragments will have a kinetic energy distribution. This energy is then

called ”appearance energy” (AE) and constitutes a lower boundary to the adiabatic ionization energy and

therefore in most cases can be found at higher energies [44]. To make things easier, the term appearance

energy in this thesis always includes the ionization energy of parent molecules as well as the appearance

energy of fragments.
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After the onset electron ionization cross sections increase very quickly only to reach a plateau between

50 and 150 eV where the cross section is maximal (Figure 2.24). After that, the cross section decreases

for all atoms slowly, but steadily. The reason for this plateau-effect is that in general the probability for

ionization would increase with increasing electron energy, so in theory the cross section should grow larger

and larger. However, the faster the impact electrons are, the smaller the effective interaction time is, so it

gets more and more probable that the atom will not ”see” the electron and therefore will not be ionized [46].

Figure 2.24: Typical behavior of an electron ionization cross section of noble gas atoms (He, Ne, Ar, Kr,
Xe). The data was obtained experimentally. Image taken from [35].

A detailed derivation of the ionization cross section is, as mentioned before, very complicated and a very

good overview over the different cross sections can be found in [43] and in [47]. An extensive database

on atomic and molecular electron ionization cross section can be found on the webpage of the National

Institute of Standards and Technology (NIST) [48].
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2.1.3 Electron Attachment

The second process I studied during my PhD is electron attachment and especially dissociative electron

attachment (DEA). In contrast to electron ionization, electron attachment is a resonance process that can

happen even at low energies as 0 eV. In a direct scattering process the interaction time of the incident

electron with the molecule is very short and the electron gets deviated from its original direction. Resonant

scattering occurs if the electron is trapped by the molecule for a time that is considerably longer than the

transit time for direct scattering. As long as the electron stays close to the molecule, they form a temporary

negative ion (TNI), that means that this process represents an electronic transition from a continuum state

(M + e– ) to a discrete (quasi bound) state of the anion (M– ) [49].

A TNI can only form at certain energies - therefore called a resonance process - and its lifetime depends a

great deal on the energy of the resonance as well as the size of the molecule. For small diatomic molecules

such as N2 the lifetime of the TNI is in the order of a few vibrational periods (10−14 s) [49] while for

polyatomic molecules like SF6 the TNI can last up to a few ms [50]. In a direct scattering process for

comparison it takes the electron 5 · 10−16 s to travel a distance of 3 Å. The lifetime of a TNI is connected to

the energy width of the resonance via Heisenberg’s uncertainty principle Γ ∼ ~
τ
. If one assumes a lifetime of

10−14 s for a TNI, the natural line-width will be ∼ 66 meV. However, in molecules, the width of a resonance

is dependent on the position of the position of the potential energy curves and the Franck-Condon transition

between them, rather than the lifetime [49].

Figure 2.25: Schematic representation of direct and resonant electron scattering. Image taken from [49].
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An isolated TNI can be stabilized by the emission of an extra electron (Autodetachment), the emis-

sion of a photon (Radiative Stabilization), or by dissociation of the TNI in two thermodynamically stable

fragments, one negatively charged and one neutral (Dissociative Electron Attachment (DEA)) [49]. In Fig-

ure 2.25 a direct scattering process, a resonant scattering process, and dissociative electron attachment is

visualized.

Resonant scattering of electrons with molecules has been discovered in the 1960s and shas been studied

thoroughly since then [51]. The electron attachment process is one of the most relevant resonance processes

in molecular physics. It is interesting for fundamental as well as practical reasons, which will be elaborated

in this section.

Figure 2.26: Schematic potential energy diagram for the total energy of a neutral molecule ABCD and two
shape resonances acessible through a vertical transition from the ground state of the neutral
molecule. Image taken from [52].

When talking about electron attachment it is essential to define important values for the description of

this process (see Figure 2.26). One of the most important parameters for electron attachment is the electron

affinity (EA) of the molecule, which is defined as the energy difference between the neutral molecule

plus a rested electron at infinity and the molecular negative ion in the ground state. Two other important

parameters, the vertical detachment energy (VDE) and the vertical attachment energy (VAE) are closely

connected to the electron affinity. The VDE is relevant if the EA is positive and describes the energy that

is required to eject an electron from the electronic and nuclear ground state of the anion without changing

the internuclear separation. The VAE on the other hand is only relevant if the EA is negative and is defined

as the energy difference between the neutral molecule in its ground state plus a rested electron in infinity

and the molecular anion that is formed by adding an electron to the neutral molecule without changing the

internuclear separation [53].

In theory, the adiabatic attachment energy would be the most energetically favorable ionic transition,

however, in a vertical ionization process this can only be achieved via an overlap of the ground state of the

ionic curve with the Franck-Condon region [53].
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2.1.3.1 Resonant States of Molecular Anions

Electrons can be captured by molecules in a very efficient way via temporary negative ions (TNIs). An

electron that is bound by the molecule can be described by the wave function

ψn ∝ exp[−iEn(t/~)] (2.56)

with En the energy eigenvalue. The state is stationary and the probability density |ψn|2 is time independent.

A TNI, however, is a non-stationary state of the electron-molecule system and its probability density is

|ψn|2 ∝ exp[−Γ(t/~)] (2.57)

is time dependent. As mentioned before, this resonant state can be stabilized via an electron emission

autodetachment process with a characteristic lifetime of τ = ~/Γ. Γ is the autodetachment resonance width

which is dependent on the internuclear separation [49].

Generally one can distinguish four main mechanisms that lead to the formation of a TNI. Two of them,

the open channel shape resonance and the core-excited shape resonance, lie energetically above the parent

state while the vibrational Feshbach resonance and the core-excited Feshbach resonances lie below the

associated parent molecule. If the state of the TNI is obtained by adding the extra electron into one of

the empty molecular orbitals, we call that single particle (1p) resonances (open channel shape resonance,

vibrational Feshbach resonance). However, if electronic excitation happens in the electron attachment

process, two electrons are in molecular orbitals that are unoccupied in the neutral ground state, one speaks

of a two particle-one hole (2p-1h) resonance or a core-excited resonance. Generally speaking one can say

that if a resonance lies above that of the corresponding neutral molecule, then is is called an open channel

resonance, if lies below it is called a closed channel or Feshbach resonance [49] (Figure 2.27).

Figure 2.27: Schematic energy levels of the resonances of a molecule M. Image taken from [54].
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Open Channel Shape Resonance

As illustrated in Figure 2.28, in this type of resonance the electron is trapped in a potential well that is

formed from the interaction between the incident electron and the neutral molecule in the neutral ground

state. Due to polarization, an attractive potential (Vattractive) between the neutral molecule and the incident

electron arises and a repulsive centrifugal potential (Vrepulsive) forms due to the relative motion of the two

bodies. The combination of these two potentials leads to the formation of an effective potential Ve f f ective

with a potential barrier. If an electron approaches a molecule that possesses an energetically accessible

unfilled molecular orbital (characterized by the angular momentum l), then the electron can temporarily be

captured within the barrier [49]. More on this interaction can be found in Chapter 2.1.1.1. The negative ion

potential energy curve is above that of the neutral molecule, so it is quite prone to autodetachment and will

possibly decay back into the electronic ground state of the neutral molecule. This autodetachment process

is dependent on the height and thickness of the potential barrier and the internal energy of the anion. The

size of the potential barrier is strongly dependent on the l value of the state that is occupied by the captured

electron. The repulsive potential is zero if l is zero, so s-waves (l = 0) can not lead to a shape resonance, but

p, d and f waves will. In Figure 2.29 the effective potential for different angular momenta l is portrayed [49,

53].

Figure 2.28: Schematic illustration of a shape resonance. Image taken from [53].

Since shape resonances lie above the potential energy curve for the neutral molecule, which means that

the molecular electron affinity (EA) is negative, they will occur at energies greater than 0 eV and lower than

4 eV. Usually they decay by autodetachment - preferentially to their parent state - with lifetimes from 10−15

to 10−10 s, but if it is energetically possible, they can also decay via dissociative electron attachment [53].
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Figure 2.29: Effective interaction potential for an electron approaching a neutral molecule (open channel
shape resonance). For an angular momentum l , 0 a centrifugal barrier is formed, which traps
the electron temporarily inside the effective potential. Image taken from [52].

Core-excited Shape Resonance

Just as the single-particle shape resonance, these TNIs arises from the interaction of the incident electron

and the molecule, only that this time the electron can induce electronic excitation in the molecule and

subsequently interact with this electronically excited state. Again, this process is not possible for s-waves

and decays by autodetachment or DEA. H –
2 is an example for such a core-excited shape resonance with a

broad resonance between 8 and 12 eV [53].

Vibrational Feshbach Resonance

For this type of resonance the kinetic energy of the captured electron couples to vibrational states of the

molecule (Figure 2.30). As the negative ion state lies energetically below the parent ground state, it has

a positive electron affinity and can be stabilized and consequently also lead to stable negative parent ions.

Before stabilizing, the TNI in this case is in a vibrational level ν′ that is at or above the lowest vibrational

level ν = 0 of the ground state of the neutral molecule. The TNI can decay back into the parent state via

autoionization or, if it is energetically possible, it can also decay via auto-dissociation. The lifetime of

such a resonance is generally long, up to ms [50, 53]. This is due to the Jahn-Teller distortion, which can

provide efficient coupling between the different vibrational degrees of freedom and between the electronic

and vibrational states involved. Here the excess energy can be stabilized efficiently within the molecule and

in that way be removed from the coordinates that are relevant for the re-ejection of the electron or for the

dissociation of the molecule. The lifetime of the TNI is therefore elongated substantially. This process is

called intra-molecular vibrational redistribution (IVR) and molecules that show such a stabilization effect

are sulfur hexafluoride (SF –
6 ) and hexafluoro benzene (C6F –

6 ), which can be stable up to ms [50, 52].

The term vibrational Feshbach resonance (VFR) would strictly refer to resonances that lie only a small

amount of energy below the vibrational parent state, but generally these resonances are also used to describe

46



2.1. ELECTRON INTERACTIONS

Figure 2.30: Schematic illustration of a vibrational Feshbach resonance. |0 > and |R > are the electronic
ground states of the neutral molecule and the TNI. Image taken from [53].

long lived parent anions such as SF –
6 and C6F –

6 , where - as was just established - intra-molecular energy

redistribution is responsible for the delay of the re-ejection of the electron. These VFRs can also be found

in dipole-bound states, for which a high polarizability and a large dipole moment of more than 2.5 D are

required. Here the electron is bound by an attractive long-range interaction between the charge and the

dipole and occupies a diffuse Rydberg-type orbital. This has been observed for N2O, ethylene carbonate,

and uracil [52].

Core-excited Feshbach Resonance

If an electron is captured in a vibrational Feshbach resonance that involves an electronically excited state

rather than a ground state, it is called a core-excited Feshbach Resonance. In an excited molecule the

screening of the nuclei is worse, so the electron sees a small positive charge and gets temporarily bound

by the molecule. This resonance lies below the corresponding excited neutral state, so it can not return to

this state by simple ejection of an electron and therefore its lifetime is long. The TNI in that case can only

relax to a lower lying excited state or the ground state of the molecule. Both are processes which need a

two electron transition, what requires a change of the electronic configuration which extends the lifetime

for this resonance considerably. Examples for this process are the H –
2 resonance at 10-13 eV and the N –

2

resonance at 11.48 eV [52, 53]. In Figure 2.31 the schematic potential energy diagram for the formation

of a core-excited open channel (shape) resonance and a core-excited close channel (Feshbach) resonance

are shown, where the resonances are displayed along the AB-CD dissociative asymptote and AB is the

fragment with the higher electron affinity [53].
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Figure 2.31: Schematic potential energy diagram displaying the formation of a core-excited open channel
(shape) and a core-excited closed channel (Feshbach) resonance for the same molecule. Image
taken from [53].

2.1.3.2 Decomposition Reactions of Temprary Negative Ions

No matter what resonance leads to the formation of a temporary negative ion (TNI), there are three possible

reactions that can happen with a TNI: autodetachment (AD), radiative stabilization, or dissociative electron

attachment (DEA) (see Table 2.1).

e– +M −−−→ M–∗ −−−→ M + e– Autodetachment (AD)
−−−→ A– + B Dissociative Electron Attachment (DEA)
−−−→ M– + hν Radiative Stabilization

Table 2.1: Possible decomposition channels for temporary negative ions (TNIs) [49]

Radiative stabilization proceeds on much longer timescales compared to the two other processes (10−9 −
10−8 s) and will therefore not be discussed here since it is not a competing channel. Dissociative electron at-

tachment and autodetachment operate on comparable timescales and therefore the branching ratio between

those two channels depends on which of the processes is faster for a certain molecule [49, 52].

As mentioned before, the lifetime for an autodetachment lifetime can amount up to several ms [50].

Usually, these metastable anion states are created within a very narrow resonance close to 0 eV where the

dissociation channels into stable fragments can not be accessed yet. The long lifetime of these metastable

anion states makes them easily observable by mass spectrometric techniques and are therefore relevant for

our studies [49].
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Dissociative electron attachment occurs typically in the timescale of 10−14 to 10−12 s, the exact timescale

depends on the mechanism of the reaction. This fragmentation mechanism can happen if thermodynami-

cally stable, negatively charged fragments exist for the molecule and these channels are also energetically

available. In Figure 2.32 a potential energy diagram for an electron attachment process is illustrated [49].

Figure 2.32: Potential energy diagram for an electron attachment process. The green curve is the potential
energy curve of the neutral parent molecule. Via a vertical transition in the Franck-Condon
region the repulsive curve in red can be accessed where after forming a negatively charged
XY−∗, it will eventually dissociate into X + Y−. A metastable ion XY−# can be formed via
non-dissociative electron attachment. Image taken from [55].

Now let us take a closer look at the dissociation reaction. If we assume a simple reaction of the form

e−(ε) +M −−−→ M−(ε) −−−→ R + X− (2.58)

yielding a neutral and a negatively charged fragment with ε being the energy of the electron. This process

can be illustrated in a potential energy diagram (Figure 2.33). In this case, the electron is captured into

a molecular orbital with R−X anti-bonding character. The two upwards arrows in the figure show that

transitions from the continuum state (M + e−(r→∞)) are only possible in the energy region between ε1 and

ε2 according to the Franck-Condon principle [49].

The molecular ion can either dissociate into R+X– or it can loose the extra electron via autodetachment

and regenerate the neutral parent molecule. Autodetachment can only happen up to a certain nuclear dis-

tance R ≤ Rc with Rc being the crossing point of the attractive and the repulsive potential energy curve. If

the nuclear separation is larger than Rc the electron is localized and bound to the fragment X, so autode-

tachment of M– is not possible anymore [49].

The next step is to determine the shape and the size of the electron attachment cross sections. The
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Figure 2.33: Potential energy curves associated with electron attachment and subsequent electronic disso-
ciation. Image taken from [49].

probability for a two particle capture process at very low energies can be described by the Wigner threshold

law [56] as

σ0(E, l) ∼ El−1/2 (E → 0) (2.59)

If we have an s-wave attachment with l = 0 we would get a E−1/2 dependence of the electron attachment

cross section close to the threshold of the energy, for p-wave attachment with l = 1 we would expect

an energy dependency of E1/2. Because of the requirement of the constructive interference for electron

attachment, the cross section’s energy dependence close to the threshold is immensely dependent on the

symmetry of the anionic state [57]. The electron attachment cross section determines also the attachment

rate. This attachment rate k can be written as the product of the mean electron velocity v̄ and the attachment

cross section σ̄ that is averaged over the relevant incident electron energies. To determine the cross section

for a dissociative electron attachment (DEA) process, the dissociation probability Pdiss has to be taken into

account:

σDEA = σ0 · Pdiss (2.60)

The dissociation probability can also be determined from the autodetachment lifetime τAD and the time

τDEA that it takes the temporary negative ion to dissociate [49]:

σDEA = σ0e−τDEA/τAD (2.61)

The exponential term in this equation is called the survival probability. The dissociation time is deter-

mined via

τDEA =

∫ Rc

R

dR

v(R)
(2.62)

where v(R) is the radial velocity between the fragments R and X– [49, 52]. In Figure 2.34 a two-dimensional

potential energy diagram can be seen, where TNI is formed via a vertical transition within the Franck-
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Figure 2.34: Two-dimensional potential energy diagram that illustrates the formation of a TNI. Image taken
from [52].

Condon region. After the transition the temporary negative ion relaxes into the geometrical equilibrium

R−eq. The autodetachment lifetime can be seen in the width of the resonance, which decreases at lower

transition energies. If the TNI, however, has crossed Rc, the molecule will dissociate. The ion yield curves

reflect the transition probability in the Franck-Condon region, but the position and shape of the resonance

is influenced greatly by the autodetachment lifetime. At this point it is important to note that once the

transition has been made, the ion cannot just change back into the original potential energy curve. A parent

anion RX– (or ABCD– ) can only be observed if the anion potential energy curve has a minimum and the

excess energy can be efficiently redistributed inside the vibrational degrees of freedom of the molecule. The

easiest way to determine the shape and position of resonances is the so-called reflection principle, where

the ion yield can be obtained by reflecting the initial wave function in the Franck-Condon region at the

anionic potential energy curve [52].

Figure 2.35 will be used to describe the reflection principle. In this Figure a neutral ground state potential

energy curve Vi(R) and the corresponding repulsive anionic potential energy curve V f (r) as well as the ion

yield curve Γd are depicted. Close to the equilibrium distance R0 the potential energy of the molecule can

be approximated by

Vi(r) =
1
2
α(R − R0)2 (2.63)

with the force constant α. The vibrational ground state E = ~ω2 is then

2|R2 − R0| = |R1 − R2| = 2|R1 − R0| = 2
{

~ω

α

1/2}

(2.64)
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Figure 2.35: The reflection principle that is used to describe the peak shape of an ion yield resonance. Image
taken from [49].

where ω = (α/µ)1/2 is the oscillation frequency. When assuming that α = ∂2Vi/∂R2 = Vi we get

|R2 − R1| = 2(~2/µVi)1/4 (2.65)

Inside the Franck-Condon region one can assume that V f is constant, so the width of the resonance amounts

to

Γd =
2V f ~

1/2

(µVi)1/4
(2.66)

which mathematically describes the reflection of the Franck-Condon region |R2 − R1| at V f (r). This shows

us that the width of the resonance is directly proportional to the slope of the repulsive anionic potential

energy curve V f (R) [49].

Assuming the neutral ground potential energy curve is a harmonic oscillator, the wave function of the

vibrational ground state is

ψi = C exp
(−µω(R − R0)2

2~

)

(2.67)

Using Equation 2.64 the probability density at the classical turning points R1 and R2 will be

ψ2
i (R1) = ψ2

i (R2) =
ψ2

i
(R0)

e
(2.68)

so Γd is basically the width of the ion yield curve at the position at which its value is 1/e = 0.37 of the

maximum. The cross-section for dissociative electron attachment can be written as

σDEA(ε) ∼ exp



−
4(ε − ε0)2

Γ2
d



 (2.69)

This cross section is dependent on the energy ε and ε0 is the electron energy at the maximum of the reso-

nance. However, this equation is only valid if the attachment cross section σ0 and the survival probability
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Figure 2.36: Schematic illustration of the potential energy curves of a DEA process via vibrational predis-
sociation. Q1 and Q2 are different motions in a polyatomic ion. Image taken from [49].

P are independent of the electron energy. A more general semi-classical solution

σDEA(ε) ∼ 1
ε

G(ε)P(ε) (2.70)

was derived where P(ε) is the survival probability and G(ε) a Gaussian function that is similar to Equa-

tion 2.69, but has an additional term that also takes autodetachment into consideration [49].

For some bond cleavages, we can therefore describe dissociative electron attachment as a diatomic dis-

sociation along the dissociative asymptote of a repulsive state that leads to a negatively charged fragment

and its radical counterpart [52].

However, since complex polyatomic molecules have a much greater number of vibrational degrees of

freedom, so the excess energy can be distributed much more efficiently, which increases the lifetime of the

TNI. This can even induce rearrangement in the molecule which makes the DEA process for this molecules

very complicated to understand. The dissociation process can induce a substantial amount of energy in the

fragments, which can lead to further fragmentation on a metastable timescale (> 10−6 s) [52].

Furthermore, the dissociative electron attachment process will not proceed directly via a purely repulsive

energy surface as is pictured in Figure 2.35, but more likely through several indirect processes that include

electronic and vibrational predissociation or rearrangement in the precursor ion which can eventually lead

to dissociation. Figure 2.36, for example, illustrates vibrational predissociation. The molecules Q1 and Q2

are two different molecular motions in a polyatomic molecule. In this schematic illustration the anion M– is

formed via electron attachment and would have enough energy to dissociate, but its energy is initially stored

in vibrational modes that do not correspond to the reaction coordinate Q2. In Figure 2.37 rearrangement in

the parent anion prior to the dissociation is illustrated. These different reaction pathways can be identified

and distinguished by a difference in the energy distribution among the formed fragments, while the energetic

position and width of an ion yield curve reflects the first step of the electron attachment process by the parent

molecules. This is true for all fragmentation reactions under the condition that the dissociation limit and
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Figure 2.37: Potential energy diagram for DEA that is associated with rearrangement in the TNI. Image
taken from [49].

the potential energy along the reaction coordinate lie below the energy of the anion in the Franck-Condon

region. For a reaction such as M−→ R + X−, the cross section for the formation of a particular ion is

σ(X−) = σ0·P(X−) (2.71)

P(X−) is the probability for the formation of a certain fragment, in this case X– , with respect to other

competitive channels, e.g. autodetachment, which in general depends on the internal energy of the parent

anion, that means the incident energy of the electron. This makes is difficult to determine the ion yield curve

by the reflection principle since the shape of the Gaussian has to be weighted by the energy dependence of

every channel individually [49]. If we look back at Figure 2.33 one can see that the energy required for or

gained by a dissociative electron attachment process is determined by

ε−−D(R−X) − EA(X) + E∗ (2.72)

D signifies the bond dissociation energy in the neutral parent molecule, EA is the electron affinity of the

fragment (in this case X), E∗ is the excess energy, and ε1 < ε < ε2 has to be fulfilled. The minimum heat

of reaction for this process is

∆H0 = D(R−X) − EA(X) (2.73)

The total excess energy can therefore be written as E∗ = ε − ∆H0. If the heat of reaction for a process is

known, then the excess energy for a certain incident electron energy can be calculated with this formula.

For polyatomic molecules, however, the excess energy is usually distributed among the translational and

internal energies of the fragments. By measuring the kinetic energy of the ionic fragment we can determine

the total translational energy (ET ) that is shared among these fragments, so performing such measurements

depending on the electron energy yields would give information of the distribution of the excess energy in

the unimolecular decomposition of the temporary negative ion. If, however, ∆H0 is not known, measuring

the appearance energy as well as the kinetic energy release of the ionic fragments can provide information

54



2.1. ELECTRON INTERACTIONS

on thermodynamic properties, i.e. bond dissociation energies and electron affinities [49].

The dissociative electron attachment processes to two molecules, i.e. sulfur hexafluorid (SF6) and carbon

tetrachloride (CCl4), will be presented and explained in detail in the next section since they have a very im-

portant application as calibration substances in DEA experiments because of their pronounced low-energy

resonances.

2.1.3.3 Examples for Dissociative Electron Attachment

Sulfur Hexafluoride (SF6)

Sulfur hexafluoride (SF6) is one of the most studied compounds in low-energy electron attachment [58–62].

Due to its high symmetry it has one of the largest attachment cross-sections and is therefore often used as

a gaseous dielectric in high-voltage power devices and as an effective electron scavenger in gases and liq-

uids. Electron attachment via a vibrational Feshbach resonance creates the anion in a metastable state [49,

52]. Since the autodetachment lifetime is long enough (up to ms [50]) we can detect the metastable parent

anion SF –
6 in mass spectrometers (Figure 2.38), which possesses an exceptionally high cross section at 0

eV at room temperatures (≈ 10−14 cm2 at 0.01 eV). The formation of the metastable SF −∗6 is explained

as a vibrational Feshbach resonance, for which the lifetime is substantially elongated by intramolecular

redistribution of the excess energy. The autodetachment is prevented for a long time by the coupling be-

tween electronic and nuclear motion [49, 52]. As the temperature increases, decomposition of SF –
6 into

fragments becomes more and more probable, the thermo-chemical thresholds for the lowest lying dissoci-

ation channel, the formation of SF –
5 +F, and the formation of F– , are 0.12 eV and 0.6 eV, respectively [62].

Figure 2.38: Suggested ion efficiency curves for electron attachment to SF6. Image taken from [58].
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Figure 2.39: Ion yield curves observed in electron attachment to SF6. Image taken from [63].

Figure 2.40: Hypothetical potential energy diagram illustrating electron attachment to SF6. Image taken
from [49]
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While we can observe the SF –
5 anion at low energies, F– is observed at higher energies (Figure 2.38

and 2.39), which can be explained by the different ways of distributing the excess energy into the internal

degrees of freedom. In the reaction that yields F– , the excess energy may be distributed in the neutral SF5

fragment, which can then decompose in further fragments. The SF –
5 fragment, however, can only consist

of the two fragments SF –
5 and F. The total excess energy is deposited in the anion which will become

unstable if this energy exceeds 3 - 4 eV and will then dissociate or lose an electron via AD. The resonances

at higher energies such as F– and F –
2 are therefore probably coupled with dissociation channels that cor-

respond to more than two fragments [49, 52]. Suggestions for processes that could lead to the formation

of fragments from electron attachment to SF6 and their potential energy curves are illustrated in Figure 2.40.

Carbon Tetrachloride (CCl4)

Carbon Tetrachloride (CCl4) is an inorganic compound that was previously widely used in fire extinguishers

suitable for both liquid and electrical fires [64, 65] as well as a dry cleaning solvent and in refrigerators [66].

Just as SF6, CCl4 has a symmetric structure and possesses a large cross section for electron attachment at

energies close to 0 eV [67]. In case of CCl4 only one single low-lying temporary anion state is formed by

attachment of the impinging electron into an unoccupied C−Clσ∗ orbital [68]. However, the lifetime of the

temporary negative anion (TNI) in CCl4 is with approximately 30 ps substantially lower than for SF6 and

therefore no parent anion can be detected in a crossed beam mass spectrometric study [69, 70]. The most

abundant fragment upon dissociative electron attachment to CCl4 is Cl– , which is formed in the exothermic

reaction [71]

CCl4 + e− −−−→←−−− CCl −∗4 −−−→ Cl− + CCl3 + 0.43 eV (2.74)

Figure 2.41: Schematic view of the potential energy curve for CCl4 and its anion. Image taken from [71].

The exothermicity of this dissociation reaction is due to the unusually large electron affinity of the chlo-

rine atom. Since the dissociation limit of the production of Cl– + CCl3 lies 0.43 eV below the ground state

of the neutral parent molecule, it enables in this way the attachment of electrons with 0 eV energy [67]. The
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electron attachment cross section shows a reciprocal energy dependence, therefore cross sections directly

at threshold can be very large [72]. In CCl4 the potential energy curves of the neutral parent molecule and

the anion parent molecule cross in the vibrational ground state of the neutral CCl4 (Figure 2.41), so a zero

energy electron can easily attach to the molecule in the neutral ground state [71]. The DEA cross section

for the 0 eV peak of Cl– /CCl4 was estimated to be 1.3 · 10−14 cm2 by Chu et al. [73]. However, since the

height of this peak highly depends on the electron energy resolution of the electron beam, varying values

have been obtained [71]. Additionally to this sharp resonance at threshold, the energy scan of Cl– /CCl4 also

exhibits a smaller broader resonance at 0.8 eV (Figure 2.42), which is formed by attachment of the electron

into the next higher empty orbital, which is the triply degenerated t orbital [68]. The cross section for this

resonance was found to be 4.5 · 10−16 cm2 [68]. Several different values for the ratios for the yields of these

two peaks can be found in literature, ranging from about 13% [67], 7% [74], 1.2 % [73], to 0.16% [71],

which led Matejčı́k et al. to the assumption that this ratio is dependent on the electron energy resolution

because the height of the first peak is influenced a lot more by a changing resolution than the second broad

resolution. At our apparatus, where the electron energy resolution is usually between 100 and 150 meV, a

ratio between 1 and 7 % would have to be expected [73, 74].

Figure 2.42: Anion efficiency curve of Cl– /CCl4. Image taken from [67].

Additionally to Cl– also the fragment anions Cl –
2 , CCl –

2 , and CCl –
3 are formed upon DEA to carbon

tetrachloride (Figure 2.43). Cl –
2 is formed by the loss of two neutral fragments from the parent anion

CCl4 + e− −−−→←−−− CCl −∗4 −−−→ Cl −2 + CCl + Cl (2.75)

The appearance potential of Cl –
2 is estimated to about 0.5 eV, which was generally attributed to the high

electron affinity of chlorine. CCl –
2 is formed by the loss of two neutral chlorine atoms, however, this pro-

cess seems to be less effective than the formation of the other fragment anions since the ion yield is lower

and the highest resonance is located at about 6 eV. CCl –
3 is obviously formed by the loss of one chlorine

atom and has a threshold at low energies [67].
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Figure 2.43: Anion efficiency curve of Cl –
2 , CCl –

2 , and CCl –
3 from CCl4. Image taken from [67].

59





2.2. DEOXYRIBONUCLEIC ACID (DNA)

2.2 Deoxyribonucleic acid (DNA)

The deoxyribonucleic acid (DNA) is one of the most essential molecules in the human body. In the 1940s

it was discovered that the DNA is the carrier of genetic information. However, little was known about the

structure and the function of the DNA until 1953, when James Watson, Francis Crick, and Rosalind Franklin

determined the structure of the DNA. This chapter serves the purpose of introducing the basic structural

and functional properties of the deoxyribonucleic acid to emphasize its incredibly important purpose and

to describe the implications DNA damage can have on the human body.

2.2.1 Structure

The structure of the DNA exhibits a feature that is the same for all biological macromolecules, namely

the close relationship between structure and function. The very special properties of this macro molecule

enable the very effective and stable storage of information [75].

Figure 2.44: The so-called backbone of the deoxyribonucleic acid (DNA) is formed by 3’-to-5’ phosphodi-
ester linkages. The sugar unit is colored red and the phosphate group is colored blue. Image
taken from [76].

The DNA is a linear polymer that consists of two long poly-nucleotide chains. Each one of these chains

is composed of a sequence of four different types of nucleotides. Each of these nucleotides consists of

three components: a five-carbon sugar, a phosphate, and one of four different nitrogen-containing bases

(Figure 2.44). The sugar of the DNA is a deoxyribose. It lacks the oxygen that is connected to the 2’-carbon

atom of the ribose sugar molecule and in this way gives the deoxyribonucleic acid part of its name. These

sugar molecules are linked via phosphodiester bridges. More precisely, the 3’-hydroxyl (3’-OH) group of

the sugar molecule of one of the nucleotides is esterified to a phosphate group that, in turn, is connected to

the 5’-hydroxyl group of the adjacent sugar. This chain of sugars linked by phosphodiester bridges is called

the backbone of the DNA and is periodic over the whole length of the chain. The sequence of the bases,

however, is arbitrary and different for each DNA strand [11, 75, 76]. For the information-storing function

of the DNA, the exact succession of bases is highly important. The way that the nucleotides are connected

has the consequence that the DNA strands exhibit chemical polarity, since one of the two ends has the

5’ phosphate at its end while the other one has the 3’ hydroxyl group at the end (Figure 2.45). Hydrogen

bonds between the bases connect the single strands of the DNA to a double helix [76].
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Figure 2.45: An illustration of the two strands of the DNA and the nucleobases. (A) A linear model of the
DNA with the bases and the hydrogen bonds shown and (B) a short section of the DNA viewed
from the side. Image taken from [11].

Two of the nucleobases - adenine (A) and guanine (G) - are derivatives of purine and the two others - cy-

tosine (C) and thymine (T) - are pyrimidine derivatives. The purine nucleobases consist of a pyrimidine ring

that is connected to an imidazole ring while the pyrimidine bases consist only of one ring. A very important

feature of the DNA is that the bases cannot pair randomly. Adenine always has to pair with thymine and

cytosine always has to pair with guanine, what means that a purine base will always pair with a pyrimidine

base, which is called a base pair. These base pairs form the energetically most favorable structure for the

DNA. Since each base pair has the exact same width, they are connected at equal distances to the backbone

of the strand, making the strand structure very stable. The two strands have to be arranged anti-parallel to

each other, with opposing polarities. These two strands then twist around each other and form a double

helix, which contains approximately 10 base pairs per turn of the helix [11, 75]. The arrangement of the

bases in this way stabilizes the DNA in two different ways. The hydrophobic bases are shielded in the inside

of the molecule against the water surrounding the DNA molecule while the polar backbones are facing the

water. The hydrophobic effect causes the bases to attract each other via van-der-Waals forces [76].

2.2.2 Function

The ultimate function of the DNA is to store information. The sequence of the nucleobases works as a

coding sequence. Since each of the two strands of the DNA is exactly complementary to the nucleotide

sequence of the other strand, they can act as templates for the synthesis of a new complementary strand.

This is portrayed in Figure 2.47, where the strand S can be used as a template to create a new strand S’ and

strand S’ can be used to create a new strand S, which can become part of two new double helices [11, 75].
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Figure 2.46: An illustration showing the building blocks of the DNA: (A) each nucleotide is composed of a
sugar-phosphate that is covalently linked to a base, (B) the nucleotides are connected to form
polynucleotide chains, (C) the DNA molecules consists of two anti-parallel strands, and (D)
the double helix structure. Image taken from [75].

The DNA has one very important additional function and that is the ability to encode proteins. Proteins,

which are one of the most important building blocks of life, have various biological functions that are de-

fined by their three dimensional structure which depends on the linear sequence of amino acids the protein

consists of. Encoding the relationship between the four-letter base alphabet of the DNA and the twenty-

letter amino acid alphabet of proteins was a long process which took more than a decade. This code will

not be described here in detail, interested readers are referred to [11] and [75].

The genome is all the information that is stored in the DNA of an organism and it contains all the

information of all the RNA molecules (ribonucleic acid, one of the most essential macro molecules of the

human body, more in Section 5.1) and proteins that the organism will synthesize. Its amount of information

is incredibly high. If we would write the nucleotide sequence of a very small single human gene on paper,

it would cover about a quarter of a page. The total human genome, however, would cover more than a

thousand books of about a thousand pages [11]. This information is crucial to the functionality and health

of the human body, so in the next section I will discuss how the DNA can be damaged and how this damage

can affect the human body.
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Figure 2.47: A schematic of the duplication of the DNA double helix. Image taken from [11].

2.2.3 Damage & Repair

For individuals to survive and reproduce, genetic stability has to be maintained. This requires an extremely

accurate mechanism for the replication of the DNA, but also several processes for repairing lesions the

DNA is constantly suffering. This is achieved through a variety of protein machines that scan the genome

for damage and are subsequently fixing it. In the human body, over ten thousand random changes in the

DNA are created every day by heat, metabolic accidents, radiation, and exposure to various substances in

the environment. The DNA repair mechanisms in the cells, however, are so efficient that only very few of

those changes (∼ 0.02 %) can not be repaired and cause permanent mutations in the DNA [11, 75].

Several percent of the coding capacity of the DNA are solely dedicated to the DNA repair functions. If a

DNA repair gene is deactivated, the rate of mutations is only increased even more. Many human diseases

are consequences of a reduced capacity for DNA repair. These mutations can propagate themselves via

DNA replication and lead to inherited predispositions for diseases like colon cancer and breast cancer [11].

The DNA is in principle a very stable macro molecule, but it is also prone to spontaneous changes that

can lead to dangerous mutations if they are not repaired. For example, every day each human cell loses

about 18 000 purine bases (adenine and guanine) in a process known as depurination, which amounts to the

loss of over a trillion bases in the whole human body per day. In a similar process, where cytosine is turned

into uracil through the loss of an amino group (deamination), about 100 bases are lost per cell per day. The

DNA bases can also be damaged by reactive metabolites that are produced in the cell such as reactive forms

of oxygen and the high energy methyl donor S-adenosylmethionine. Additionally, radiation can damage

the DNA. UV radiation can cause the formation of a covalent bond between two neighboring pyrimidine

bases in the DNA, for example thymine dimers. If these damages are not repaired, they will most possibly

lead to one or more base pairs being deleted or a faulty base-pair substitution in the daughter DNA chain,

which will cause the damage to spread throughout subsequent cell generations [11, 75, 77].
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Figure 2.48: Depurination and deamination reactions are two of the most frequent spontaneous chemical
reactions that can cause serious cell damage. Image taken from [11].

In Figure 2.48 the two of the most frequent spontaneous chemical reactions that can cause serious dam-

age in cells - depurination and deamination - are illustrated. The process of deamination that is of particular

interest to our study on adenine and hypoxanthine (see Section 5.1) is depicted in Figure 2.50 for all nu-

cleobases. More about the diseases, in particular cancer, that DNA damage can cause, will be presented in

Section 2.3. For the remainder of this chapter, some of the DNA repair mechanisms will be presented and

elaborated on.

The double-helical structure of the DNA is very well suited for repair mechanisms. Since the two strands

of the DNA each contain the same information, the code can still be retrieved if one strand is damaged. This

backup version of the information can also be used to detect errors in the other DNA strand, so a damaged

strand can always be distinguished from the undamaged one [11].

The three main steps of DNA repair pathways are schematically illustrated in Figure 2.49.

1. At first the damage induced in the DNA is recognized and removed by various mechanisms that

involve nuclease, which breaks the covalent bonds that connect the damaged nucleotides to the rest

of the molecule. This leaves a small hole in of the strands of the DNA.

2. In the second step this hole has to be fixed. This is done with a DNA polymerase that binds to the

3’hydroxyl end of the cut DNA strand. It copies the complementary strand and in that way fills the

hole in the undamaged strand.

3. Even after the filling of the hole, the sugar-phosphate backbone will still be broken, which is fixed by

the DNA ligase, an enzyme that is also used during DNA replication [11].
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Figure 2.49: The basic mechanism of DNA repair. Image taken from [75].

Although the process of DNA replication is almost unfailingly, rare mistakes do happen (approximately

one mistake per 107 copied nucleotides). These mistakes will be eliminated by so-called mismatch repair

which can correct 99% of these replication mistakes. The accuracy of the DNA replication process is hereby

increased to one error in 109 nucleotides copied [11].

Every time such a mismatch mistake happens, a mis-paired nucleotide is created. If this mistake is not

corrected, the mismatch will lead to a permanent mutation in the next generation of DNA replication. The

big challenge for the repair system is to know which of the two strands contains the error. Different cell

types have different strategies to solve this problem, e.g. bacteria cells use the fact that newly synthesized

DNA lacks a type of chemical modification that is usually present in DNA. If the system has detected the

damaged strand, it will remove a part of the nucleotide chain and resynthesizes this part [11, 75].

These mismatch repairs are extremely important for the prevention of cancer. Mutations in the genome

due to mismatch errors can be inherited, which makes people disposed for cancer because their body cells

accumulate mutations more rapidly than normal cells. Cancer arises from cells with multiple mutations, so

to inherit a mismatch repair gene greatly enhances their chance to get cancer [11, 75].

So far we have only discussed single strand breaks, but radiation or chemical assaults can cause fractures

in the backbone of the DNA that create a double strand break (DSB). These DSBs are formed when the

66



2.2. DEOXYRIBONUCLEIC ACID (DNA)

DNA backbone breaks on two opposite strands within a short distance of about 10 base pairs or 30 Å [21]

and they are especially dangerous because they can cause fragmentation of chromosomes and the subse-

quent loss of genes. DBSs are particularly hard to repair since there is no copy for the reconstruction of

information. There are two strategies for repairing double strand breaks. The first method is called non-

homologous end joining and is considered to be the ”quick and dirty” method because it cleans the broken

ends and rejoins them, while losing nucleotides at the site during the cleaning process. Homologous re-

combination is a more complex process that uses an undamaged homologous double helix as a template

and thereby repairing double strand breaks [11, 75, 78].

What happens if all of these repair mechanisms fail? Even a mutation in just a single nucleotide can have

severe effects for an organism. For example, if the damage happens in the DNA sequence that is responsible

for the protein structure and since structure and function of proteins are highly dependent on their sequence

of amino acids, a slightly altered sequence can have serious effects on the vital functions of the protein.

A change in just a single nucleotide in a hemoglobin gene can cause mutations in the hemoglobin and

cause diseases such as sickle-cell anemia. This is a life-threatening disease with more fragile hemoglobin

molecules which can tear easily and cause the patients to have fewer white blood cells [11, 75, 78].

If mutations happen in somatic cells, variant cells can form, some of which will grow and divide in an

uncontrollable manner. This results in an uncontrolled cell proliferation that we know as cancer [11, 75,

78] and which will be discussed in detail in the next section.
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Figure 2.50: A schematic illustration of the deamination process of DNA nucleotides. (A) The spontaneous
deamination products hypoxanthine and xanthine of adenine and guanine, respectively, can be
recognized as unnatural when they occur in the DNA. (B) About 3 % of the Cytosine bases
are methylated to help in controlling gene expression. If these molecules are accidentally
deaminated, they can form Thymine. Image taken from [11].
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2.3 Cancer

2.3.1 Introduction

Although cancer is generally perceived as a modern disease, it has already been known for several thou-

sands of years. First recordings come from the ancient Egyptians and the Greek, who also coined the name

cancer. Hippocrates thought that the breast tumors of his patients resembled crab claws - crab means karki-

nos in Greek - and thus the words cancer and carcinoma formed to describe this range of diseases [79,

80]. Since the risk of developing cancer exponentially increases with age, cancer was not an immediate

and epidemic problem until about 200 years ago, when due to substantially improved standards of living

and medical care, the mean life expectancy of the population increased significantly [81]. Nowadays, every

year more than 12 million people are diagnosed with cancer [82]. In the last century, cancer has grown to be

one of the two major causes of death in the industrial world together with cardiovascular diseases. World-

wide, every third person will develop cancer at one point and one in four males and one in five females will

eventually die of it [81]. In Austria 37,067 people - 19,298 males and 17,769 females - were diagnosed

with cancer in 2011 and in the same year 19,896 people - 10,525 males and 9,371 females - died because

of it [83]. In [84] a detailed statistic of the cancer incidences and deaths in the United States can be found.

Figure 2.51: Incidence of major cancers worldwide in 2008 shown in ranking order with the number of
cases and the percentage of the total number. Image taken from [82].

In Figure 2.51 the incidences of the most common cancers worldwide are displayed. The most abundant

cancer sites are lung, prostate, stomach, and colon for men and breast, cervix, and colon for women. The

most common type of cancer is lung cancer, considering the number of cases (1.2 million) as well as the

number of deaths (1.1 million). About 12% of all cancers diagnosed worldwide are lung cancers - 17% for
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men and 7% of women. The second-most common diagnosed cancer worldwide is breast cancer, which for

the most part only affects women (28% of all cancers diagnosed in women each year) but can also happen

in men. There are about 1 million incidents of breast cancer per year (10% of all cancers), but since its

relatively favorable prognosis it amounts to fewer deaths (14% in women, 6% overall) [81].

Figure 2.52: Hallmarks of Cancer. The two hallmarks in white are emerging hallmarks that still need further
research. Image taken from [85].

Let us take now a closer look at cancer as a disease. In fact, it is not one disease, but rather a group a

diseases that all exhibit uncontrolled cell growth and a spread of cells from their original site. More than

a hundred types of cancer have been classified so far, which are mostly defined by their tissue of origin.

Different types of cancer have different properties and are also caused by different factors, e.g. UV radiation

can cause skin cancer while smoking will increase the risk of developing lung cancer. At this point, it is

necessary to refine, what properties characterize cancer. In 2000, six hallmarks were defined that can be

used to describe most cancers (Figure 2.52). These were extended by two emerging hallmarks, which need

further research, but there is strong evidence that shows their importance in carcinogenesis [85]. These

hallmarks will be described in detail now.

The first of the hallmarks portrayed in Figure 2.52 is the growth signal autonomy. Normal body cells

cannot divide on their own, they need external signals to enable dividing, while cancer cells do not depend

on the normal growth factor signaling. If mutations occur, then the growth factor pathways can be short-

circuited, which can lead to unregulated growth.

The second hallmark is the evasion of growth inhibitory signals, which means that cancer cells usually

do not respond to the growth inhibitory signals, as normal cells do, to maintain stability in the body. If

mutations occur, these inhibitory signals can be disturbed.

It has been found that the human immune system can recognize and also kill cancer cells so cancer cells

that avoid immune destruction might possess a major advantage.

Unlimited replicative potential is a very important factor when looking at cancer cells. While normal
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cells have only a limited number of divisions until they become senescent (old) and will not divide any-

more, cancer cells have an unlimited replicative potential, which makes them dangerous because they will

propagate immensely fast.

An emerging hallmark of cancer is tumor-promoting inflammation almost all tumors have inflammatory

immune cells which can, among other things, enhance growth and release mutagenic oxygen species.

Another hallmark is invasion and metastasis and this is one of the reasons why cancer is so dangerous.

Normal cells are usually bound to their location and cannot move to other body parts but cancer cells will

do so, which is a major cause for cancer deaths since it can attack many organs at the same time and lead

to incurable damages of the body.

Angionenesis, which is the formation of new blood vessels, is often enhanced in cancer cells to supply

tumors with both oxygen and nutrients and so enable their survival and expansion. However, this is not true

for all tumors, for example hypoxic tumors which are lacking oxygen and which will play an important role

in my studies.

Cancer can cause genome instability and mutations. Faulty DNA repair pathways, as mentioned in the

previous chapter, can enhance the genetic instability even more.

Furthermore, cancer cells can very effectively evade cell death. While normal cells are usually removed

by apoptosis when they are old or not needed anymore, often in response to DNA damage, cancer cells can

evade these apoptotic signals.

Cancer cells have been observed to reprogram the energy metabolism to feed their great demands for fuel

and biosynthetic bioprecursors caused by their uncontrolled cell division [85].

In summary the properties of cancer contain unregulated cell growth and the invasion and spread of cells

from their site of origin. We can therefore distinguish between benign tumors that are not cancer and will

not metastasize, although they can sometimes be life-threatening if they are situated in precarious positions,

and malignant tumors that can invade other parts of the body and metastasize. They are that dangerous and

deadly because they are physical obstructions which can compromise the function of organs. They are even

more dangerous because they will also invade other organs and harm them. Additionally they are competing

with healthy tissues for nutrients and oxygen and since they propagate much faster than the healthy cells,

are a serious health risk [85].

Risk Factors for Cancers

In this section I will give a short overview over the major factors that can contribute to the development of

cancer. There are some major factors everyone can influence themselves, such as diet and tobacco, while

other causes cannot be controlled, such as radiation from the natural environment. In Table 2.2 the main

risk factors for major cancer sites are summarized.

Smoking

Smoking is arguably responsible for approximately 4 million deaths per year. About a third of all cancer

deaths in North America and Europe and between 12 and 20% in the rest of the world are caused by smok-

ing. Ninety per cent of all lung cancers are associated with smoking and several other cancers such as lung,
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Site of cancer All

cancer

incidents

(%)

All

cancer

deaths

(%)

Male/

female

mor-

tality

ratio

Major risk factors Other risk factors

Lung 12.3 17.8 1.7:1 Smoking Radon,
Asbestos,
Air pollution

Breast 10.4 6.0 0.006:1 Female sex,
Reproductive/
hormonal factors

Alcohol consumption,
Ionizing radiation

Colorectum 9.4 7.9 1.1:1 Obesity,
low physical activ-
ity

Aspirin

Stomach 8.7 10.4 1.7:1 High intake of salt-
preserved foods

Smoking

Liver 5.6 8.8 2.3:1 Cirrhosis,
Hepatitis B and C
viruses

Excessive intake of al-
cohol,
Smoking

Leukemia 2.6 3.1 1.3:1 - Smoking,
Ionizing radiation

Pancreas 2.2 3.4 1:1 Smoking,
Obesity

-

Brain & central
nervous system

1.8 2.1 1.3:1 - Ionizing Radiation

Skin
(melanoma)

1.3 0.6 1:1 Sun or other ultra-
violet light

Immune impairment

Table 2.2: The contribution to total cancer incidence and mortality, male to female mortality ratio, and
environment risk factors for major sites of cancer in the world, 2000. Table adapted from [81].

pancreas, bladder, kidney, larynx, mouth, pharynx and esophagus are attributed to tobacco consumption as

well [81, 82].

Dietary-related factors

In the 1970, dietary reasons were first proposed to explain the differences in the cancer rates in different

geographical regions and since then these factors have been studied intensively. Recently it has be proposed

that about a quarter of all cancer deaths in the United Kingdom could have been avoided by a change in

diet, but the exact extent of this theory is still uncertain [81].

Overweight and obesity will increase the risk of colon cancer by about 30% and the risk of breast cancer

in post-menopausal by about 50%. About 5% of all cancers in Europe are assumed to be caused by obesity,

mostly colon cancer, breast cancer, and endiometric cancer. Up to 36,000 cancer incidences could be pre-
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vented each year by halving obesity [81, 85]. Foods and nutrients can also increase or decrease the risk of

developing cancer for example one food group that is clearly associated with an increased cancer risk is the

consumption of known chemical carcinogens such as aflatoxin-contaminated foods or a nitrosamines [81].

An increased consumption of alcohol, which was classified as a carcinogen in 2007 [82], can lead to a

growing risk of developing cancers of the upper respiratory and digestive tracts such as oral cavity, tongue,

pharynx, larynx, and esophagus. Heavy drinkers are also more prone to liver cancer through the devel-

opment of liver cirrhosis and alcoholic hepatitis [81]. Breast cancers, which are immune to fat and fiber

intake, are greatly increased by the consumption of alcohol. The risk of developing breast cancer is already

increased by a third already by moderate consumption of alcohol [85].

Infections

Generally one can say that infections are the second most important proven cause of cancer after to-

bacco [81]. Almost 20 % of all cancers are caused by infections - viral , bacterial or helminth - among

them the majority of cervical and liver cancers. Since living conditions and sanitation play a major factor

for the prevention of cancers caused by infections, the developing countries are especially affected [82].

Reproductive and hormonal factors

An observation that was made early on was that nuns were more likely to develop breast cancer than all

other women. Also, having children reduces the risk of cancer substantially for women, which lead to the

suspicion that some cancers have hormonal causes [85]. Altogether, it is estimated that about 15% of all

cancer deaths in the United Kingdom can be attributed to reproductive factors [81].

A major factor for cancer development is radiation, and particularly ionizing radiation. The effects of

radiation on biological tissue will be discussed extensively in the next section.
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2.3.2 Effects of Ionizing Radiation on Biological Tissue

2.3.2.1 Introduction to Ionizing Radiation

This section will focus on the impact of ionizing radiation on biological tissue. At the beginning it is

important to establish what makes ionizing radiation different from other types of radiation. On earth, we

are surrounded everywhere by electromagnetic radiation. At lower frequencies the radiation has low energy

such as microwave radiation, infrared radiation, or radiation in the visible spectrum. If we go to shorter

wavelengths the radiation becomes ”ionizing radiation”, which includes, for example, UV radiation or X-

rays. Also, alpha and beta particles that are released in radioactive decays as well as neutrons are counted

as ionizing radiation [85]. The energy of ionizing radiation is high enough to ionize particles along its

radiation track and produce further species which makes it extremely dangerous for the human body [86].

The exact nature of these radiation tracks will be discussed in Section 2.3.2.2.

Sources of Ionizing Radiation

Before giving an overview of the possible radiation sources one can encounter on earth, one has to intro-

duce the most common basic quantities of radiation physics. If one wants to describe a certain level of

exposure to radiation, it is convenient to use the absorbed dose, which is given in Gray (Gy). But since the

biological effects per unit of absorbed dose vary substantially with the type of radiation and the absorption

material, an alternative quantity, the effective dose, which is given in Sievert (Sv), was established. If the

radiation originates from a radioactive source its activity can be measured in Becquerel (Bq), where one Bq

is defined as one decay per second [25, 87].

Figure 2.53: Distribution of population of fifteen countries with respect to the total annual effective dose.
Image taken from [87].

All organisms on earth are exposed to ionizing radiation of natural origin, there are constant exposures

as for example the ingestion of potassium-40 in foods, while others depend on the geographical position,
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Source Worldwide average

annual effective dose

(mSv)

Typical range (mSv)

External exposure

Cosmic rays 0.4 0.3-1.0 a

Terrestrial gamma rays 0.5 0.3-0.6 b

Internal exposure

Inhalation (mainly radon) 1.2 0.2-10 c

Ingestion 0.3 0.2-0.8 d

Total 2.4 0-10

Table 2.3: Average radiation dose from natural sources (a Range from sea level to high ground elevation,
b depending on radionuclide composition of soil and building materials, c depending on indoor
accumulation of radon gas, and d depending on radionuclide composition of foods and drinking
water). Table taken from [87].

such as cosmic rays, that are more intense at higher altitudes. The annual global effective dose that is ex-

perienced per person of natural radiation sources is 2.4 mSv. The range of doses that each person absorbs,

however, is wide. This is seen in Figure 2.53, where the distribution of the total annual effective dose for the

population of fifteen countries is shown. In Table 2.3 the average radiation doses from natural sources are

listed. Of course, this depends from person to person, for pilots and airline personal, who spend a majority

of time in high altitudes, will have a much higher annual effective dose than estimated here [87].

An additional big group of ionizing radiation sources is man-made radiation. In Table 2.4 the annual

effective doses per person of ionizing radiation from both natural and man-made sources are listed. The

largest study on man-made radiation exposure was conducted by the Radiation Effects Research Foun-

dation, which studied 93,000 survivors of the atomic bombings of Hiroshima and Nagasaki and 27,000

non-exposed control persons. The people that were exposed to radiation received approximately 20 cGy in

total. Several cancer types, including leukemia, lung cancer, female breast cancer and thyroid cancer, have

been observed be develop in excess for the exposed persons [7].

Globally, the major man-made contribution to the exposure to radiation up until today has been the testing

of nuclear weapons in the atmosphere between 1945 and 1980. In those tests, large quantities of radioactive

materials were released into the atmosphere and subsequently distributed and deposited on the earth. The

average annual effective dose increased over the years to finally reach its maximum in 1963 with 150 µSv.

Since then it has continually decreased to about 5 µSv per year in 2000. For the great part, this radiation

mainly comes from the residual radionuclides carbon-14, strontium-90, and caesium-137 [87].

Radiation used for medical diagnostics and therapy is an exposure that often is necessary or avoidable

only at great personal costs. Diagnostic exposures can have effective doses in the range 0.1-10 Sv. Patients

exposed to therapeutic radiation experience in average effective doses of 20-60 Gy. This radiation, used

for example in radiation therapy of tumors (more information in Section 2.3.3.1), ironically, often leads to

other forms of cancer [87]. In international studies with women who were treated with radiotherapy for
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Source Global annual per

caput effective

dose (mSv)

Range or trend in exposure

Natural background 2.4 Typically ranges from 1-10 mSv, depending on cir-
cumstances at particular locations, with sizable pop-
ulation also at 10-20 mSv.

Diagnostic medical exam-
inations

0.4 Ranges from 0,014-1.0 mSv at lowest and highest
levels of health care

Atmospheric nuclear test-
ing

0.005 Has decreased from a maximum of 0.15 Sv in 1963.
Higher in the northern hemisphere and lower in
southern hemisphere.

Chernobyl accident 0.002 Has decreased from a maximum of 0.04 mSv in
1986 (average in northern hemisphere). Higher at
locations nearer accident site.

Nuclear power production 0.0002 Has increased with expansion of program but de-
creased with improved practice

Table 2.4: Annual per caput effective doses in the year 2000 of ionizing radiation from natural and man-
made sources. Table taken from [87].

cervical cancer as well as for ankylosing spondylitis, which is a rheumatoid condition of the spine, showed

significant excess of leukemia after a latent period of about 10 years [7].

Summarizing one can say that by far the greatest contribution of human exposure to ionizing radiation

comes from the natural background radiation. Some groups of persons are exposed to much higher doses of

radiation due to geographical or occupational reasons. Most impact, however, have short but very intensive

doses of radiation such as the atomic bombing of Hiroshima and Nagasaki [87].

Characteristics of Ionizing Radiation

It is important to note that ionizing radiation is a comparatively weak carcinogen if compared to other

causes of cancer. The amount of DNA damage that is produced by ionizing radiation is several orders of

magnitude lower than DNA damage induced by carcinogens present in tobacco smoke or food. However,

ionizing radiation is mostly a factor one has no control over or a risk that is necessary to take, e.g. for

medical reasons when having to undergo X-rays or CT examinations. Therefore it is very important to

study the effects of ionizing radiation on the human body, since we will always be exposed to it in a certain

way, and it could be a major risk due to nuclear weapons or accidents in nuclear power plants [5, 7].

Radiation-induced cancer can not be distinguished from cancer occurring from natural or other factors, so

it is not possible to prove a certain cancer has been induced via radiation. The influence of radiation on hu-

mans and its possible effects on cancer development can only be inferred by the study of large populations

of exposed individuals. One has been able to perform that large studies only after the dropping of nuclear

bombs over Hiroshima and Nagasaki in 1945 and after the accident in the nuclear power plant in Chernobyl

in 1986. Although there is a lot of evidence that ionizing radiation can cause the development of cancer,

76



2.3. CANCER

due to the lack of studies there is still some research necessary to fully establish the details of the radiation

carcinogens [5, 7].

While other risk factors of cancer have preferred sites of cancer development, e.g. lung cancer for tobacco

smoke, ionizing radiation can induce cancer in almost every type of tissue. Exceptions are chronic lympho-

cytic leukemia, Hodgkin’s disease, prostate cancer, and cervix cancer, which have not yet been linked to

ionizing radiation. However, the sensitivity of various tissues to radiation and to cancer varies substantially.

Breast cancer, leukemia, and thyroid cancer are highly sensitive to ionizing radiation, while kidney cancer,

bone cancer, skin cancer, and brain cancer exhibit a relatively low sensitivity towards ionizing radiation [7].

An astonishing factor that makes the study of the effects of ionizing radiation on the human body even

harder is the long latent period radiation-induced cancers exhibit. Here, leukemia has the shortest latency

with only 5-10 years, but solid tumors can exhibit a mean latent period of up to 20-30 years [7].

Age and sex also seem to play a role in radiation-induced development of cancer. It has been found that

females seem to be more prone to developing cancers of the lung and the esophagus after having been

exposed to radiation. Also, persons which were 20 years or younger at the time of exposure, have higher

risks to develop cancer later in their lives, however, this does not apply to breast cancers, for which the risk

is the highest if the women are exposed to radiation in the second decade of their life [7].

In the previous section the biggest sources of ionizing radiation on earth were established, but one also has

to consider that the relationship between the dose and the excessive development of cancer varies from can-

cer site to cancer site. For example, the relationship between the radiation dose and excess cancer incidence

for leukemia can be described by a curve-linear response model, which says that the radiation effects per

unit dose are lower at low radiation doses than at high doses. In contrast, other neoplasms such as bone

cancer are fitted by a threshold dose response function with a threshold of about 500 cGy. Breast cancer

development is predicted by a linear no-threshold model which says that the radiation effects per unit dose

are the same at low and high doses [7].

In summary it can be said that approximately 20% of the world’s population will eventually die of can-

cer (this of course strongly depends on the development of better treatments) and this risk is increased by

0.25% if one is exposed to ionizing radiation for each centigray of radiation dosage [7]. More about the

effects of ionizing radiation can be found in the 2006 report of the United Nations Scientific Committee on

the Effects of Atomic Radiation [88].

2.3.2.2 Interaction of Ionizing Radiation with Biological Tissue

Ionizing Radiation Species and their Radiation Tracks

This section describes the effects of ionizing radiation on biological tissues, which are quite complex. In

Figure 2.54 the time-scales of the effects of radiation on biological tissues are illustrated. The physical

and chemical reactions operate on very short time-scales (from the femtosecond time-regime up to a few

seconds), while the biological effects can take up to a few years to take effect [26]. In the following the

physical and chemical processes of radiation damage will be explained in detail.
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Figure 2.54: Time-scale of the effects of radiation exposure on biological systems. Image taken from [26].

As mentioned before, the term ionizing radiation is used to describe high-energy radiation - X-rays,

Gamma-rays and fast moving particles such as ions electrons and protons - that possess the ability to ionize

quanta on its way. All of these types of radiation are dangerous for the human body, but in very different

ways, which will be explained here. High energetic photon radiation such as X-rays or Gamma-rays loose

their whole energy at once if they meet upon matter. The reduction of the radiation intensity of a photon

beam is a statistical process, the intensity does not vanish instantaneously but rather decreases exponentially,

so the penetration depth is not as well-defined as for particle beams. The attenuation of the beam is caused

by three main interaction processes. The first process is the photoelectric effect, where a photon is absorbed

by an atom, causing an electron to be ejected out of the electron shell. This effect occurs predominantly

at energies below the MeV-regime. If the photon has a medium Gamma-energy it can be scattered by an

electron and during this process looses part of its energy, therefore it has a lower frequency afterwards

(Compton effect). If the electron is bound by an atom, it can be ejected out of the electron shell because of

its energy gain. In ion pair formation the photon can be transformed into a symmetric particle-antiparticle

pair according to the mass-energy equivalence E = m · c2. Of course this process can only happen if the

photon has an energy larger than the rest energy of the two particles, in this case an electron and a positron,

of 1022 keV [89, 90].

The photoelectric effect and the Compton effect are illustrated in Figure 2.55. Pair formation is possible

for high Gamma-energies above 5 MeV [90]. The relative importance of these three major types of photon

interaction at different energies is displayed in Figure 2.56.

In all these three processes, a secondary electron is produced, in case of the Compton-effect and the pair

formation also photons are formed or preserved. The attenuation of the incident photon beam can therefore

be seen as the decrease of the number of primary photons, which can be described by

N(z) = Nz=0 · e−µz (2.76)

for N(z) being the number of photons after the passing of a length z, Nz=0 the primary photon number

and µ the attenuation coefficient of the matter. For experiments or values in radiobiology usually water
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Figure 2.55: Schematic illustration of the interaction processes of photon radiation with matter for (a) the
photoelectric effect and (b) the Compton effect. Image taken from [89]

is used as a reference medium because since the human body consists of 70% water, it can be seen as

relatively equivalent to biological matter and the attenuation coefficient can be easily and exactly determined

for water [91]. Additionally to electrons also other intermediate species are produced as well during the

attenuation of the radiation such as excited atoms and molecules, radicals, and ions [29].

The attenuation of the photon beam leads to an energy conversion process since for each interaction a

great part or all of the energy of the photon is transfered onto the secondary electron that is formed in the

process. This is described by the linear energy transfer coefficient

µtr = µ ·
(

Etr

E

)

(2.77)

with Etr as the energy that is transferred in average onto the electron for an interaction of a photon with

an energy E and µ the attenuation coefficient of the medium. The kinetic energy of the secondary elec-

trons that are produced from these interaction processes is mainly deposited along their track through the

medium via ionization and excitation [91], which is discussed in the next paragraph. High-energy photon

beams can propagate the furthest into materials of all ionizing radiation (several cm/MeV in metals and

several m/MeV in water) [89]. The energy of the photon beam decreases after the dosage maximum has

been reached further along the way (Figure 2.57). How quickly this energy will decrease and the position

of the energy maximum is for the most part dependent on the energy of the photons [92].

If electrons interact with a medium, electromagnetic interaction processes occur due to the charge of the

electrons, which decelerate the electrons via energy transfer. This energy transfer happens mainly through

two different processes. The first one are inelastic collisions of the incident electrons with electrons in the

electron shell. The atom or molecule is ionized or excited and secondary electrons are created at the same

time. These secondary electrons are called δ-electrons, if they are given enough energy to ionize further

molecules. The second process is the production of bremsstrahlung, i.e. photons. If an electron comes close

to the positively charged atomic nucleus, it experiences a strong radial acceleration which can lead to the

radiation of photons. Just as for photons, an interaction coefficient for electrons is introduced to describe

the energy loss. The breaking ability S describes the average energy loss per unit of distance along the

electron track

S =
dE

dx
(2.78)
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Figure 2.56: Relative importance of the three major types of Gamma-ray interaction. The curves show the
values of the atomic number Z and the photon energy E for which two types of effects are
equal. Image taken from [90]

The total breaking ability is composed from the collision breaking ability S col (ionization and excita-

tion) and the radiation breaking ability S rad that is based on the production of bremsstrahlung: S =

S col + S rad [91].

Figure 2.57: Relative dosage depth curves in water for electron and photon radiation with different energies
as well as Gamma-radiation (60Co), X-rays with 150 kV, and proton radiation of 185 MeV.
Röntgen signifies X-rays. Image adapted from [92].

An important term when talking about interaction of electrons with matter is the linear energy transfer

(LET). If ionizing radiation, for example, is applied as treatment for cancer in radiotherapy it is important

to theoretically determine the dosage, for which it is important to look at the part of the breaking ability
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which is related to a locally confined energy absorption such as the ionization and excitation of atoms and

the production of δ-electrons with an energy smaller as a specified value δ:

LETδ =

(

dE

dx

)

δ

(2.79)

If δ diverges, then the LET corresponds to the collision breaking ability S col. The LET is not only specified

for electrons, it is also used for the quantitative characterization different types of radiation [91].

Since the interaction of charged particles with matter occurs continuously under energy loss, the depth of

penetration for the electrons is limited. The energy loss of the electrons is dependent on a complex function

depending on the electron energy, the density, and the atomic number of the absorbing material. After

reaching the dosage maximum, the intensity of the electron radiation decreases much faster than for photon

radiation. This can be seen in Figure 2.57 for photon and electron radiation, Gamma-radiation, X-rays, and

proton radiation. The higher the electron energy, the higher is the ability of the radiation to penetrate the

matter and the decrease of the intensity after the maximum is flattened [92]. The average range for electron

radiation is about 5 m/MeV in air, 1 cm/MeV in water, and 2 mm/MeV in metals [89]. Simulated tracks of

a 12 MeV electron beam in water with δ-electrons and photons produced by bremsstrahlung are visualized

in Figure 2.58.

Figure 2.58: Simulated radiation tracks of 12 MeV electrons in water with δ-electrons and photons produced
by bremsstrahlung. Elektronenbahnen signifies electron tracks. Image taken from [91].

Alpha particles possess a high specific ionization potential and lose the main part of their energy at short

distances. Therefore, their range is very short, only several cm in air and even less than 0.1 mm in water.

Usually, alpha particles cannot penetrate human skin and can be shielded only with a sheet of paper, so they

are not likely to cause substantial damage in the human body in the form of radiation from outside the body.

However, when it is inserted inside the body in some manner, e.g. by swallowing it, it can inflict substantial

damage [89].

Neutrons can not only interact with shell electrons, but also with atomic nuclei, since they are not charged

and are therefore also not repulsed by the positively charged nuclei. The energy transfer is here inversely

proportional to the atomic number of the nucleus. In materials with a high hydrogen content such as organic
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Figure 2.59: Different spatial patterns of energy transfer through several different types of ionizing radia-
tion. Image taken from [93].

substances, fast recoil nuclei can be formed, which leads to a high ionization density in a short range. When

the neutrons have been decelerated enough (to energies in the thermionic range), they can be assimilated

by larger nuclei and might in this way form a radioactive nucleus. Neutron beams can induce large and

irreparable damages in biological tissue [89].

All particles with a mass equal or higher than the mass of a proton, are termed heavy particles in the case

of radiation. The interest in the effects of radiation of charged heavy particles has increased immensely in

the last 15 years because it was discovered that it is very well suited for radiation therapy. This is due to

the fact that the charge of these particles enables an active beam guidance, and that they have an energy

dependent depth dosage behavior and so the beam can be adjusted to specific tumor depths. This energy

peak at specific depths is called Bragg peak, which is also seen in Figure 2.57 for protons. In addition,

the radiation of charged heavy particles has an increased energy transfer, which means that this radiation

has more impact on (biological) tissues [92]. In Figure 2.59 the different patterns for energy transfer for

different types of ionizing radiation are seen. The track of a fast ion is displayed in Figure 2.60 for an oxygen

ion passing through water in greater detail. As a rule of thumb one can say that about 80% of the energy of

a high-energy charged particle interacting with biological tissue is used to ionize atoms and molecules in

the medium while the remaining 20% are responsible for electronic and vibrational excitation [21, 94, 95].

Secondary Electrons

Secondary electrons are among the most abundant secondary species produced in biological tissue by ra-

diation. Since these electrons can induce serious damage in biological tissue depending on their energies

and are therefore generally seen as one of the most important species concerning the damage of ionizing

radiation to biological tissues, it is of great interest for the field of radiation chemistry to know the details

of their production. Pimblott and LaVerne modeled the radiation tracks of heavy ions in liquid water using
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Monte Carlo simulations. They found that the distribution of the differential energy loss is independent of

the ion charge and the ion mass at a given specific energy. The most probable energy transfer from the

ion onto its collision partners is ∼ 22 eV, while the mean energy transfer amounts to 58 eV, and more than

99% of all energy transfers are smaller than 100 eV. However, energy loss transfers can happen in the range

of about 7 eV to 22 keV. Following from these inelastic energy transfers is that the energy that ionizes or

electronically excites atoms or molecules in the radiation track in a single transfer is independent of the

initial energy of the ionizing radiation particle but only depends on the energy that is transferred [96].

Figure 2.60: Trajectory-simulations of oxygen ions in water. Image taken from [45].

In Figure 2.61 one can see the density of the secondary electrons for irradiation of water with hydrogen

ions at different energies between 0.1 and 100 MeV and helium ions at 4 MeV, which has the same specific

energy as the hydrogen ions at 1 MeV. The specific energy is the total energy of an ion normalized by its

mass. It was found that the maximum of the secondary electron production is situated around 9.5 eV and is

independent of the type of the radiation or its initial energy. At about 100 eV, the secondary electron density

has already decreased to almost zero. A trend that can be noted is that with increasing incident energy, also

the height of the distribution increases, i.e. more secondary electrons are produced, and the maximum of

the peak is shifted to slightly lower energies [96] (see Table 2.5).

H+ energy (MeV) Most probable

electron energy (eV)

Mean electron

energy (eV)

Fraction of energy

carried by electrons

0.1 14.0 38.6 0.45
1.0 9.5 51.5 0.81
10.0 9.5 62.1 0.85
100.0 9.1 65.1 0.87

He2+ energy (MeV)

4.0 9.5 52.2 0.80

Table 2.5: Secondary electrons from primary ionization events in liquid water. Table taken from [96].

As mentioned before, the most probable energy unit to be transfered is about 22 eV [96] for primary

ions that have a specific energy of 10 MeV and since the ionization energy of liquid water is ∼6.6 eV [97,
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Figure 2.61: Effect of an incident hydrogen ion on the energy distribution of secondary electrons generated
in primary events in water. Image taken from [96].

98] the most probable energy for the secondary electrons would be expected to be about 15 eV, which

is larger than the value of 9.5 eV that was calculated for the energy maximum. However, one has to

take into account that although ionization already starts at 6.6 eV, the ionization process is starting to be

efficient at energies of 8-9 eV [99], and its effiency reaches a value close to unit efficiency only above

12.4 eV [100], which explains the maximum energy value of 9.5 eV [96]. As a rule of thumb one can say

that per MeV radiation about 5 · 104 secondary electrons are created [101–104]. Secondary electrons are

being attenuated, i.e. they are losing their kinetic energy, via inelastic collisions with other molecules in

the medium, and can therefore initiate even more ionizations and excitations [105]. Electrons with energies

smaller than 30 eV are called low-energy electrons (LEEs) [104] and have thermalization distances of about

1-10 nm [106]. These distances are the volumes in which the energy is deposited initially by high energy

ionizing radiation and are also called ”spurs” [29]. There, the products of ionizing radiation - highly excited

atoms, molecules, and radicals as well as ions and low-energy electrons - are able to start non-thermal

reaction in a femtosecond [103].

So although the initial radiation is very high in energy, many low-energy events in the order of 10 eV

are part of the damage-inducing processes of ionizing radiation in the radiation tracks of energetic charged

particles [19]. In order to understand the damaging nature of ionizing radiation and detailed process of the

damage of the DNA, we therefore have to study the chemical alterations that can be induced by low-energy

electrons (LEEs).

Damage Induced by Low-Energy Electrons in Biological Tissue

When investigating the damage that is induced by low-energy electrons, it is important to keep in mind that

this damage is not merely induced by electron ionization (see Section 2.1.2) of biological components, but

rather via resonant attachment of electrons to cell components in the human body. Low-energy electrons

(LEEs) can even attach to components of the DNA such as nucleobases, deoxyribose, or the phosphate

groups, and form a temporary negative ion (TNI). This TNI can dissociate via dissociative electron attach-
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Figure 2.62: Formation of a temporary negative ion in the DNA via attachment of low-energy electrons that
can eventually lead to DNA strand breaks. Image taken from [107].

ment (DEA) (see Section 2.1.3) and in this way induce strand breaks in the DNA (Figure 2.62). About

one third of the damage induced by ionizing radiation (or by secondary electrons) results in energy being

deposited directly in the DNA molecule via ionization or excitation of different DNA components (direct

damage), while two thirds of the DNA damage are induced by indirect damage, where the radiation inter-

acts with surrounding environment of the DNA such as water, salts, proteins, and oxygen molecules [21,

107] (Figure 2.63). Since the human body consists of about 70% water, most of the radiation energy that is

deposited in cells is absorbed by water molecules (more than 66%). Via water radiolysis hydroxyl radicals

(OH•), hydrogen radicals (H•), as well as electrons, which can react with the DNA are created [21]. It

is assumed that the hydroxyl radical is responsible for the majority of the indirect damage induced in the

DNA [108]. Most radicals, but especially hydroxyl radicals, have a strong electron affinity and if they inter-

act with biomolecules they can easily abstract hydrogen atoms for the production of new compounds [21].

A big contribution to the damaging properties of low-energy electrons is their short range in biological

tissue, i.e. water (Figure 2.57) [109]. Especially electrons with low electron energies below 30 eV have very

short ranges, as it was shown for water and DNA by Sanche and coworkers. Consequently the damage that

is induced by LEEs is restricted to an area of a few biomolecules which leads predominantly to clustered

damage in large biomolecules such as the DNA [110]. This kind of damage is especially difficult to repair

and has severe effects on the human organism [29, 111].

DNA damage such as single- and double-strand breaks (SSBs and DSBs) has been experimentally de-

tected for DNA exposed to monoenergetic photons [113, 114] and electrons [115]. A breakthrough was

the discovery made in the group of Léon Sanche that these SSBs and DSBs can also be induced by elec-

trons with energies significantly below the ionization threshold, down to even about 3 eV. Experiments

by Boudaı̈ffa et al. [17] and Huels et al. [116] found that the yield of the fragmentation products of the

DNA induced by LEEs are not dependent on the ionization cross section and that below 15 eV the yield

of these products varies significantly with the incident electron energy. For incident electron energies of

more than 20 eV, the yields of SSBs and DSBs do not increase much more with the energy and they also

do not show energy-dependent structures. In Figure 2.64 the formation of SSBs, DSBs, and the loss of

supercoiled DNA in dry DNA films is shown. The most intense peak for all forms of DNA damage is found
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Figure 2.63: Direct and indirect damage induced in the DNA by ionizing radiation and low-energy elec-
trons. Image taken from [112].

around 10 eV, the thresholds for the DNA cleavage lie between 3 and 5 eV. The strong energy dependence

of SSBs and DSBs is being attributed to the initial formation of temporary negative anions and their further

decay via DEA. Interestingly, the curve of the DSB-yield shows little sign of damage induced via direct

(non-resonant) electronic transitions. Since the two measurement points at 14 and 16 eV in Figure 2.64 lie

at zero, this indicates that below 16 eV double strand breaks will only occur through the formation of a TNI

and subsequent dissociation [103].

In the following, the progress in the experimental investigation of low-energy electron interactions with

the DNA, single DNA building blocks, and other important biomolecules will be summarized. One of the

first experiments that were carried out with DNA bases were done by Huels et al. [117], where it was found

that low-energy resonances are present in all the DNA bases. Most of the resonances were found at energies

between 6 and 12 eV or at the very low-energy of 1 eV. It was later revealed in experiments based on uracil

that this resonance at very low energies originates from DEA of the nucleobase into a neutral hydrogen

and the corresponding anion [118]. Soon after it was found that all nucleobases exhibit such a low-energy

resonance corresponding to the loss of a neutral hydrogen atom [119], which was assigned to a low-energy

shape resonance. The loss of an hydrogen atom from a nucleobase can induce chemical modifications in

the base and in that way initialize damage in the DNA, therefore it is important to study and understand the

chemistry that is induced by low-energy electrons in the bases of the DNA [21]. An extensive study and

investigation was performed for Thymine, which is very well summarized in [108].

All the DNA bases exhibit also resonances at higher energies, between 6 and 12 eV. These resonances

come from the formation of core-excited temporary negative anions, but in these cases the dissociation

pathways are generally a lot more complicated than in the case of the low-energy shape resonances. A large

variety of anionic fragments can be formed, which can induce different types of DNA lesions, including

SSBs and DSBs [21], but whose explanation is a lot more complicated [120].
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Figure 2.64: Measured yields of incident electrons with energies of 3-20 eV, for the induction of (A) DSBs,
(B) SSBs, and (C) loss of supercoiled DNA in dry DNA films [17]. Image taken from [103].

It is important to note that by decomposition of the sugar unit in the backbone of the DNA, a single

strand break will result (see Figure 2.44). This makes it especially important to study the effects of LEEs

on the DNA backbone [21]. Experiments with isolated 2-deoxy-D-ribose showed that the sugar molecules

exhibit a strong sensitivity towards low-energy electrons and very efficient DEA reactions at energies close

to 0 eV are possible. It is assumed that these reactions at very low energies are initiated by the loss of

one or more water molecules [121]. Other studies on pentose D-ribose [122] and hexose D-fructose [123]

confirmed the results for 2-deoxy-D-ribose that electron capture close to 0 eV is very efficient for the sugar-

components of the DNA. It was also discovered that DEA at low electron energies leads to a surprising

variety of dissociation reactions that can also involve complex rearrangement reactions. All the sugars also

exhibit an additional broader resonance between 6 and 9 eV [108].

It is not easy to study the phosphate group as an isolated sample since it is basically just a bridge between

the deoxy molecules in the backbone of the DNA. The simplest analogue of this bridge is phosphoric acid

H3PO4, however, this molecule can not be easily vaporized [108].

The next logic step is to perform LEE experiments with more complex building blocks of the DNA.

An example for that are so-called oligonucleotides, which consist of multiple nucleotides. However, in

contrast to simple building blocks of the DNA which can be easily vaporized, nucleotides and oligonu-

cleotides decompose when being evaporated by thermal heating, so experiments with these molecules have

to be performed in the condensed phase, usually in the form of thin oligonucleotide films or plasmid DNA

films [21].
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It was found that DNA single-strands have a strong affinity for attracting electrons and will form elec-

tronically stable radical anion complexes [124]. Studies of single-stranded oligomers that contain the four

bases G, C, A, and T (GCAT oligomers) and are the simplest form of DNA showed that strand breaks are

energetically preferred to happen by cleavage of the C−O bond rather than the P−O bond. This process

exhibits an energy maximum between 6 and 10 eV [125–127].

Figure 2.65: Dependence of the SSB and DSB yield on the incident electron energy for electron-irradiated
dry plasmid DNA films. The SSBs and DSBs were quantified by gel electrophoresis. The inset
indicates the dependence of the percentage of SSB damage on irradiation time for a beam of
0.6 eV electrons of 2 nA [21]. Image taken from [18].

Results for plasmid DNA have already been explained before in detail, as a reminder, Figure 2.64 shows

a maximum for SSBs and DSBs at around 10 eV [17]. Results of additional studies by the Sanche group

are displayed in Figure 2.65. Two resonant peaks at 0.8 and 2.2 eV, respectively, ca be seen in the yield

for single strand breaks as an result of the formation of a TNI [18]. These findings are in agreement with

theoretical calculations, which found that SSBs that are induced by electrons with an energy of almost 0 eV

are thermodynamically feasible [120, 128, 129]. In Figure 2.66 the production of SSBs, DSBs, and multiple

double strand breaks (MDSBs) in the energy range between 0 and 100 eV can be seen. DNA lesions are

called MDSBs when at least two DSBs occur in one plasmid and they are found - as are SSBs and DSBs

- in the analysis via agarose gel electrophoresis. Several distinct features can be observed in each of the

curves, while the measurements for SSBs and DSBs look similar, the MDSB curve looks very different

which suggests that different mechanisms could be responsible for this process. For SSBs and DSBs one

can say that for the DNA damage below 15 eV most probably resonant mechanisms are responsible, as

just discussed. In the energy range between 15 and 100 eV, however, non-resonant mechanisms might be

dominant. SSBs and DSBs are most possibly produced by a variety of processes that are associated with the

excitation, ionization, and dissociation of neutral or cationic excited states. Below 40 eV, multiple double

strand breaks might be the results of multiple damage of the same DNA constituent by different electrons
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Figure 2.66: Open and solid symbols signify the measured events per incident electron for the induction
of (a) single strand breaks (SSBs), (b) double strand breaks (DSBs), and (c) multiple dou-
ble strand breaks (MDSBs) in DNA films by low-energy electron impact as functions of the
incident electron energy. Image taken from [116].

in contrast to the mechanisms above 40 eV, where MSBSs could be caused by sequential energy deposition

of one single electron [116].

Since the DNA is always surrounded by proteins, mostly in the form of histones and chromosomal

proteins, LEE damage to proteins could cause indirect damage to the DNA. This makes the study of

electron-induced damage in proteins and their building blocks the amino acids and peptides, important

for the complete study of the DNA damage process. Since the complexity of the protein structure prohibits

a detailed analysis of the fragmentation products, the focus of the investigations so fas has been on studying

the protein subunits amino acids and peptides [21, 119, 130–132]. Gas-phase experiments of low-energy

electron interaction have been performed for the amino acids alanine [133], tyrosine [134], glycine [135,

136], proline [137, 138], cysteine [139], and serine [140]. Further, small peptides such as dialanine [141]

and trialanine [142] as well as amino acid esters [143] have been investigated.

As gas phase measurements of DNA components are easy to utilize and straightforward, they are often

used as a starting point for radiation research. However, to fully understand and investigate electron inter-

actions with biological tissue, these experiments will have to be performed in more realistic environments

containing water, oxygen, histones, and DNA-binding proteins [21], which will be the next big step in this

field of research.
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2.3.3 Strategies for Cancer Treatment

2.3.3.1 Radiotherapy

In the previous sections we have established that ionizing radiation can seriously damage the DNA. How-

ever, this harmful effect can also be used if we want to destroy the DNA in certain body cells such as cancer

cells, i.e. radiotherapy. Radiotherapy is beside local surgical methods and chemotherapy one of the most

effective treatments for cancer [25, 26]. More than half of all cancer patients have received radiotherapy

at least once during their treatment. Just as surgery, radiotherpay also is a local form of treatment and is

a good alternative to operations in the treatment of early-stage non-metastatic tumors. With the help of

radiotherapy many tumors of the head, neck, lung, cervix, bladder, prostate, and skin can be controlled on

a long-term basis [26].

The most versatile radiation therapy can be achieved with a linear accelerator, where with the help of

electric and magnetic fields an electron beam of high kinetic energy can be produced. If this electron beam

is guided on a heavy metal anode, bremsstrahlung consisting of ultrahard photons is created. By varying the

electron energy, the energy of these photons can by varied between 4 and 50 MeV, which has a favorable

depth dosage curve for radiotherapy. However, also the primary electron beam can be used directly for

the therapy, which is well suited for the use of superficial tumors. By changing the electron energy, the

range of the beam can be varied in this case. If other types of ionizing radiation such as protons, neutrons,

heavy ions, and alpha particles are used for therapy, more elaborate acceleration facilities like cyclotrons

and synchrotrons are necessary [25].

The chemistry and physics of the interaction of ionizing radiation with biological tissue was already

discussed in detail in Section 2.3.2.2. The biological phase after irradiation (Figure 2.54) includes various

processes, starting with enzymatic reactions shortly after the irradiation. As I have already established in

Section 2.2, most of the damages and lesions in the DNA can be repaired. However, if some of those lesions

are not repaired, they can eventually lead to cell death. This can take some time, since after small doses

of irradiation, cells can still divide several times until their ultimate death. If stem cells are killed, then the

damage can already be seen in the first weeks and months after radiation exposure. A second effect that

can occur after irradiation and the subsequent cell death is compensatory cell proliferation, which can be

seen in both tumors and healthy tissue. So-called ”late reactions” can appear in normal tissue after radiation

exposure which can be fibrosis and telangiectasia of the skin, spinal cord damage, and blood vessel dam-

age. Also, the reappearance of tumors - usually called radiation carcinogenesis - has been found probable

to occur among cancer patients receiving radiotherapy [26].

To observe and describe the response of a tumor to radiation accurately and reliably, systems of measure-

ments and notation had to be established. A detailed overview of tumor growth and development and their

response to radiation can be found in [144]. Three general types of assay are the scoring of gross tissue

effects by grading the severity of the damage, the assays of tissue function, for example the breathing rate

as a measure to grade lung function, and clonogenic assays [25, 26].

When damage is measured in biological tissues, it shows an increase some time after irradiation and a
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decrease after reaching a peak (Figure 2.67 (a)). But this response is hard to quantify, so what is usually

done is to integrate this curve from left to right to get the cumulative response (Figure 2.67 (b)). For some

normal tissues the curve rises until it reaches a plateau. The height of this plateau can be used to measure

the total effect of the radiation on the tissue. Another important task for radiobiologists is to establish the

right radiation dose, which is achieved by varying the radiation dose while measuring the damage (Fig-

ure 2.67 (c)). Often radiotherapy is administered in a fractionated way, i.e. in smaller repeated doses, since

it can be handled better by the body. To find out the optimal number of fractions, a graph such as Fig-

ure 2.67 (d) should be recorded [25, 26].

Figure 2.67: Four types of charts leading to the construction of an isoeffect plot. (a) Time-course of de-
velopment of radiation damage in a normal tissue, (b) the cumulative response, (c) a dose-
response relationship, constructed by measuring the response R for various radiation doses D

(the acceptable clinical tolerance T of most tissues is towards the low end of the dose-response
relationship), and (d) an isoeffect plot for a fixed level of normal-tissue damage. Image taken
from [26].

The Oxygen Effect

In 1909, Gottwald Schwarz, a Viennese physician, discovered that the damage of a small radium block

on the skin is decreased when the block is pressed on the skin and in that way prevents the contact of the

skin with oxygen [23, 24] (Figure refintroduction:radio:radium). However, he did not make the connection

between the reduced damage and the oxygen, but rather ascribed it to mechanical effects of pressure. It

was then first discovered in 1953 by Gray et al. that oxygen has a very strong effect on the response of

biological tissue to ionizing radiation [145, 146]. The so-called oxygen effect is portrayed in Figure 2.68

for mammalian cells that were irradiated in cultures. Figure 2.69 shows the number of double strand breaks

dependent on the radiation and the surrounding gas. Hypoxic conditions were achieved by letting nitrogen

gas flow over the surface of the cells in both cases. It was found that this can modify the response of the
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cells dependent on the dose. Therefore one can define the oxygen enhancement ratio (OER)

OER =
Radiation dose in hypoxia

Radiation dose in air
(2.80)

This ratio defines the same biological effect for irradiation of aerated and hypoxic tissues. For most human

cell types, the oxygen enhancement ratio is calculated to be around 3 [147]. However, studies have shown

that oxygen must be present during irradiation or within a few milliseconds after irradiation, otherwise no

enhancement effect will be visible [148, 149]. Normal human biological cell tissue can be considered as

well oxygenated, although some moderate forms of hypoxia, i.e. lack of oxygen, can be observed in carti-

lage and skin tissues [147].

Figure 2.68: Survival curves for cultured mammalian cells exposed to X-rays under oxic and hypoxic condi-
tions, illustrating the radiation dose-modifying effect of oxygen. The broken lines extrapolate
back to the same point on the survival axis (n=6). Image taken from [147].

To provide a possible explanation the oxygen effect, one has to go back to an explanation of the radiation

process at a molecular level. As explained in detail in Section 2.3.2.2, secondary electrons and free radicals

are produced in biological tissue upon irradiation. The damage can be induced directly when photons or

electrons interact directly with the DNA or indirectly in surrounding tissue. The majority of the indirect

damage is induced by free radicals, which are highly reactive species that can break chemical bonds and

in that way induce chemical changes that can eventually lead to biological damage. Since the human body

consists of 70% water, most of the indirect damage induced in DNA comes from free radicals produced in

water. When either free radicals or secondary electrons react with the DNA, they can create radical strand

ends, which will be denoted as R• further on. These radical molecules are unstable and highly reactive

and if oxygen is present close to the molecule, will react with the oxygen to form RO •
2 , which is also a

very reactive species (Figure 2.70). RO •
2 will react with the water surrounding the DNA to form ROOH

in the end, which is a stable molecule and will not undergo further reactions. The damage in the target,
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Figure 2.69: The number of double strand breaks (DSBs) at irradiation of cells increases linearly with the
dose and shows a significant oxygen effect. Luft signifies air. Image taken from [93].

i.e. strand breaks or base lesions, is therefore chemically ”fixed” and made permanent. After this ”oxygen

fixation process” enzymes will detect the damage in the DNA and try to repair the induced damage (see

Section 2.2). However, if oxygen is not present close to the DNA, the unstable damage radicals R• have

a much longer half-life since there is no O2 nearby to react with and stabilize the chemical change. Since

they are highly reactive, the strand ends will eventually react with H+, which are created by the reaction

of ionizing radiation with water. This reaction can restore the original chemical composition of the target

molecule, i.e. the DNA, without any enzymatic intervention and therefore much faster. One can see that

in both cases, with and without oxygen present close to the target, damage is induced, although in the case

of an oxygen-rich surrounding, the damage is chemically stabilized and can therefore not be repaired that

easily [147].

Figure 2.70: Illustration of the oxygen fixation hypothesis. Free radicals produced in DNA by either a
direct or indirect action of radiation can be repaired under hypoxia, but the damage is made
permanent in the presence of oxygen. Image taken from [147].
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This oxygen-effect is relevant for radiotherapeutic treatment since there are certain types of tumors that

exhibit an oxygen-deprived environment. Most tumors need to develop their own vascular system to sat-

isfy its need for blood. This formation of new blood vessels from already existing blood vessels is called

angiogenesis and in case of fast-growing tumors can sometimes not keep up with the increasing number of

cells. The tumor can in this way outgrow its own blood supply and areas can form in the tumor that are

nutrient deprived and oxygen deficient [147]. The vasculature of normal tissue is relatively uniform and

well ordered and its vessels are generally close enough together so they can oxygenate the whole tissue. In

contrast, blood vessels in tumors often have incomplete walls and its blood flow is irregular and sluggish.

Since there are not enough blood vessels in place, the tissue between the blood vessels is not nourished

enough and therefore becomes hypoxic [150] (Figure 2.71).

Figure 2.71: Illustration showing the principal differences between the vasculature of normal and malignant
tissues. Red shows well-oxygenated regions, while blue colored regions describe hypoxia.
Image taken from [150].

Several methods have been established to measure the level of hypoxia in human tumors, which is a

difficult process. They include measurements of the vascularization of tumors, the haemoglobin-oxygen

saturation, and the tumor metabolic activity. A detailed summary and elaboration of these processes can be

found in [147] and [151].

A very important effect that can be observed when radiating hypoxic tissue is the so-called reoxygena-

tion, which is illustrated in Figure 2.72. When hypoxic tumors are irradiated with a single large dose of

radiation then most of the few well-oxygenated aerobic cells still present in the tumor tissue will be killed

instantaneously. The remaining tissue will therefore be almost entirely hypoxic shortly after irradiation.

Gradually, the tumor tissue is oxygenated again, and the fraction of hypoxic cells drops to its initial value.

The process of reoxygenation has not been totally understood up to now, but several assumptions about

the mechanisms underlying reoxygenation have been made. If the process of reoxygenation occurs fast,

then the recirculation of blood through vessels that were temporarily closed might be responsible. Reoxy-

genation that takes longer might be caused by tumor shrinkage due to cell death, so the tumor tissue can

be better aerated. This reoxygenation effect has very important implications on the clinical application of
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radiotherapy which should not be neglected [93, 147].

It was also observed that hypoxic tumors show a resistance to certain types of chemotherapeutic drugs.

Several drugs such as bleomycin, 5-fluorouracil, methotrexate, and cis-platinum have been found in animal

studies to be less effective in hypoxic tumors than in well oxygenated ones [152]. This might be due to the

fact that the hypoxic cells are further away from blood vessels and can therefore not be reached that easily

by the chemotherapeutic drugs, but this has never been fully proven [147].

Figure 2.72: The time-course of changes in the hypoxic fraction during the life history of a small tumor
which shows the effect of reoxygenation. Image taken from [147].

Radiotherapy of Hypoxic Tumors

The first therapeutic approach to the treatment of hypoxic tumors was to increase the oxygen content in

hypoxic tissues by letting patients breath in gas with a high content of oxygen under hyperbaric condi-

tions (hyperbaric oxygen (HBO) therapy) [153]. Pressures up to three atmospheres have been used for this

therapy. Most of the trials with HBO were small and used unconventional fractionation schedules, but the

results of the trial showed nevertheless that radiotherapy performed under HBO conditions is clearly supe-

rior to radiotherapy in air [154]. The largest clinical trial with HBO therapy was undertaken by the British

Medical Research Council and it showed a significant improvement in local control of the tumor and the

survival rate for both advanced head and neck cancer and uterine cervix cancer [155] (Figure 2.73). After

the successful clinical trials in the 1980s, HBO therapy was stopped - in hindsight maybe a bit prematurely

- because hyperbaric treatment caused substantial suffering for patients and chemical radiosensitizers were

introduced and became the focus of research [27]. The purpose of these chemical radiosensitizers is to

mimic the effect of oxygen in cells and therefore enhance the radiation damage. Adams and Cooke discov-

ered that the sensitization efficiency of chemicals is often dependent on their electron affinity since such

compounds will diffuse out of the tumor’s blood supply in contrast to oxygen, which gets metabolized quite

fast by tumor cells [156]. Since sensitizing agents will not get metabolized, they will reach the tumor cells

and can in that way sensitize these cells. Because radiosensitizers only mimic the effect of oxygen, they

should not have any negative effects on healthy cells which are already well-oxygenated [27].

The sensitizing efficiency can be expressed by the sensitizer enhancement ratio (SER), which describes
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Figure 2.73: Results from the Medical Research Counsel hyperbaric oxygen (HBO) trial. (a) shows the
actuarial local tumor control and (b) shows the survival in patients with stage III carcinoma
of the cervix randomized to receive either HBO (open symbols, 119 patients) or air breathing
(closed symbols, 124 patients) treatment in conjunction with conventional radiotherapy. Image
taken from [27].

the dosage ratio with and without sensitizer to achieve the same biological effect:

SER =
Radiation dose without sensitizer

Radiation dose with sensitizer
(2.81)

The first group of compounds to show a radiosensitizing ability were the nitrobenzenes after which the

nitrofuran group was studied. The most successful group of radiosensitizers, which has been the focus of

studies for more than 30 years now are the nitroimidazoles. The first compound to be studied intensively of

this group was misonidazole (Figure 2.74). The in vitro activity of misonidazole is shown in Figure 2.75,

where the surviving fraction is plotted against the radiation dose. One can see that the radiation efficiency is

substantially enhanced by the presence of oxygen, but with the addition of misonidazole in high doses, the

efficiency can be increased almost to the level of well-oxygenated cells. What is also visible in this figure

is the fact that a radiosensitizing agent does not enhance the damaging effect in aerated cells, i.e. healthy

cells. Large enhancement ratios of more than 2 have been observed for tumors in animals when adding

misonidazole before irradiation [27].

N
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O O−

N

OH

O

Figure 2.74: Chemical structure of misonidazole. Adapted from [157].
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In the 1970s a lot of clinical trials with radiosensitizers were started, among them also several trials with

misonidazole [154, 158]. The majority of trials, however, were unable to show a significant enhancement

of radiation sensibility overall, only in some subgroups. In the Danish head and neck cancer trial (DA-

HANCA 2) it was found that misonidazole significantly improves the radiosensibility of pharynx tumors

but not in glottic carcinomas [159]. Today it is believed that the disappointing outcome of the clinical trials

with misonidazole are partly owed to the evaluation in unfortunate cancer sites and the fact that the trials

were undertaken with too few patients. Additionally it is believed that the doses of misonidazole were

probably too small to be effective since they were limited by the large neurotoxicity of the compound [27].

Figure 2.75: Survival curves for aerated and hypoxic Chinese hamster cells irradiated in the presence or
absence of misonidazole. Low dose signifies 1 mM; high dose 10 mM. Image taken from [27].

This problem made the search for newer and less toxic compounds necessary [160, 161]. The two

most promising compounds were found to be etanidazole and pimonidazole [161]. Especially etanidazole

showed great promise because its sensitizing efficiency was found to be the same as misonidazole but its

half-life is shorter in vivo and for that reason it is less toxic. Etanidazole also has a low lipophilicity and

can therefore not that easily be taken into neural tissue and is also less toxic in that way [27]. Two large

head and neck cancer trials were undertaken to test etanidazole, but there were no positive effects seen for

either of them, although therapeutic benefits have been observed for several subgroups [161]. The other

compound intensively studied is pimonidazole, which contains a side-chain with a weak basic piperidine

group. Pimonidazole’s structure makes it more electron-affinic than misonidazole and it should therefore be

more efficient as a radiosensitizer. Nevertheless, when tested in an trial for uterine cervix cancers patients

responses were poor, so the trial was eventually stopped [27].
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Figure 2.76: Chemical structure of nimorazole. Adapted from [162].

An alternative strategy used in the search for alternative radiosensitizers was to look for less toxic com-

pounds instead of more electron-affinic molecules. One drug that was found in this way was nimorazole

(Figure 2.76), which is a lot less toxic than misonidazole and could therefore be given in much higher doses.

So even though the sensitizing ability of nimorazole was substantially less than for misonidazole, a SER

of 1.3 could be reached at a clinically relevant dose. Additionally, nimorazole can also be given in corre-

spondence with a conventional radiotherapy schedule which makes it very suitable for clinical use [27]. In

the DAHANCA 5 trial, patients with supraglottic and pharyngeal carcinoma were administered nimorazole

while receiving radiation therapy. A highly significant benefit was seen in improved loco-regional tumor

control as well as disease-free survival [163] (Figure 2.77). As a result of these positive clinical trials the

administration of nimorazole during radiotherapy of head and neck cancers has become part of the standard

treatment schedule in Denmark [27]. Nevertheless, the search for alternative radiosensitizers with low neu-

rotoxicity but efficient sensitizing abilities is still important and necessary.

Figure 2.77: Results from the DAHANCA 5 study showing (a) actuarial estimated loco-regional tumor
control and (b) disease-specific survival rate in patients randomized to receive nimorazole or
a placebo in conjunction with conventional radiotherapy for carcinoma of the pharynx and
supraglottic larynx. Image taken from [163].
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2.3.3.2 Chemotherapy

The third therapeutic approach to cancer among radiotherapy (see Section 2.3.3.1) and operative removal

of tumors is the treatment of cancer with medication, which is called chemotherapy. Since chemotherapy

drugs are induced into the blood stream, they can not only reach the primary tumor but also metastases or

tumor cells in the lymph system [164]. The goal of all cytostatic agents is to inhibit cell proliferation and

promote cell death, therefore stopping the growth of tumor cells. The different drugs have different ways

of achieving this (see Table 2.6), which will be explained shortly [80, 164]. A main issue in chemotherapy

is that the drugs will not only attack cancer cells, but also healthy body cells. However, there are several

factors that make tumor cells more prone to chemotherapeutic drugs. As was already mentioned in Section

2.2, healthy cells have repair mechanism that can fix DNA damage, but these mechanisms do not work as

well in cancer cells [80]. Also, since tumor cells in general have a faster metabolism than normal cells

they are more susceptible to damage through cytostatic agents [164]. Normal cells that divide often are

consequently also at great risk to be damaged. Cells in the stomach and intestines, hair follicle cells, and

bone marrow cells are among the fastest dividing cells in the human body. Therefore the most abundant side

effects experienced in cancer patients treated by chemotherapy are nausea, vomiting, and hair loss among

others. [80].

Class Characteristic

Alkylating agents Share a similar chemical structure

Antimetabolites Target cell metabolism

Natural products Derived from plant sources

Hormones and hormone antagonists Mimic the body’s hormones or
block them

Molecularly targeted agents Target particular cellular chemicals

Biological response modifiers Affect the body’s immune system
response

Miscallaneous agents Variety of mechanisms, structures,
and sources

Table 2.6: Cancer drug classes and their characteristics. Table adapted from [80].

Classes of Cancer Drugs

Classifying cancer drugs into groups is not easy since there would be several different logical ways to do

so. The generally valid classification of the WHO (World Health Organization) groups some chemically

similarly drugs together while other drugs are grouped together based on the functions of the cells they

target while other groups on the other hand are based on the origin of the drugs [80, 164]. In this section

the most important chemotherapeutic classes will be presented. The focus here lies on the group of alk-

alyting agents, which are of importance to our DEA study with platinum(II) bromide that is presented in

Section 5.3.
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Alkylating Agents

The first modern chemotherapeutic agents were discovered by accident during World War II. In 1943,

American tankers and munition ships stationed in Bari, Italy, were attacked and sunk by German bombers.

One of the ships carried mustard gas (Bis(2-chloroethyl) sulfide), a chemical warfare agent that was first

used in World War I and smells intensely of mustard, garlic, and horseradish in an impure form [79, 80].

617 people were saved oil-covered out of the water, but their condition deteriorated rapidly and soon they

complained about internal problems, stinging eyes, and skin lesions [80]. 83 soldiers were dead within the

week and in the next months more than a thousand people died, among them people living in the village

who were not immediately affected by the bombings but rather breathed in the mustard gas. Autopsies that

were performed on the corpses revealed that the bone marrow was dehydrated and the lymphatic tissues

were damaged. As a result, the white blood cells (leukocytes) were almost completely vanished from the

blood of the dead [79] and also the red blood cells (erythrocytes) and cells of the immune system (lym-

phocytes) were significantly reduced [80]. This phenomenon - a gas that specifically attacks the cells of

the bone marrow [79] - fascinated cancer researchers at that time and led to the use of nitrogen mustards

to treat Hodgkin’s disease and lymphocytic lymphoma, which are cancers that are associated with an over-

production of cells of the bone marrow and of lymphatic tissues. This research with nitrogen mustard led

to the discovery of a variety of related compounds that can be used to treat several different cancers. This

family of drugs is called alkylating agents and is today the most widely used class of anticancer drugs [80].

Alkylating agents are an inhomogeneous chemical group consisting predominantly of organic molecules

with reactive alcyl groups (hydrocarbon groups of the form CnH2n+1, the most simple form is a methyl

group) [164]. Examples for this are the before mentioned nitrogen mustards (mustine, cyclophosphamide,

ifosfamide, chlorambucil, and melaphalan), alkyl sulphonates (busulphan), aziridines (thiotepa, triethyline

melanine), and nitrosoureas (carmustine, lomustine, semustine). Exceptions are the platinum based alky-

lating agents, mainly used among those are cisplatin, carboplatin, and oxaliplatin [28] (Figure 2.78). In the

body these platinum derivatives will be reduced to an active species with a platinum central atom [164].

The basic principle of all alkylating agents is the formation of an ethyleneimonium ion intermediate that

is very unstable and can form covalent bonds with the bases of the DNA, most abundantly with guanine.

The ethyleneimonium ion can decompose further into a carbonium ion. Both of these ions can sequentially

form bonds with two guanine bases inside the DNA double helix and therefore the formation of cross-links

between two DNA strands is enabled [28].

Platinum based alkylating cancer drugs have a very similar mechanism. As mentioned before, the reactive

species is formed in the body after being exposed to water. This reactive intermediate has two lone pairs

of electrons, which will be redistributed in the direction of the chlorine atom, which will lead to the loss of

the chlorine radicals which are loosely bound, from the molecules, which will be replaced by OH2 groups

from the surrounding water. However, this species is not stable and can form covalent bonds with the bases

of the DNA, which can in the end lead to cross-linking of the DNA [28]. The first platinum derivative used

as a chemotherapeutic agent was cisplatin. It is often used in the treatment of advanced testicular, ovarian,

and bladder cancers and is often administered in combination with other cancer agents. Cisplatin, however,
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Figure 2.78: Structures of the platinum-based alkylating agents. Image taken from [28].

causes severe side effects such as nausea and vomiting during treatment and also has severe effects on the

nerves and the kidneys. Due to that, cisplatin has to be administered in small doses and needs careful

observation and monitoring of the patients. Although cisplatin is a very effective chemotherapeutic agent,

the problem with toxicity creates the need for the search of new, less toxic cancer drugs. Carboplatin is

such a new platinum-based anticancer agent that is less toxic than cisplatin and can be administered in more

predictable doses. It is often used for the treatment of ovarian cancer. Although carboplatin has some of the

same side-effects as cisplatin, they are less severe and also less frequent. Oxaliplatin is used when treating

cancers of the colon and the rectum. It is less toxic than cisplatin, but can also cause numbness, discomfort,

and pain that can sometimes last for a few months. Additionally, prickling, blistering and peeling of the

palms of the hands and the soles of the feet can occur, which is called hand-foot syndrome [80].

For most alkylating agents the main cellular sites of action have been identified, although their precise

mechanisms often remain a mystery. In the case of cisplatin it is known that an intermediate reactive

species is formed which can lead to DNA cross-links. It was discovered that by inactivation of certain

mismatch repair (MMR) genes can lead to cellular resistance to cisplatin in vitro. This shows that DNA-

protein interactions play a big role in the transducing of the effects of cisplatin on the DNA into phenotypic

changes. The exact working of this process, however, is unknown at the moment [165].

Antimetabolites

Chemotherapy drugs that belong to the Antimetabolite group are analogs that means that they are chemicals

that are structurally similar to essential substrates of the human body. The interaction of antimetabolites

with the DNA can occur either by them acting as structural analogues of the precursors and other intermedi-

ates during synthesis and can disturb in that way the synthesis of the bases of the DNA. On the other hand,

the antimetabolite drugs can take the place of the DNA bases during DNA replication and transcription and

in that way severely impair the function of the DNA [28].

Natural Chemotherapeutic Agents

Since cancer was first documented by the ancient Egyptians around 3000 B.C.E., people turned to nature

for remedies to cure cancer. Historic records mention, i.a., castor plant, belladonna, and myrrh. In the last

years scientists studied various natural cures and many of them were found to have indeed positive effects

on cancer patients [28, 80].
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Hormones and Hormone Antagonists

Some cancers, including breast cancer, prostate cancer, and cancer of the ovary, uterus and testicles, show

a strong hormonal dependence. Consequently, hormones can also be used to treat cancer. Since hormone-

controlled cancers depend on certain hormones for being able to grow in an uncontrolled way, cutting off

their hormone supply can have substantial effects on the cancer’s lifetime [28, 80].

2.3.3.3 Combined Radiotherapy and Chemotherapy (CRT)

An important subject that has to be discussed at this point is combined radiotherapy and chemotherapy,

which was also part of my studies performed during my time as a PhD. In solid tumors the efficiency of the

treatment with chemotherapy is limited. The goal is therefore to increase the local control of these tumors

by combining chemotherapy with alternative curative treatments such as surgery and radiotherapy. In this

chapter the focus will be on combined radiotherapy and chemotherapy, since this is a research field that

is still not fully understood and is therefore a very exciting research field at this time [166, 167]. Several

studies have demonstrated in the last years the significant improvement that concomitant treatment, i.e.

combined radiotherapy and chemotherapy, was responsible for in several different types of tumors such as

brain glioblastoma [168], head and neck squamous cell carcinoma [169, 170], non-small cell lung carci-

noma [171], and rectal and anal carcinoma [172–174].

Overall, one can observe a general significant benefit in the overall survival in cancer sites in which radio-

therapy usually plays a big role. This benefit manifests itself mainly in the loco-regional control of tumors

and not in the decrease of the risk of the distant metastasis. However, additionally to the benefits also an

increased toxicity was observed early on in the studies. Despite the positive effects on tumors having been

observed in this clinical trials, little is known about the underlying mechanisms of the interaction between

the chemotherapeutic compounds and the ionizing radiation. In the next paragraphs the few processes that

are understood of this interaction, will be elaborated [166].

Interaction Between Chemotherapy and Radiotherapy

An important term when looking at the interaction between chemotherapeutic agents and ionizing radia-

tion is spatial cooperation, which means the treatment of cancer that is located in two or more different

anatomical sites. The most abundant case is when radiotherapy is used to treat the primary tumor and

chemotherapy is administered to treat the systematic spread of the cancer, i.e. metastasis. Examples for this

are leukemia and breast cancer. Effective spatial cooperation in concomitant treatment shows a substantial

decrease in distant failures afterwards and this efficacy is mainly dependent on the chemotherapeutic agent

involved. To reduce the toxicity, the best solution is to deliver chemotherapy and radiotherapy sequentially,

so side-effects can be avoided or limited [166].

If everything works fine, the efficiency of the concomitant treatment should be greater than both of the

therapy methods alone. To maximize this effect, the toxicities of the radio- and the chemotherapy should

not overlap and the neurotoxicity of the cancer drug to normal cells should not be enhanced by ionizing

radiation. When administering both treatment methods cannot be achieved because the time-delay would

have negative effects on the tumor, side-effects will probably be more severe [166].
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Molecular Mechanisms of the Interaction Between Chemotherapy and Radiotherapy

As mentioned before, little is known about the increase of efficiency that can be achieved in chemotherapy

when administered together with ionizing radiation. It has been observed in two compounds (iododeoxyuri-

dine (IdUrd) and bromodeoxyuridine (BrdUrd)) that they enhance the damage induced in the DNA by

ionizing radiation. It is assumed that highly reactive uracilyl radicals and halide ions are formed, which

can induce damage in the DNA [175]. Several chemotherapy drugs such as cisplatin, bleomycin, and

hydroxyurea - which has also been studied during my PhD - have shown that they can inhibit the repair

mechanisms fixing the damage induced by ionizing radiation like DNA and chromosome damage. When

cisplatin is used together with radiotherapy, it increases the number of DNA strand breaks that are induced

by ionizing radiation. It is suspected that radiation-induced SSBs are transformed into DSBs during repair-

ing of DNA-platinum adducts [166].

Example: Concomitant Chemoradiation Therapy with Cisplatin

Since a potential chemotherapeutical compound similar to cisplatin, i.e. platinum bromide (PtBr2), was

investigated as part of my PhD thesis, I will elaborate on the possible synergistic mechanism of cisplatin and

radiation. The superadditive effects that have been observed during concomitant CRT with cisplatin [176,

177] were proposed to be based on two mechanisms. It has been found in studies with tissue cultures [178]

and on mice with tumors [179] that cisplatin might on one hand inhibit the repair of DNA damages that

have been induced by ionizing radiation, while on the other hand it also leads to an increase in the abundant

species that are created by the ionizing radiation in the spurs. These two factors lead to an increased

damage in the DNA if cisplatin is covalently bound to DNA [180], as it usually is when present close

to the DNA [28]. In a study where thin solid films of DNA with and without the presence of covalently

bound DNA were bombarded with electrons with energies of 1, 10, 100, and 60,000 eV, it was observed

that cisplatin effectively enhances the DNA damage induced in the DNA. Figure 2.79 shows the results

of this study for a cisplatin-to-DNA ratio of 2, where it can be seen that the enhancement factor (EF) that

describes the increase of the induced damage when adding a chemotherapeutic agent during radiotherapy, is

maximized for SSBs at 10 eV and for DSBs at 100 eV [181]. This means that only two cisplatin molecules

that are bound to a plasmid DNA strand that consists of 3,197 base pairs can increase the number of SSBs

at 10 eV and the number of DSBs at 100 eV by a factor 3.7 and 2.7, respectively. Since an increase could

already be observed at electron bombardment at 1 eV, it was suggested that one major contribution to the

increased DNA damage induced by cisplatin could be the promotion of the process of DEA in the DNA.

As only two cisplatin molecules can already induce an enhancement factor of 1.4 when added to plasmid

DNA with 3,197 base pairs, this strongly suggests that the capture cross section of cisplatin is orders of

magnitudes higher than for the components of the DNA [29].

The increase in the formation of SSBs and DSBs seen in Figure 2.79 at 10 eV is attributed to the formation

of core-excited resonances that leads to DEA via the formation of an excited TNI [29]. When looking at

the production of SSBs and DSBs depending on the energy of the incident electrons (Figure 2.66), one can

see that the production of both SSBs and DSBs reaches a plateau at around 30 eV [116]. Since a variety

of reactions could contribute to increase the efficiency of DNA damage in presence of cisplatin at 100 eV,

one can not establish exactly, which process is indeed responsible for the enhanced damage with cisplatin.
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Figure 2.79: Enhancement of damage arising from the bonding of two cisplatin molecules to DNA as a
function of the electron energy. The enhancement factor is expressed as the yield of SSBs and
DSBs with cisplatin bound to DNA divided by the yields without bound cisplatin, respectively.
Image taken from [29], originally from [181, 183].

When looking at the yield for SSBs, however, one can conclude that resonant processes are enhanced more

efficiently than non-resonant mechanisms since the enhancement factor for SSBs decreases from 10 eV to

100 eV [29]. This is different to the case of DSBs, where the EF increases from 10 to 100 eV, which is

attributed to the large ionization cross section at 100 eV that enables a single electron to cause multiple

ionizations [182]. The yield for SSBs and DSBs at electron energies of 60 keV could by explained by the

effect that cisplatin has on the secondary electrons, i.e. that are produced in abundance by these highly

energetic electrons, however, the lower yield suggests processes that are less probably to be influenced by

cisplatin [29]. Concluding one can say that there is still little known about the exact mechanisms underlying

the interaction between cancer agents and ionizing radiation, so it is necessary to conduct further studies.
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3 Experimental Setup

This chapter serves the purpose of establishing the experimental foundation of my work as a PhD student.

All the measurements presented in this PhD thesis were performed on a high-resolution hemispherical

electron monochromator (HEM) setup with a crossed electron-molecule beam. This experiment is called

”Wippi”, after its builders which lived in a Tyrolean valley called ”Wipptal”. The apparatus was first

planned and constructed by Štefan Matejčı́k during his PhD-Thesis in the early 1990s [184] and was re-

constructed into its current form by Günther Denifl and Daniela Muigg during their PhD theses a few years

later [185, 186]. A schematic drawing of the setup is found in Figure 3.1. The apparatus consists of a neu-

tral beam source, a hemispherical electron monochromator (HEM) with a hairpin filament as an electron

source, a quadrupole mass filter to analyze the mass of the ions formed, and a channel electron multiplier

for the detection of the ions. All the components of this setup will be explained in the further sections of

this chapter in greater detail.

Figure 3.1: Schematic drawing of the experimental setup used for the experiments presented in this thesis.
Image taken from [187].
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3.1 The Vacuum System

To guarantee collision-free conditions during the experiment, the whole apparatus has to be pumped out

to reach a very high vacuum in the range of 10-6 to 10-8 mbar [188]. This section gives an introduction into

vacuum technology and how the high vacuum at the Wippi apparatus is achieved.

Pressures below one atmosphere are divided into several vacuum categories (see Table 3.1). While a

vacuum system is pumped out, the composition of gas is modified since the efficiency of a vacuum pump

is different for each gas. At low pressures molecules that are desorbed from the walls make up the residual

gas. At first, the great part of the gas leaving the walls is water vapor, while at very low pressures - for a

baked container - hydrogen is the great part of the gas being evaporated from the walls [189]. However,

at the pressures that this apparatus is operated, the residual gas mostly consists of air that leaks into the

apparatus through the viton and copper gaskets [188].

Pressure (mbar) Number Density (cm−3) Mean Free Path (cm)

One atmosphere 1013 2.7 · 1019 7 · 10−6

Rough Vacuum - 10−3 3.5 · 1013 5
High Vacuum - 10−7 3.5 · 1010 5 · 103

Ultra High Vacuum < 10−7 3.5 · 107 5 · 106

Table 3.1: Vacuum properties at several different pressures for air at 20 ◦C. Table adapted from [188, 190].

3.1.1 Pumps

3.1.1.1 Prevacuum Pump

To achieve a pressure of 10-8 mbar, the pumping of the apparatus is done in a two-stage process. At first,

the atmospheric pressure is reduced by a so-called prevacuum pump. At the Wippi apparatus, a vacuubrand

MD 4C NT diaphragm pump is used to reduce the pressure from 1 atmosphere to about 1 mbar. Diaphragm

pumps are dry displacement pumps and were one of the first pumps to be invented. Today they are best

suited for oil-free laboratory uses in ultra-high vacuum. Its mechanism is illustrated in Figure 3.2. Di-

aphragm pumps consist of a small chamber, which is designed to have minimal dead space and contains

Figure 3.2: Diaphragm pumping mechanism. Image taken from [188].
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a flexible diaphragm that is connected to a piston. When the eccentric shaft moves the diaphragm, air is

sucked in through the inlet valves and when it is moved up, the gas is expelled through the exit valve.

Usually flutter valves (or Heimlich valves) made out of elastomer materials are used as valves. Since the

suction room is completely sealed from the motor room, on one hand no oil can reach the air while on the

other hand aggressive chemicals cannot reach the mechanics [191].

Figure 3.3: Schematic of the operating principle of a two-stage diaphragm pump. Image taken from [191].

Since with one pump stage only a pressure of about 70 mbar can be reached, usually several pumping

stages are combined to reach a pressure of about 0.5 mbar. The ultimate vacuum that can be achieved

is limited by the performance of the reed valves. For multistage diaphragm pumps the outlet of the first

stage is connected to the second one and so on. The stages are shifted by half a circle, so when the first

stage expands, the second stage compresses and vice versa. This is portrayed in Figure 3.3 for a two-

stage diaphragm pump. When the diaphragm of the first stage is moved down by the piston, the volume is

increased, the inlet valve is opened, and gas streams into the pump. There are two stationary points, at the

minimum and maximum volume. At these extreme points no gas is flowing into the pump anymore, but it

leaves the first stage through the exhaust to the second stage. The diaphragm in the first stage is pulled up

again, the inlet valve is closed. Since the exhaust valve of the second stage is on atmospheric pressure, at

this stage, no gas is leaving. But since there is a pressure difference between the first and the second stage,

there is still gas flowing from the first to the second stage. This process is now repeated for the second stage:

the diaphragm is moved down when the gas streams in from the first stage, at the equilibrium point of the

diaphragm the exhaust gas of the second stage is opened, and the gas leaves the stage [191]. In Figure 3.4

it is shown that by adding stages the ultimate pressure can by decreased, as well as the fact that different

gases behave differently when pumped [188].
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Figure 3.4: Pumping speed curves for two-stage, three-stage and four-stage diaphragm pumps for nitrogen
and helium. Image taken from [188].

The pump MD 4C NT from vacuubrand is a three-stage chemistry design diaphragm pump. All parts of

the pump that are in contact with pumped media are made out of chemically resistant fluoroplastics, which

makes them resistant towards damage from chemicals such as carbon tetrachloride (CCl4), for example,

which is used at the Wippi apparatus frequently as calibration gas. Its maximum pumping speed is 3.4 m3/h

and the absolute vacuum without gas ballast that can be reached is 1.5 mbar, according to the manual [192].

3.1.1.2 Turbomolecular pump

To reach pressures of 10-5 mbar or lower, different kinds of pumps are needed. For most high vacuum

experiments turbomolecular pumps are used. The turbomolecular pump (also called axial-flow turbine or

short turbo pump) was developed by W. Becker in 1957 [193]. It is the only mechanical vacuum pump

that can reach a vacuum of about 10-10 mbar together with a backing pump [191]. In the turbomolecular

pump gas is compressed by momentum transfer from very fast rotating blades to the gas molecules. The

rotation blades are alternately slotted and the stator blades are slotted, therefore it is very probable that a

gas molecule is transported from the pump inlet to the pump outlet. Between each blade there is a small

pressure difference, so over many stages a big pressure cascade is created [188].

Figure 3.5: Cutaway from a turbomolecular pump, exposing the blades. Image taken from [194].
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In general, a turbomolecular pump consists of 8-20 blades. The blades closest to the inlet inside the ma-

chine are the ”steepest”, they are designed for high pumping speed and a low compression ratio, while the

blades that are close to the prevacuum are made for a high compression ratio and low pumping speed [188]

(see Figure 3.5). At a certain vacuum pressure the mean free path of the particles is larger than the spacing

between the rotor blades, typically at pressures smaller than 10-3 mbar, the gas particles collide primarily

with the rotor, and create therefore a very efficient pumping process since there is no interacting influence

of the different gases. At pressures larger than 10-3 mbar, however, the laminar flow regime dominates

and the pumping efficiency is reduced by the frequent collision between the particles [191]. Therefore, the

pump outlet has to remain in the molecular transition regime, that means it must be pumped by a backing

pump (in our case a diaphragm pump) and cannot exhaust to atmosphere [188].

Figure 3.6: Operating Principle of a turbomolecular pump. Image taken from [190].

In the following, more details on the operating principle will be explained. In turbomolecular pumps,

a back-flow of gas is caused by a counter-pressure that occurs during pumping. The volume flow rate

decreases as the counter-pressure increases and drops to zero at the maximal compression ratio K0. Gaede,

who invented the molecular drag pump in 1913, developed a formula for the estimation of the compression

ratio [195]:

K0 = exp

(

v

c̄ · g · t · sinα

)

(3.1)

This equation can be applied for a visually dense blade structure. Such a structure is visualized in Figure

3.6, where one can see the geometric relations for c̄, sinα, and t. g is a factor, that lies 1 and 3, while v is

the velocity of the blades. Since

c̄ =

√

8RT

π · M (3.2)

with R, T , and M the ideal gas constant, the temperature, and the molecular weight, respectively, the

compression ratio does not only depend exponentially on the mean circumferential blade velocity v, but

also increases with
√

M. This means that the compression ratio for nitrogen, for example, is significantly
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higher than for hydrogen [190].

The pumping speed S 0 is directly proportional to the inlet area A and the blade velocity. For a certain

blade angle α the pumping speed can be derived from

S 0 =
1
2
· A · v · sinα · cosα (3.3)

For an orifice that connects two containers with molecular streaming conditions, the orifice conductivity is

derived from

LBm =
c̄
4
· A (3.4)

If we apply this to turbomolecular pumps, under consideration of an optimal blade angle of 45◦, we get for

the effective pumping speed S e f f for gases with a molecular weight of more than 20 amu, as for example

N2,

S e f f =
S 0 + LBm

S 0 · LBm

=
A · v

4 ·
(

v
c̄ + 1

) (3.5)

If the effective pumping speed is divided by the entry surface of the uppermost blade, one gets the maximal

specific pumping speed of a turbopump:

S e f f =
S e f f

A
=

d f · v
4 ·

(
v
c̄ + 1

) (3.6)

The area blocked by the blade thickness is taken into consideration with the factor d f ∼= 0.9 [190].

Like the compression ratio, the pumping speed is also dependent on the molecular weight, which is

displayed in Figure 3.7 [190].

The ultimate pressure in a chamber pumped by a turbomolecular pump is determined by the compres-

sion ratio for light gases and the amount of out-gassing, that means the desorption of atoms or molecules

off surfaces inside the chamber. The ultimate hydrogen pressure also plays a big part here, because of its

low compression ratio in the turbo pump [188, 190, 191].

Figure 3.7: Pumping speed depending on the molecular weight. Image taken from [190].
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At the Wippi experiment, a TMU 521 P turbomolecular pump of Pfeiffer Vacuum is used, controlled

by a DCU 300, also from Pfeiffer Vacuum. It is mounted on a DN 150 CF-F flange on the bottom of the

machine and is backed, as already mentioned before, by a 3-stage diaphragm pump. With this setup, the

final pressure should be at least 1 · 10−8 mbar for a clean baked system. In our setup, the lowest pressure

reached was 3 · 10−8 mbar, which is a fairly good pressure, considering the fact, that a lot of biomolecules

were measured and it is quite difficult to get rid of their residues. The nominal rotation speed of the turbo

pump is 833 Hz at a current of 0.4 A at stable pumped out conditions. The pumping speed is 500 l/s for He

and N2 and 480 l/s for H2 according to the manual [196].

3.1.2 Pressure Measurement

To always keep track of the pressure inside the apparatus, so-called pressure gauges can be used. There are

a lot of different models suited for different pressure ranges and uses, so they will not all be discussed here.

A very good summary and overview is given in [191], [188], and [197], therefore I will just give a short

introduction into the two models used at the Wippi apparatus.

3.1.2.1 Convection-enhanced Thermal Conductivity Gauges

For measuring the pressure in the gas inlet or at the entrance to the turbo pump, convection-type thermal

gauges, in our case Varian ConvecTorr P-Type gauges, are installed. Thermal conductivity gauges are based

on the rate at which heat is emitted from a hot wire to its surroundings. At low pressures, this free molecular

heat flow will depend linearly on the pressure. The heat loss from the wire is substantially higher than the

heat flow from the end and also the losses of the heat due to radiation. If the pressures get higher, however,

the heat flow from the wire itself becomes nonlinear at one diameter of the wire λ ∼ dWire and will eventu-

ally get saturated at 9 - 12 wire diameters, since molecules that are emitted from the wire collide with other

molecules in the surrounding and can return some heat to the wire. At very high pressures the heat transfer

would get constant, but since there always is convection inside the gauge, there is still a little slope in the

curve [188]. This can be seen in Figure 3.8.

To minimize the lower pressure limit of these gauges, it is necessary to reduce radiation and conduction

losses as much as possible [188]. In the gauges used at the Wippi apparatus, Varian ConvecTorr P-Type, the

sensing element is kept at a constant temperature in the region of 10-4 mbar to atmospheric pressure [198]

for maximum stability, since radiation losses increase with the temperature of the wire [188].

3.1.2.2 Bayard-Alpert Ionization Gauges

To measure pressures lower than 10-3 mbar, different gauges have to be used, since the particle density is

too low for the common methods, e.g. convection-enhanced thermal conductivity gauges. The pressure has

to be measured by ionizing gas and detection of the ion signal. The most common ionization gauges are

so-called hot and cold cathodes, which both have their own advantages and disadvantages [188]. Since cold

cathodes operate on magnetic fields, their use is unsuitable for the Wippi apparatus, which is very sensitive
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Figure 3.8: The heat transfer regimes in thermal conductivity gauges. Image taken from [188].

towards magnetic fields. Instead, a UHV-24 Nude Bayard-Alpert Ionization gauge of Varian Agilent, a hot

cathode, is used. A schematic drawing of this ionization gauge and a photograph of it can be found in

Figure 3.9 and Figure 3.10, respectively.

Figure 3.9: Drawing of a Nude Bayard-Alpert Ionization gauge. Image taken from [188].

Bayard-Alpert Hot-Cathode Ionization gauges are based on electron ionization. They consist of one or

two filaments, a grid, and a collector. Electrons emitted by the heated filament are accelerated towards the

grid, which is held at a positive potential (usually +180 V). On their way, they ionize gas molecules. The

collector inside the grid is biased about -30 V with respect to the filament and collects the positive ions.

The collector current and the pressure are connected by

iC = S ieP (3.7)

where iC and ie are the collector and the emission currents, P is the pressure, and S is the sensitivity of the

gauge tube. The sensitivity of the gauge depends on the tube geometry, and the grid and collector voltages.

Since hot cathodes are based on electron ionization, the sensitivity of the gauge varies for different gases
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Figure 3.10: Photograph of the Varian Agilent UHV-24 Nude Bayard-Alpert Ionization Gauge. Image taken
from [199, 200].

(see Table 3.2). Most of the pressure gauge controllers have a build-in calibration where the gas inside the

chamber can be selected and the pressure is adjusted automatically [188].

A Bayard-Alpert gauge can measure pressures as low as 10-10 mbar and is only limited by X-ray emis-

sion, when electrons hit the grid and produce in that way a fake current in the collector. On the upper side,

it is limited to pressures lower than 10-3 mbar, because the filament will burn at higher pressures and has to

be replaced. This is a big advantage the cold cathode has, since they can be operated over nearly the whole

pressure range that we use during our experiments [188].

Gas Relative Sensitivity

H2 0.42 - 0.53
He 0.18
Ne 0.25
N2 1.00
CO 1.05 - 1.1
O2 0.8 - 0.9
Ar 1.2
Hg 3.5
Acetone 5

Table 3.2: Approximate relative sensitivity of Bayard-Alpert Gauge tubes to different gases. The pressure
of the gas is derived by dividing the pressure displayed on the gauge by the relative sensitivity.
Table adapted from [191].

3.1.3 Vacuum Security

Because some parts of the apparatus are very sensitive towards pressure, especially the Channel Electron

Multiplier (Section 3.6), which is used as a detector, and the filament used for emitting electrons, it is crucial

that the pressure inside the machine does not rise any higher than 10-4 mbar. Since replacing these parts

is not only time-consuming but also expensive, it is only self-evident to think about a so-called Vacuum

Security, a monitoring tool which shuts off the power of the precarious gadgets if the pressure inside the
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apparatus gets too high.

A prototype of the Vacuum Security was developed by Florian Frischmann and Peter Plattner during their

Master theses with the original purpose of monitoring and protecting a Time-of-Flight Mass Spectrometer,

which was used at this apparatus at the time. This prototype was developed further by the institute’s

electronics engineer Gabriel Colleselli and will be explained briefly at this point.

The pressure inside the machine is measured by a hot cathode and displayed by a Varian XGS600 pres-

sure gauge controller. In this controller one can administer set points as one can see in Figure 3.11. With

the option SETPT one can choose one of the pressure gauges connected to the controller. With OFF&DELAY a

pressure setpoint can be set, so if the pressure sensors detect a pressure above this one, the rear-panel output

of the controllerdeactivates. If a pressure is detected that is lower than ON&DELAY, the output is activated

again. For both of those setpoints a certain delay could be added. To activate the setpoints, the right column

in the display has to be set to AUTO in the line of the corresponding pressure gauge. Here OFF and ON are

override values and are therefore not helpful when operating a vacuum security [201].

Figure 3.11: The Set Point screen of the Varian XGS600

In detail that means that the output on the rear-panel of the controller is a voltage of about 0.6 V if the

pressure lower than the setpoint entered at OFF&DELAY. This voltage is stabilized and amplified by the elec-

tronics of the vacuum security. It controls a relais which will cut off the power for the multiway connector

plugged in in the back if the output of the pressure controller drops to zero. The detailed circuit diagram of

the vacuum security can be found in the Appendix. The electric devices plugged into the multiway connec-

tor connected with the vacuum security are the power supply for the filament in the monochromator, and

the three power supplies that are needed to operate the channeltron.

The vacuum security offers additionally to the ”Security” mode, where the power is cut off if the pressure

in the chamber exceeds the pressure set point in the pressure gauge, also a mode (”On”) where the vacuum

security will not switch off at all - this is helpful if gas is inserted into the machine and short controlled

increases of the pressure are possible - and an ”Off”-mode.
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3.2 Sample Introduction

In this experiment, it is only possible to measure samples in gas phase. Since most biomolecule samples

are liquid or in the solid state, it is inevitable to transfer them to the gas phase, which will be elucidated in

the following sections.

3.2.1 Gases

Most of our compounds of interest are solids, but for example sulfur hexafluoride (SF6), which is an impor-

tant calibration gas in our apparatus, is a gas. Gases are quite easy to introduce into our vacuum chamber,

in our case this is achieved by a line system and a manual flow controller to keep the pressure steady in the

chamber. Sometimes, if the cross section of the molecule desired to be measured is small, the gas beam

needs to be introduced directly into the interaction region. This is achieved by guiding the gas via a small

capillary directly into the collision cell in the monochromator.

3.2.2 Liquid Samples

As most liquids have a vapor pressure that is quite high, they can be treated the same as gases, for example

CCl4, which is stored in a little glass container connected to the line system with Swagelock connections and

a diaphragm valve. However, unlike gases, liquids tend to stick to the chamber walls and get stuck inside

the lines, so the system will slowly get contaminated and it is quite hard to get rid of these compounds. To

avoid this, the lines and chamber walls can be heated with heating tape or an hot air gun which will prevent

condensation of the sample.

When a liquid sample is measured, the best way is to fill a Swagelock container with the compound

of interest and connect it to the gas inlet and a diaphragm valve leading through a thin capillary with a

diameter of about 1 mm directly into the interaction region. However, the gas inside the gas inlet will

contain a lot of air mixed with the head space vapor from the sample. A large amount of air in the gas inlet

will limit the working pressure of the measurements and consequently one will have less signal from the

desired compound. Therefore this volume has to be pumped with a prevacuum pump - or even better via

the vacuum chamber.

This, however, is only possible for samples with low enough vapor pressures because otherwise sam-

ple molecules will just be pumped away and one will loose a lot of sample. To prevent this the sample

should be frozen before pumping the sample volume. This can be achieved by cooling down the sample

container for some time with liquid nitrogen. However, with this method, also some air will be frozen, so

air contamination can not be avoided completely. It is crucial to wait some time until the volume is pumped

again because the vapor pressure of the liquid changes with the increasing temperature and it is difficult to

maintain control over the pressure. Sometimes a liquid with low vapor pressure needs heating to achieve a

gas density that is high enough to measure. This is achieved by applying a heating tape around the sample

container and slowly increasing the temperature.

115



CHAPTER 3. EXPERIMENTAL SETUP

3.2.3 Solid Samples

Most of the samples I measured during my PhD were solid samples. If solid samples possess sufficiently

high vapor pressures (for example Me4NI and Me5NI in our nitroimidazole study - see Section 5.2) they can

be treated as liquids and inserted into a container in the gas inlet (Section 3.2.2). Samples that evaporate only

at higher temperatures are heated in a copper oven inside the vacuum chamber from which a small capillary

with a diameter of approximately 1 mm directly leads the sample molecules into the interaction region. The

oven container is screwed onto a long rod, where a heating element consisting of a stainless steel cylinder

with heating wires are guided inversely through feedthroughs. The temperature is measured with a PT100

sensor in such a feedthrough. However, during my PhD study I noticed that the temperature measured

by this sensor differs 10 - 30◦C from the actual temperature in the oven depending on the temperature.

Therefore I installed a second PT100 sensor mounted inside a small hole directly inside the copper container

containing the sample, as it was intended and used when the oven was first used. This setup should give the

most exact temperature measurement possible.

The problem with solid samples is that they tend to condense onto colder surfaces. To limit this effect

two halogen bulbs with 100 W are installed inside our vacuum chamber. They can be controlled with an

autotransformer and thereby heat the chamber up to temperatures of 90◦C.
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3.3 The Hemispherical Electron Monochromator (HEM)

The heart of the Wippi apparatus is a so-called hemispherical electron monochromator (HEM), which

produces an electron beam with a small electron energy distribution (Figure 3.12). A first version of the

hemispherical electron monochromator was designed and built by Štefan Matejčı́k during his PhD [184].

The monochromator was modified by Günter Denifl and Daniela Muigg, achieving the reduction of the

electron energy resolution to the half [185, 186]. In this thesis, I will just describe the monochromator in

the current state, interested readers are referred to [184–186].

Figure 3.12: Photograph of the hemispherical electron monochromator. On the left side the ceramic of the
hairpin filament is visible in the middle of the top lens. From there, the electron beam is guided
through the lenses and the hemisphere on the bottom to the Faraday cup on the top of the right
tower.

3.3.1 Design of the Monochromator

In Figure 3.13 a schematic illustration of the hemispherical electron monochromator is displayed. Simply

put, the monochromator is a U-shaped stack of lenses, with a smaller tower containing the filament and a

larger tower, where the electrons are collected in a Faraday cup. Between the two towers a 174◦ hemisphere

is situated. On the right side of each lens, one can see its name, on the left side its thickness (d [mm]) and the

diameter of its orifice (�[mm]). All the hatched lenses are divided into four parts, of which two are always

connected. All the lenses are separated by by Zirconium balls of a diameter of 1.55 mm from Swarowski,

except the lenses A3 and SK1 and SK2, which are separated by larger Zirconium balls of 2.5 mm diameter.

Each part of the monochromator will now be described in detail.

At the beginning of the monochromator, electrons are emitted from a hairpin filament. In our case, a
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Figure 3.13: Schematic illustration of the Hemispherical Electron Monochromator (HEM), on the left side
the small tower, and on the right side the large one. Images taken from [187].

tungsten hairpin filament (AGA054) of agar scientific with a thickness of 0.125 mm is used. It is typically

heated with a current between 2.2 and 2.4 A at which thermal electrons are emitted (Edison effect). At the

typical operating temperature, the electrons leaving the filament are Boltzmann-distributed and possess an

energy resolution of 0.5 - 1 eV (FWHM). The first lens after the filament is the Anode, which is usually on

a voltage between +80 and +100 eV to accelerate the electrons out of the filament [185].

Since the electron beam at this point is spatially divergent it has to be focused with an einzellens system

(L2, L3, L4). The electron beam is guided into the hemisphere, which acts as an energy dispersing element.

It consists of two concentric, electrically insulated hemispheres (see Figure 3.14), between which a 1/r2

electrostatic field is produced due to the potential difference between the hemispheres. The radius of the

inner hemisphere r1 is 27 mm, the radius of the outer hemisphere r2 is 33 mm. Instead of the deflection

angle of the hemispheres being 180◦, it only amounts to 174◦, so the monochromator is able to restore the

focusing properties of an ideal HEM, which are perturbed due to the presence of perturbing fields on the

vicinity of the fringes of the deflector (Herzog correction; for more information see [185]). On the sides,

the hemisphere is confined by two plates, on each a stainless steel wire (D1 and D2) is attached, which act

as deflectors for the electron beam. When the electrons leave the hemisphere, their energy resolution has

been slimmed down to approximately 80 to 100 meV, depending on the settings.

The first lens after the hemisphere (L5) is a virtual entrance lens. The following lenses correct the

direction of the beam and focus the electrons in the direction of the collision cell (SK1 and SK2). Between
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Figure 3.14: Schematic illustration of the inner (r1) and outer (r2) hemisphere. The stainless steel wires D1

and D1 act as deflectors. Images taken from [185].

L8 and the Faraday Cup (L10), the electron beam is accelerated or decelerated to the desired energy. The

neutral beam from the oven or gas inlet is introduced via a capillary directly into SK1. In the small space

between SK1 and SK2, the neutral gas beam interacts with the electron beam and forms cations or anions.

The neutral molecules, which are not ionized, are continuing undisturbed in the same direction as the ions

formed - into the quadrupole mass filter. The conditions in this collision cell are of great importance - to

achieve a high energy resolution no additional accelerating fields should be applied to lenses close to the

collision chamber (A3, SK1, SK2, L9, L10). Uexmitte, the potential SK1 and SK2 are floating on, is put on

a voltage of ∼ −1.9 V for the formation of anions, to decelerate the anions. Here, also the extraction lenses

of the quadrupole (Optik außen & Optik innen) have to be taken into account, since they are in an ideal

setup just approximately 0.5 mm away from the collision cell. Also, an attracting field has to be applied at

the quadrupole optics to be able to extract the ions formed into the quadrupole. Because of this, the value

of Optik außen is usually kept at voltages lower than 70 V, which corresponds to an electric field strength

of 0.12V/cm [202]. At the end of the monochromator a Faraday cup is placed to collect the electrons and

record the electron current. It is shielded by the end plate of the monochromator from electrons that are

emitted from ionization gauges for pressure measurement or other stray electrons. The electron current is

measured with a picoamperemeter and is usually in the range between 10 and 50 nA at an electron energy

of 0.8 eV at a resolution between 100 and 150 meV [185].

One experimental detail when performing electron attachment experiment has to be noted at this point,

namely that also electrons can be extracted into the quadrupole mass filter, since the extraction conditions

for electrons are the same as for anions. This makes it possible for electrons with an energy of 0 eV to be

extracted into the quadrupole and interacting there with the neutral molecules still present in the ion beam.

This interaction will cause a fake 0 eV peak arising in the energy scan. To keep this phenomenon as small

as possible, the extraction voltage of the quadrupole lense Optik außen has to be kept at small voltages (in

general smaller than ∼ 70 V), but this will inevitably cause the complete ion signal to decrease enormously,

so this has to be balanced carefully [185].
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3.3.2 Operation of the Monochromator

In this section, I will give a short introduction to the most important details one has to consider when

operating the monochromator. A more detailed overview can be found in Philipp Sulzer’s PhD thesis [187].

Clearly, a big issue when operating an apparatus with as many electronically independent lenses as the

monochromator are charging effects. This is an especially big problem, when working with biomolecules

which dirty the monochromator when condensing on it. In the Wippi experiment, this problem is reduced

by heating the monochromator constantly to a temperature of approximately 90◦C, which is achieved by

two commercially available halogen lamps mounted inside the chamber. This temperature can be varied at

will by an autotransformer, e.g. if there is a temperature-sensitive sample inside the machine which would

decompose at a temperature that high.

Since all the lenses of the monochromator can be controlled separately, tuning the monochromator can

be a tedious, time-consuming, and elaborate process. In total, 34 parameters can be changed, and that

does not even yet include the quadrupole settings and the magnetic field, some of which are electronically

connected and dependent on each other (a detailed circuit diagram can be found in the Appendix). If I talk

about tuning, I mean adjusting all of these parameters to maximize the current at the Faraday cup as well

as the ion yield at the detector while at the same time reducing the electron energy resolution. This is a

double-edged sword since as the energy resolution decreases, also the signal intensity gets lower. For most

measurements resolutions of about 120 meV are recommended since they seem to be a good compromise

between resolution and signal intensity [187].

The monochromator is usually optimized with the help of a narrow s-wave resonance at 0 eV as for

example Cl– /CCl4 or SF –
6 /SF6 (see Section 2.1.3.3). The width of this resonance is determined by the

convolution of the energy distribution of the electron beam with the s-wave cross-section function, which

is rapidly decreasing, so this is very well suited for measuring the electron energy distribution [202]. Usu-

ally the Cl– /CCl4 resonance is used on the Wippi apparatus to measure the energy spread and calibrate

the electron energy because it is very well known at documented [203–205] and it has one big advantage

over the SF –
6 /SF6 resonance: it does not only posses a sharp resonance at 0 eV, but also a second, broader

resonance at 0.8 eV. This is helpful when calibrating the electron energy, to monitor, if the whole energy

axis it shifted, or just the 0 eV peak.

There is no manual per se for optimizing the monochromator, but there are several guidelines that often

help achieving a good resolution if followed. When optimizing the monochromator, it is important to note

that the deflector lenses (a, b) should be kept at low values, as well as all lenses on the second tower leading

to the interaction area, most importantly the lenses close to the interaction region, i.e. L10, L9, SK1, SK2,

and most importantly A3. In my experience, keeping the voltage of UHK Mitte low, the potential on which

the two hemisphere elements Ua and Ui are lying, is key to achieving a good resolution, e.g. for a resolution

of 100 meV or smaller, UHK Mitte should be lower than 1. Decreasing Ua and varying the ratio between

Ua and Ui also helped me to increase the resolution most of the time. I also found that keeping L4 and L5

low (around 1.5 V) and at the same value is also helpful. If the voltage of a lens is changed, it is crucial
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to optimize the monochromator again. In my measurements I found that the best way to do this is to start

at the first lens and tune all lenses again until one has reached the last one. Afterwards, I usually checked

the resolution by performing an electron energy scan for Cl– or SF –
6 at low electron energies below 2 eV.

If I was not satisfied with the resolution, I changed the voltage of another lens and optimized the whole

monochromator again.

I also found that it is also a good idea to take some old settings and start again from them since one can be

stuck in a local minimum, or also change the voltage on one lens drastically and adjust all the other lenses

to maximize the signal. In Table 3.3 very good settings obtained in June 2014 can be seen as an example I

used those settings several times as starting values for new monochromator optimizations.

3.3.3 Cleaning the Monochromator

Cleaning the monochromator is most essential to achieving a good electron energy resolution since its

surface will get contaminated after some time, especially when measuring biomolecules. The best way to

check if the monochromator is charging is to look at the 0 eV resonance of Cl– /CCl4 or SF –
6 /SF6. When

the signal and the electron current drop in the second run on the left side of the resonance and on the

maximum, this is an indicator that the monochromator is charging. Sometimes also the maximum of the

peak will shift from the first run to the following ones. A quick way to check this is also to switch the

polarity of the anode in the optimize mode of the software and observe if the signal reaches the same level

again.

Cleaning the monochromator is a rather time-consuming process. In the following I will describe my

standard cleaning routine. At the beginning I take the monochromator out of the machine and disassemble it

lens by lens. Afterwards I polished all the lenses with diamond spray (e.g. Lach Diamant, Hanau, Germany)

and fuzz-free tissues, paying close attention to the sides and holes of the lenses where electrons are passing

through. Afterwards I rinse the lenses with isopropyl alcohol to get rid of accumulations of diamond spray.

Afterwards I clean all the lenses in the ultrasonic bath for 15 minutes, for which no more than two lenses

should be put in a beaker filled with isopropyl alcohol to avoid scratching of the lenses. After taking the

lenses out of the ultrasonic bath I put them in an oven at 100◦C to dry for several minutes. After the dry

lenses are taken out of the ultrasonic bath, I wipe all the lenses again, so no residuals of isopropyl alcohol

could be seen anymore. Then I reassemble the monochromator again using new zirconium balls to keep the

lenses from touching each other and reconnect all the electronic connections.
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Lens Applied value

Anode 100
1a -18.67
1c -38.28
A1 24.56
2a -1.15
2b 1.18
2c 1.04
L2 121.40
L3 1.14
D1 -3.60
D2 -3.97
L4 8.012
L5 1.164
Ui 0.784
Ui -0.348
UHK Mitte 0.796
3a 14.30
3b 11.11
3c -11.06
A2 66.77
L6 -4.38
L7 3.47
4a 6.466
4b 2.707
4c 83.92
L8 0.33
A3 0
L10 -0
SK1 -0
SK2 -0
Uex Mitte -1.690
Ionenenergie -34.09
Feldachse -22.48
Def a -16.68
Def i 14.04
Optik aussen 70.36
Optik innen -32
Filament current 2.38 A
Filament Emission 248
Current FC -18.9 nA
XY (B-Field) 12
XZ (B-Field) 14
YZ (B-Field) 7.5

Table 3.3: Very good monochromator settings used for measurements in June 2014: electron energy res-
olution (FWHM) of 100 meV and very high signal (80 kHz for Cl– /CCl4 at a pressure of
1.6 · 10−6 mbar). Values are in Volt if not stated otherwise.
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3.4 Magnetic Field Compensation

Low energy electrons are very susceptible for magnetic fields. Even weak magnetic fields can already

cause serious aberrations in charge-particle optical systems like the monochromator. An example for such

a weak magnetic field, which is always present on earth, is the magnetic field of the earth. Its magnitude

depends on the geographical latitude and is also subjected to small daily and hourly oscillations [206]

(see Figure 3.15). On average, the earth’s magnetic field amounts to about 0.484 Gauss at the Conrad

Observatorium close to Vienna, which can also be applied for Innsbruck [207].

Figure 3.15: These diagrams show magnetic informations of the Conrad Observatory 50 km south of Vi-
enna, Austria for January 15, 2015. The upper diagram shows the horizontal field component
H, the second the magnetic declination D, and the third the vertical component Z. The bottom
diagram shows the total field intensity F. Image taken from [207].

The sensitivity of electrons to a residual magnetic field is approximated by

Bmax =
6.74E2

0d

l2p
. (3.8)

Here, B is the maximal tolerable field (in Gauss), E0 the electron Energy (in eV), lp the path length (in cm),

and d the allowed beam deviation (in cm). The problem with Equation 3.8 is to know what the allowed

beam deviation in the low-energy region (in our case the monochromator) is. To emphasize the trajectory-

altering effects of magnetic fields on low-energy electrons, one has to imagine, that the radius of curvature

of the path of a 10 eV electron moving perpendicular to the earth’s magnetic field is only 15 cm, and even

less for electrons with lower energies [189].

To keep the effect of the magnetic field of the earth as small as possible, the apparatus can be surrounded

by an electromagnetic field that cancels out earth’s magnetic field. In general, the residual field for a
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standard high-resolution instrument with a radius for the main path of 3 cm and an operation at around

1 eV, should be no more than 10 mG. In case of bigger instruments or lower path energies (which is the

case for the monochromator used in this thesis), the magnetic field of the earth should be compensated

down to 1 mG [206]. This is obtained by a pair of coaxial coils of wire, which are known as Helmholtz

coils. One can derive the field along the axis of a square Helmholtz pair at a distance z above the bottom

coil by using

B = 0.32
2NI
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(3.9)

The field B is given in gauss while N is the number of turns in the coils, I is the current in amperes, L is

the length of the square coils (in cm), and z is also in cm. To shield the apparatus not only from the earth’s

magnetic field but of all possible interfering fields from all directions, three pairs of coils in the three spatial

directions are needed. The coils used in the Wippi setup are quadratic and measure 125 cm. The magnetic

field that is produced by the Helmholtz coils is only of sufficient uniformity in a small volume close to the

axis between the coils. In [189] it is stated that for a set of round coils a uniformity of 0.1 % is achieved in

a central volume of 2 · 10−2 cubic radii, 1 % in a volume of 1.5 · 10−1 cubic radii, and 5 % in a volume of

0.6 cubic radii. A consequence of this is, that the coil dimensions must be at least a factor 10 bigger than

the apparatus to reduce the magnetic field to a few miligauss. At the Wippi apparatus, the residual magnetic

field is generally kept below 0.003 Gauss [202, 208].
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3.5 Quadrupole Mass Filter

The ions produced in the collision cell are extracted by a small electric field into a quadrupole mass

filter. This mass analyzer was invented by Wolfgang Paul and coworkers in the 1950s [209–211]. Paul was

awarded the Nobel Prize in Physics together with Norman F. Ramsey and Hans G. Demehlt in 1989 for the

mass-analyzing and ion-trapping properties of two- and three-dimensional electric quadrupole fields [212].

Although the first generation of quadrupole mass analyzers offered only poor resolving power and could

only operate at a low mass range, they rapidly gained importance and have proven to be one of the most

used mass analyzers together with sector field instruments and Time-of-Flight (TOF) mass spectrometers.

Modern quadrupole mass analyzers can filter ions with a mass to charge ratio of up to 4000 Thomson and

possess rather good mass resolutions. Another big advantage of quadrupol mass filters is that they have a

high transmission and an accuracy of 100 ppm, which is in the same order of magnitude as for example

ion trap mass filters and a factor 10 higher than for a TOF. Furthermore, quadrupole mass analyzers are

light-weighted, compact, and comparatively low-priced, which makes them ideal for remote, mobile, or

unattended operation [213]. They also have low ion acceleration voltages and allow high scanning speeds,

because the scanning is realized only by sweeping electric potentials, which is a problem especially for

magnetic sector instruments because of the hysteresis effect [214, 215].

Figure 3.16: Cross section of a quadrupole (a) for the cylindrical approximation and (b) for the hyperbolic
profile of the rods. The electric field is zero along the dotted lines, i.e., along the asymptotes
in (b). Image taken from [215].

A linear quadrupole is made up of four cylindrically or ideally hyperbolically shaped electrodes which

are positioned accurately in a radial array. Since hyperbolic rods are expensive and hard to manufacture,

in most laboratories quadrupole instruments with cylindrical rods are used. The best approximation to the

hyperbolic field can be achieved if the radius r of the cylindrical rods is related to the quadrupole field

radius r0 by r = 1.148r0, as shown by Denison [213]. The arrangement of the electrodes is visualized

in Figures 3.16 and 3.17. The opposite electrodes are held at the same potential, which is composed of

a time-independent DC and time-dependent AC potential, while the two pairs have potentials of opposite

signs. The mass filtering of the quadrupole is obtained by this application of a DC and a AC potential and

will be explained in detail in the next paragraph [214, 215].
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Figure 3.17: Schematic (a) and photograph (b) of a linear quadrupole mass analyzer. Image taken
from [215].

When an ion approaches a quadrupole mass filter in z-direction, it is attracted by one of the electrodes

with a charge opposite to its own. If the voltage applied to the rods is periodic, then attraction and repulsion

in x- and y-direction alternate and therefore the ion will not hit the rods. The total potential Φ0 composed

of the DC voltage U and a radio-frequency (RF) voltage V with the frequency ω (the radians per second

= 2πν with ν being the frequency of the RF voltage) is

Φ0 = U + Vcos(ωt). (3.10)

Typically, U will vary from 500 to 2000 V and the RF voltage V from 0 to 3000 V, i.e. from -3000 V to

3000 V peak to peak [213–215].

The ions that are accelerated into the quadrupole move in the direction of the z-axis, but they are also

accelerated in the x- and y-direction by the electric forces. The equations of motion are written as

Fx = m
d2x

dt2
= −ze

∂Φ

∂x
,

Fy = m
d2y

dt2
= −ze

∂Φ

∂y
,

Fz = m
d2z

dt2
= 0

(3.11)

where Φ is a function of Φ0:

Φ(x,y) =
Φ0(x2 − y2)

r2
0

=
(x2 − y2)(U − Vcos(ωt))

r2
0

(3.12)

Differentiating and rearranging gives the so-called Paul equations, which are equations of movement and
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read as follows:

d2x

dt2
+

2ze

mr2
0

(U − Vcos(ωt)x) = 0,

d2y

dt2
+

2ze

mr2
0

(U − Vcos(ωt)y) = 0,

d2y

dt2
= 0.

(3.13)

The solutions to these differential equations, Equation 3.13 would give the trajectories of the ions dependent

on their initial conditions, but generally it is enough to know the behavior of the solutions of such differential

equations to understand quadrupole operation. Solutions for such equations can be classified as either

bounded solutions of unbounded solutions. A bound solution in a quadrupole mass filter corresponds to a

stable trajectory passing the analyzer on to the detector. An unbound solution, however, would signify ions

with unstable trajectories [213]. The electric field is zero along the asymptotes for hyperbolic electrodes

(the dotted lines in Figure 3.16). An ion can therefore pass the quadrupole without hitting the rods, if its

motion around the z-axis is stable with limited amplitudes in the xy-plane [214, 215].

To have a stable trajectory, the values x and y have to be smaller than r0, which basically means, that the

ion does not touch the rod. To obtain these values the equations in 3.13 have to be integrated. This type of

differential equations were first established by French mathematician and physicist Émile Léonard Mathieu

in 1866, originally to describe the propagation of waves in membranes with

d2u

dτ2
+ (au − 2qucos(2τ))u = 0, (3.14)

with u being either x or y in our case. To apply this so called ”Mathieu equations” to our case, we have to

make some changes to bring them into the right form. We define τ as

τ =
ωt

2
(3.15)

and replace t2 in the first term of the Paul equations (Equation 3.13) by τ2, which gives us a factor ω2/2.

To get rid of this factor, the equation is multiplied by 4/ω2. If we put these changes into the equation, we

yield the following expressions [214, 215]:

au = ax = −ay =
8zeU

mω2r2
0

(3.16)

and

qu = qx = −qy =
4zeU

mω2r2
0

. (3.17)

At this point, we do not need to integrate the equations anymore, we just have to look at the relationship

between the coordinates of the ion (x, y) and the time t, i.e. how such Mathieu equations behave [212, 216].

Examples for stable and unstable trajectories are visualized in Figure 3.18.

For a special quadrupole model, r0 is naturally fixed, and the frequency ω = 2πν is kept constant while
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Figure 3.18: Stable and unstable trajectories in a quadrupole. Image taken from [214].

U and V are variables. A stable path of a particular ion is therefore defined by the RF voltage V and by the

ratio U/V . For any ion of a certain mass, the coordinates x and y can be determined at a certain time as a

function of U and V . If the parameter a, which is the time invariant field, is plotted against q (time variant

field), a stability diagram of the two-dimensional quadrupole field is obtained. In Figure 3.19 one can see

those stability regions. In the top figures the stable regions along the x-and the y-axis are portrayed, in the

figure on the bottom one can see, that there are only four small regions, where both x- and y-trajectories are

stable. The area A is of special interest for the normal mass-separating operation of the quadrupole mass

filter [212, 216]. In Figure 3.19 the Area A is enlarged on the bottom right. This area can divided into two

zones, one for positive U (shaded) and the lower one for negative U. Further on, if we refer to this stability

region, we only look at the positive area, but everything also corresponds to the negative U [214, 215].

From the Equations 3.16 and 3.17, we can deduce both

U = au

m

z

ω2r2
0

8e
(3.18)

and

V = qu

m

z

ω2r2
0

4e
. (3.19)

For both Equation 3.18 and 3.19 the last term is constant for a certain quadrupole instrument since the

frequency ω is stable. If we want to switch to a different m/z, this will multiply au and qu proportionally

and therefore changing the size of the stability region A in the stability diagram, i.e. the triangular shaped
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3.5. QUADRUPOLE MASS FILTER

Figure 3.19: Stability areas for an ion in a quadrupole mass filter along either x or y (top figures) and along
x and y (bottom figure). The four stability areas are labeled from A to D and are marked in the
bottom figure. (From [214])

area will change from one m/z to another as proportional triangles (see Figure 3.21). When the ratio a/q

is chosen in a certain way, so that 2U/V = 0.237/0.706 = 0.336, then the xy-stability is reduced to just

a point, namely the apex of the diagram. Reducing a while leaving q constant means reducing U relative

to V , allowing a much wider range to be transmitted simultaneously, which means the mass resolution is

decreased (Figure 3.20). The width of the stable region ∆q determines the mass resolution [214, 215].

Figure 3.20: Stability region A of the stability diagram for a quadrupole mass filter. (From [215])
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Figure 3.21: Scanning of a linear quadrupole mass analyzer: the stability region is shifted along a constant
U/V ratio (the working line). Image taken from [215].

In Figure 3.21 these informations are summarized. The passing mass is increased by varying U and

V at a constant ratio U/V , so scanning the quadrupole means shifting the stability diagram along a so-

called ”scanning line ”to the right. Such a ”scanning line ”would only be possible in the case of an infinite

resolution, but since each quadrupole has a finite resolution, this is described by a horizontal line in the

corresponding stability triangle [214, 215].

Summarizing one can say that if an ion enters the quadrupole, it is subjected to superimposed DC and

RF fields. If the ion has the right mass at a certain U/V ratio, it possesses a stable trajectory and passes the

quadrupole mass filter. Reducing the DC voltage U relative to the RF voltage V , increases the mass resolu-

tion. An example obtained via ion trajectory simulations for such an ion trajectory through the quadrupole

is displayed in Figure 3.22. The frequency and amplitude of these oscillations are dependent on the mea-

surements of the quadrupole used as well as the scanned mass. The rods of a standard quadrupole analyzer

measure 8 - 2 mm in diameter and are 15-25 cm long. The radio-frequency is usually in the range of 1 -

4 MHz while the DC and RF voltages are in the order of 102 - 103 V. Ions with an incident kinetic energy

of about 10 eV undergo approximately 100 oscillations while passing the quadrupole [215].

In general, quadrupole mass analyzers are operated at so-called unit resolution, that means that the reso-

lution is just high enough to separate two peaks one mass unit apart. Therefore, quadrupole mass filters are

usually used for low resolution application. When adjusting the U/V ratio, the resolution cannot arbitrarily

be increased, but is at some point limited by the mechanical accuracy for the construction and assembly of

rods (in general ±10 µm). When a quadrupole is operated at unit resolution, the scanning has to be carried

out at the same speed for the entire mass range, while in contrast in other mass spectrometers as for example

magnetic sector instruments require exponential scanning [214, 215].

The quadrupole is a real mass-to-charge ratio analyzer, which means that it does not depend on the ki-

netic energy of the ions entering the filter. However, the time for the ion to pass the analyzer must be short

in comparison to the time necessary to switch from one mass to the next one. Secondly, however, the ions

must stay long enough inside the analyzer to experience at least a few oscillations of the alternate potential.

This means for the ion that it must possess a kinetic energy in the range from one to a few hundred elec-
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Figure 3.22: Ion trajectory simulation of an ion with a stable trajectory onto the x- and y-coordinate. Image
taken from [215].

tronvolts. The scanning speed can reach 1000 Thomson per second or even more. Also the weak potentials

in the analyzer allow relative high pressures in the instrument [214].

At the Wippi apparatus, the QMA 400 Quadrupole of Balzers Instruments (now produced and distributed

by Pfeiffer Vacuum) is used. The QMA 400 uses molybdenum rods with 8 mm diameter for more thermal

stability and reproducibility as well as better suitability for a higher mass range [217].

Figure 3.23: Schematic of the QMA400 of Balzers Instruments (now Pfeiffer Vacuum). Image taken
from [218].
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3.6 Channel Electron Multiplier

To be able to do proper measurements with a decent signal, a good detector is needed. An extensive

review of detectors used in mass spectrometry was done in 2005 [219]. In mass spectrometry, a lot of

different detectors are used for different applications and methods. Even if we just look at detectors for

ions, there exists a large variety of detectors, but what all of them have in common is that the detection

of the ions is always based on their charge, their mass, or their velocity. A very important aspect is the

amplification of the signal. Since mass spectrometry in most cases acts as a filter, just few ions reach the

detector. 10 incident ions per second correspond to an electric current of 1.6 · 10−18 A, which is too low

to be directly processed, so the number of ions should be amplified in the detection process as well as the

electric current afterwards [214].

All these properties are achieved with a detector called Electron Multiplier (EM) or Secondary Electron

Multiplier (SEM), where ions are accelerated to a high velocity for an enhancement of detection efficiency

by putting an electrode on a high voltage (between ± 1 to ± 30 kV), the charge of the electrode being the

opposite charge of the ions. If an ion hits the electrode - also called conversion dynode - secondary par-

ticles, including anions, cations, electrons, and neutrals are produced. In order for the secondary particles

to be accelerated onto the next dynode, the important secondary particles for incident anions are cations

and for incident cations anions and electrons, respectively. All those secondary particles are converted to

electrons at the first dynode and via the subsequent dynodes an electron cascade is created. However, such

a conversion diode is not indispensable for an electron multiplier, some models are built without it and

secondary electrons are created by the incident ions directly [219].

Figure 3.24: Schematic diagram of a secondary electron multiplier. The first dynode is a conversion dynode
to convert ions into electrons. Image taken from [214].

Electron multipliers are consisting either of a discrete dynode (Figure 3.24) or a continuous dynode

(channeltron, microchannel plate or microsphere plate; see Figure 3.25). But independent of their type,

it is essential for electrom multipliers that the dynodes have good secondary emission properties to create

an electron cascade and that the potential drops continuously from the first dynode to the last [214]. The

degree of multiplication depends on the work function of the individual dynode surface, the acceleration

per stage (bias voltage), the number of dynodes, and bias current circuit design. On average, one single

incident ion is effectively multiplied by a factor 10 6 or more [219].
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Figure 3.25: Schematic of a linear channel electron multiplier (a) and a curved channel electron multi-
plier (b). Image taken from [215].

Now the continuous-dynode electron multiplier will be described in detail. Here, the discrete dynodes

are replaced by one continuous dynode, sometimes this dynode is also curved to make the surface as big

as possible. Straight continuous-dynode EMs are only stable to gains up to 104 because above that positive

ions are created inside the tube via electron ionization of residual gas and accelerated towards the input

side of the tube. There, they randomly contribute to the system and in that way cause inferring output

pulses, which is called ion-feedback. If the EM is curved, however, the free path length for ion acceleration

is shortened and therefore the noise from ion-feedback is suppressed [215]. One detector of continuous

dynode EMs is the Channel Electron Multiplier (CEM), also called Channeltron, which is usually made out

of a lead-doped glass coated with an emissive layer of silicon dioxide. Since the wall of the glass tube has

a uniform electric resistance, a continuous accelarated field along the tube is created if a voltage is applied

between the two poles of the tube. The produced secondary electrons are accelerated towards the end of the

tube. On their way they hit the wall and cause the emission of more and more electrons, creating an electron

avalanche. At the end of the tube the electrons hit a metal plate where their current is measured [214].

Figure 3.26: Photograph of a channeltron. Image taken from [215].

In my experience, the lifetime of a channeltron is limited to one to two years due to the contamination

of the surface from the incident ions. It can be reduced immensely by a bad vacuum (pressures of about

10-5 mbar over a longer time). If the pressure rises above 10-3 mbar - even for a short amount of time - then
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Figure 3.27: Cut view of a CEM KBL510 of Dr. Sjuts. Image taken from [220].

the channeltron will be destroyed immediately, if high voltage is applied on the channeltron, therefore also

the need for a vacuum security (see Section 3.1.3). Since the conversion factor of the channeltron is highly

dependent on the velocity of the incident ions and their nature (mass, charge, and structure), they are not

as exact as other detectors, e.g. Faraday cups [214]. Channeltrons have several advantages that make them

one of the most used detectors in mass spectrometry. Their amplification factor is very high compared to

other detectors and they have a fast response time (pulse of 8 nanoseconds (FWHM)), which allows rapid

scanning of the analyzer. With a standard channeltron over 5 million particles can be detected per second.

Channeltrons have a very low dark count rate of < 0.02 cps - caused by cosmic rays - which makes the

dynamic range for measurements greater than 8 orders of magnitude. Additionally, they are very easy to

handle and are not too sensitive [220].

At the Wippi-Apparatus, channeltrons of Dr. Sjuts Optotechnik GmbH were used, to be more specific,

standard CEMs with an rectangular opening and the model name KBL 510 [220]. A cut view of the KBL510

is displayed in Figure 3.27.

Figure 3.28: Cross section of the surface layer structure of a KBL series channeltron of Dr. Sjuts. Image
taken from [220].

The channeltrons of the KBL series consist of three components: a supporting body of ceramic material,

lead silicate glass inside the supporting body, and a metalization of gold or silver deposited onto both

extremities of the channeltron for electrical contacting of the channeltron input and output to the applied
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Figure 3.29: Count rate vs. applied voltage (left) and a typical pulse at 2.5 kV applied voltage (right).
Images taken from [220].

voltage. A cross sectional view of such a KBL channeltron reveals the single layers of the coating inside

the channeltron [220] (Figure 3.28).

The typical voltage for a channeltron is about 2 kV, depending on the charge of the detecting ions. It is

important to note, that the count rate increases immensely with the applied voltage after a threshold, until

it reaches a plateau at around 2.1 kV (Figure 3.29, left). Usually the voltage is kept just under the plateau,

which is a good balance between a good signal and life-prolonging setting. If the applied voltage is too

high, the channeltron will break quite quickly, because the gain increases more than the count rate and the

layer will wear off faster [220].

Figure 3.29 (right) shows a typical pulse of the KBL 510 channeltron of Dr. Sjuts, which is about 100 mV

high and about 8 ns broad (FWHM) [220]. More typical characteristics of the KBL 510 channeltron can be

found in Table 3.4.

Typical gain at 2.3 kV applied voltage 10 8

Typical wall resistance 200 MΩ

Pulse height distribution at 2.6 kV and 3000 cps < 50 %

Maximum count rate 5 Mio. cps

Typical pulse width (FWHM) at 2.3 kV 8 ns

Operating voltage max. 3.5 kV

Temperature (operating and storage) max. 70 ◦C

Bake temperature in vacuum max. 250 ◦C

Table 3.4: Typical characteristics of the KBL 510 channeltron by Dr. Sjuts. Table adapted from [220]
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3.7 Acquiring Data

In the back of the channeltron a CP 400 ion counter by Pfeiffer Vacuum is used as a high voltage supply

with pulse decoupling for the current obtained by the channeltron. Its circuit diagram is shown in the

Appendix. Additionally, the CP 400 would also possess an amplifier and a pulse discriminator, but we do

not use these functions.

3.7.1 Preamplifier/Discriminator

The single pulses that are put out by the CP 400 and fed into a preamplifier/discriminator PAD06 of WMT-

Elektronik GmbH, which can be found in the Appendix. On this device a ”threshold” for the detectable pulse

heights can be set as well as a ”dead time” which determines the minimal time span in which two pulses

can be detected separately. Afterwards, the pulses are converted into a square-wave signal and amplified

and can in consequence be processed by the computer.

3.7.2 Software

The Matlab software used on Wippi to operate and record the measurements was written by Dr. Arntraud

Bacher and has been changed and improved over the last few years. I will now shortly describe the main

features of this software.

Figure 3.30: Screenshot of the Definitions tab of the Wippi Software.

When opening the Wippi Software, the first page/tab one can see is the Definitions page, which one

can also see in Figure 3.30. Here, one can select an operator, make the Lakeshore temperature controller
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and the MKS flow controller accessible by the computer as well as select different frequency heads for the

quadrupole mass analyzer. Furthermore, one can connect the pressure gauges to the computer and read out

the pressure.

Once all definitions have been set, one can go to the Optimize tab for optimizing the ion yield . Three

different optimize modes can set, the fixed-mass mode (OF), the mass-scan mode (OM), and the energy-scan

mode (OE).

Figure 3.31: Screenshot of the Mass Scan tab of the Wippi Software.

Furthermore, it is possible to program Mass Scans and Electron Scans, 12 different individual scans for

both. The pressure, the temperature recorded by the Lakeshore temperature controller and the electron

current can be logged, the first two in variable intervals. Additionally, the MKS flow controller and the

Lakeshore temperature controller can be programmed.

137



CHAPTER 3. EXPERIMENTAL SETUP

Figure 3.32: Screenshot of the Measurement tab of the Wippi Software.

Monitoring the measurements while they are running can be done in the Measurements tab, where the

current signal as well as the mean of the finished runs are shown (Figure 3.32). Additionally, the electron

current of the current run is shown as well as the remaining time of the measurement.

138



4 Analysis of Ion Efficiency Curves Close to the

Threshold

A big part of my PhD study was the analysis of ion efficiency curves close to threshold obtained by electron

ionization (see Section 2.1.2) . This is an quite elaborate and difficult task, since many different processes

have to be considered during this analysis. At first, I will elaborate some of the theoretical thoughts that

eventually led to the development of a self-written software for the evaluation of electron ionization curves

close to the threshold and the determination of appearance energies. On this I will focus in the later part of

this chapter and also give a detailed description of the fitting process with this software.

4.1 Theoretical Background

The threshold behavior of ionization cross-sections has been the focus of intense studies during the last

75 years. The first theoretical descriptions were made by Wigner [221] and Geltman [222]. They said that

if several assumptive simplifications are taken into consideration, the cross-section behavior close to the

threshold can be described by

σ(E) = C(E − IE)n−1 (4.1)

E is the energy of the incident photon or electron, IE is the threshold energy, C is a constant parameter

that describes the steepness of the slope of the cross section, and n is the total number of the outgoing

electrons after the ionization. In Figure 4.1 this idealized threshold law is illustrated. One can see clearly

that the more electrons are involved in the process, the more and more non-linear the curve becomes. For

photoionization, where in single ionization only one electron is involved, the cross-section is basically a

step function. However, if we look at electron ionization, already two electrons are involved in a single

ionization, so the curve will behave linearly, similar as for double photoionization, where two electrons are

ejected from the atom or molecule. When an atom or molecule is doubly ionized via electron ionization,

the cross-section will grow quadratically, and so on [49].

4.1.1 Classical Approach by Wannier

When trying to describe this process, it is necessary to start at the beginning to determine how this problem

can be approached - classically or using quantum mechanics. I want to start with a short description of the

classical Wannier Theory, which expanded the theory of Wigner (Equation 4.1) by an exact description of

the reaction space [221]. The starting point of Wannier’s classical description of the ionization process is a
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Figure 4.1: Examples of the idealized threshold law of Wigner and Geltman for photoionization and elec-
tron ionization. Image adapted from [49].

colinear system that consists of a stationary positive ion with the charge Ze. The outgoing electrons in this

case move in opposite directions. The Coulomb energy of such a system in the symmetric states is

V = −2Z

r
+

1
2r

(4.2)

Since the total energy of the system E is the sum of Coulomb energy and the kinetic energy E = K + V , all

the electrons have a wavelength of

λ =

[

E +
2
r

(Z − 1/4)
]− 1

2

(4.3)

If we define a critical radius

rc =
2(Z − 1/4)

E
(4.4)

the Coulomb energy can be written as

V = − E

r/rc

(4.5)

and the kinetic energy as

K = E(1 +
1

r/rc

) (4.6)

The critical radius rc divides the reaction space into two regions - a ”Coulomb zone”, where the kinetic

energy and the Coulomb energy are similar, and an ”outer zone” (or asymptotic or free zone), where the

kinetic energy dominates and the electrons can therefore be considered to be free [223] (Figure 4.2). In

both of those regions the motion of the electrons is classical, which is the case when the wavelength of a

particle is much smaller than the distance over which a force affects the particle (λ ≪ r) [224]. This is the

case for values of r for which

r1/2 ≫ [2(Z − 1/4)]−1/2. (4.7)

This rmin, for which this equation is fulfilled, defines the lower limit of the Coulomb zone. Inside this radius

lies the ”inner zone” [223] (initially called ”reaction zone” by Wannier [224]), where all the processes have

to be treated quantum mechanically [223].
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Figure 4.2: Qualitative picture of the three reaction zones in an ionization process. Image taken from [223].

For a detailed description of the ionization process, the three-body problem after the ionization has to be

considered. The three-body problem, which is particularly known from celestial mechanics, in case of a

single electron ionization of an atom is a specification of the general case since two of the three bodies

are identical [224]. In the two outer zones the motion of the electrons is treated classically, as mentioned

before; their equations of motion are

r̈1 = −
Zr1

|r1|3
+

r1 − r2

|r1 − r2|3
(4.8)

and

r̈2 = −
Zr2

|r2|3
+

r2 − r1

|r1 − r2|3
(4.9)

The total energy of the system amounts to

E =
1
2

(ṙ2
1 + ṙ2

2) − Z

|r1|
− Z

|r2|
+

1
|r1 − r2|

(4.10)

According to Wannier, these equations behave according to a similarity principle, i.e. they are invariant

under the following substitutions

r → αr (4.11)

t → α3/2t (4.12)

E → α−1E (4.13)

This principle is very useful since when the energy is reduced, the pattern of the trajectories expands but

it is still similar to the original one. Additionally, the theorem states that every trajectory has one single

minimum, but no maximum [224]. Several possible trajectories are displayed in Figure 4.3. The trajectories

a and b are connected to ionization events for which the energies of the out-coming electrons are 0 and E,

respectively. All hypothetical trajectories that would lie between those two signify an ionization event where

both outgoing electrons have at least some amount of kinetic energy larger than zero. The trajectories c and

d do not correspond to ionization events, but rather to excitation of the atom or molecule. In both cases, one

of the electrons leaves with an energy that is larger than E, while the second electron stays bound to the ion.

141



CHAPTER 4. ANALYSIS OF ION EFFICIENCY CURVES CLOSE TO THE THRESHOLD

Figure 4.3: Schematic representation of electron trajectories. Image taken from [223].

The behavior of the trajectories in the Coulomb zone is defined particularly by the shape of the potential

energy curve and is therefore, in case of a small E, almost independent of the energy [223]. However, as

electrons are approaching the critical radius, the spacing of the possible trajectories, and therefore also the

density in the outer zone changes [224]. Wannier calculated that in the asymptotic region the formula

ρ ∝ En

δv1i

(4.14)

can be used to describe the density of the trajectories with δv1i. The spacing of the possible velocities at

rmin, is defined as n = 1
4

[(
100Z−9

4Z−1

)1/2 − 1
]

for convenience. From Equation 4.14 one can see that the greater

E is, the larger the density of the trajectories, and therefore the ionization probability also increases [223].

Wannier’s law concerning the behavior of electron ionization curves close to the threshold can be written

as

σ(E, µ) ∝ Eµ/2−1/4 ≡ En (4.15)

with

µ =
1
2





(

100Z − 9
4Z − 1

)1/2
 (4.16)

for the cross section of small atoms as for example hydrogen with any charge [224]. This law depends

greatly on the parameter n, which in turn depends on the charge of the ion. For single ionization of hydrogen

the value for n is 1.127 [223]. The fact that the exponent here is not 1 as Wigner originally suggested and

it is shown in Figure 4.1, but rather 1.127, due to correlation of the electrons, which adds additional terms

to the equations of motion [224].

Wannier’s law does not only apply for electron ionization of small atoms A such as

e− + A→A+ + 2 e− (4.17)
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but also for photo-double-detachment processes of the form

hν + A−→A+ + 2 e− (4.18)

In the following section experimental tests of the Wannier law using either one of these processes will be

presented briefly [223].

4.1.2 Experimental Tests of the Wannier Law

Some of the most accurate tests of the Wannier law were performed by Donahue et al. [225, 226]. In those

experiments they performed photodetachment from a hydrogen anion in the form of Equation 4.18. The

yield that is seen in Figure 4.4 is the result of two different processes, the photo-double-detachment process,

and a two-step process which produces highly excited hydrogen atoms via

hν + H−→H∗ + e−→H+ + 2 e−

These excited atoms are later ionized by a motional electric field in the detection region of the setup.

This ionization, however, only occurs for states with n > 15 that have binding energies that are smaller

than Bm = 60 meV. This contribution is responsible that the ion yield is not proportional to En but rather

(E + Bm)n [223]. When Donahue et al. fitted their results, they used σ ∼ (E + E0)n to fit their experimental

data and found that n = 1.15 ± 0.04, which is very similar to the expected parameter from the Wannier law,

1.156 [225, 226].

Several tests of the Wannier law with electron ionization found an exponent that was slightly larger

than what was proposed by Wannier’s power law [227–230]. This is most probably due to the fact that the

experiments were performed with an incident electron beam that had an energy spread of at least ≥ 70 meV.

A finite energy resolution causes the curve to be rounded-off at the threshold, which leads to a greater

exponent [223]. On this effect I will focus in Section 4.2. Moreover, Wannier’s exponential law was seen

as confirmed in a high-resolution experiment by Kossmann et al. with double ionized helium where they

found an exponent of 1.05 that agrees very well with Wannier’s theoretical prediciton of 1.056 [231].

4.1.3 Semi-classical and Quantum-Mechanical Treatments

The first quantum-mechanical studies of the ionization process were undertaken about 10 years after Wan-

nier presented his power-law by Geltman [222], Rudge and Seaton [232, 233], and Rudge [234]. These

works, however, did not take any effects of the long-range electron-electron interaction into account and

the results were linear laws [223]. Studies by Rau [235] and Peterkop [236] tried to extend the quantum-

mechanical treatment of the inner zone into the Coulomb region, but they got the same results as for the

Wannier law. Temkin’s modulated quasi-linear law, which is a quantum-mechanic treatment of the ion-

ization process close to threshold and applies for electrons that originate from a restricted region in the

phase-space, includes non-classical coupling of the electrons in the Coulomb and outer zone. The basis of

Temkin’s law is the Coulomb-dipole interaction, where one electrons is near the nucleus while the second

electron is away at a great distance, which has the effect of unequal energy partitioning between the two
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Figure 4.4: Cross section for the photodetachment process hν +H−→H+ + 2 e−. The curve in (a) was fitted
with the Wannier law, while curve (b) was fitted with a modulated linear law. Image taken
from [225, 226].

electrons [223, 237–241].

Figure 4.4 (b) shows the same data fitted with Temkin’s modulated linear model [237–241]. Although

Temkin’s modulated linear law seems to follow the measurement curve more closely than Wannier’s law

in Figure 4.4 (a), it was remarked by Donahue et al. that Temkin’s modulated linear law requires more

parameters than Wannier’s law (six instead of four) and its confidence level is only slightly higher (25%

versus 19%). Therefore Wannier’s law seems to meet the requirements for the analysis of these measure-

ments [223].

After a rapid increase in computational speed, it became possible in 1993 for Bray and Stelbovics to pro-

pose their convergent close-coupling (CCC) method, which was capable a treating a three-body hydrogen-

electron system quantum mechanically. With this method, ionization cross section for energies of the in-

coming electron up to 500 eV were possible to be computed with an accuracy of 5%. In the 1990s, several

new theoretical propositions were made, however, all of them were still restricted to a three-body problem

[242–247]. Looking at more complex systems, Klar has extended Wannier’s law to a more general type of

reactions:

A± + BC→ A± + BC∗→ A± + B+ + C− (4.19)

He suggested to include the mass in the parameter µ used in Wannier’s law (Equation 4.15), but his theory

was still limited to three-body systems and can also be not applied to polyatomic molecules [248, 249].

However, it became clear from Klar’s work that the exponent of these modified Wannier laws is strongly

dependent on the collision system as well as the partitioning of mass and energy after the collision [249].
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CURVES

4.2 Influence of the Electron Energy Resolution on Electron Ionization

Curves

Electron ionization curves are strongly dependent on the electron energy resolution of the incident elec-

tron beam, as already mentioned in Section 4.1.2. This can be seen clearly in a figure by Fiegele et al. (Fig-

ure 4.5). The electron energy resolution is represented by a Gauss peak with a width of 135 meV (FWHM).

In the plot on the left, the theoretical Wannier curve is depicted as a black line, but it is evident that the

experimentally obtained data (circles) does not fit the theoretical prediction. However, if the theoretical

curve is convoluted with a Gaussian with a width of 135 meV (FWHM), a curve is obtained that fits the

experimental ion yield much better (black boxes) [249].

Figure 4.5: Evaluation of election ionization yields of Xenon close to the threshold. On the left side the
experimentally obtained ion yields can be seen on the left side along with a visualization of the
electron energy distribution in the form of a Gauss with a resolution (FWHM) of 135 meV. On
the right side the theoretical cross section (black line), the convolution of the theoretical cross
section with the electron energy distribution of 135 meV (black boxes), and the experimentally
obtained data-points (circles) can be seen. Image taken from [249].

As one can see, the presence of a finite electron energy resolution will lower the threshold energy of such

ionization curves to lower energies. This makes a correct and exact determination of the appearance energy

(AE) of these curves very difficult. This need for a reliable way to analyze our experimentally obtained ion

efficiency curves led to the development of an analysis software for AEs, which will be discussed in the

next section.
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4.3 Development of an Analysis Software for Appearance Energies

During the analysis of ionization efficiency curves of several explosive compounds, the need for a fast

and precise evaluation method arose, when all the conventional fitting methods such as linear fitting of the

threshold or fitting the Wannier law in the evaluation software Origin were not satisfying, since they were

not exact and coherent enough. A detailed description of the tests with several different evaluation methods

can be found in my master thesis [250]. Consequently, there have been several different approaches for

new evaluation softwares [250], until the development of a least-square fitting software based on Wannier’s

law with consideration of the electron energy resolution. The basic idea of for the software was developed

by Johannes Poster of the Institute for Ion Physics and Applied Physics of the University of Innsbruck

and myself, Lukas Sieberer of the Institute for Theoretical Physics of the University of Innsbruck did the

theoretical calculations that are the basis of the program (namely the analytical convolution of the fitting

function with a Gaussian), the Software was then written by Johannes Postler, and tested and applied by

myself.

As just mentioned before, the basis for our software is Wannier’s law (see Section 4.1)

σ = C(E − EA)n (4.20)

where C is the slope of the ion efficiency curve, E the energy, EA the appearance energy, and n the Wannier

exponent, which is be 1.127 for hydrogen atoms, but can not exactly theoretically determined for other

molecules [224]. Since the curve only appears at the threshold energy, therefore also called the appearance

energy, to mathematically describe this behavior we have to add a Heaviside step function

σ = C(E − EA)nΘ(E − EA) (4.21)

As we have seen in Section 4.2, the electron energy resolution has a big influence on ion efficiency curves

close to the threshold, so in order to get the most precise evaluation possible, we have to include the

resolution of the system, which is approximated by a Gaussian distribution. To achieve the inclusion of

the resolution, the theoretical fitting function (Equation 4.21) has to be convoluted with the electron energy

resolution

σ =
[

C(E − EA)nΘ(E − EA)
] ∗ 1

√

2πρ
exp



−
1
2

(

E − EA

ρ

)2
 (4.22)

with ρ the standard deviation of the Gaussian. Lukas Sieberer performed this convolution for us, the full

derivation is shown in the Appendix. The result of the convolution is

σ = B +
C√
2π

ρn Γ(n + 1) exp
(

− 1
4ρ2

(EA − E)2
)

D−(n+1)

(

1
ρ

(EA − E)
)

(4.23)

with the Gamma function Γ(n + 1) and the parabolic cylinder function D−(n+1). There are 4 parameters that

can be fitted with the software: the constant background B, the slope C, the exponent α, and the appearance

energy EA.
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4.3. DEVELOPMENT OF AN ANALYSIS SOFTWARE FOR APPEARANCE ENERGIES

A Python [251] program was written by Johannes Poster around this fitting function (Equation 4.23)

using SciPy [252], NumPy [253], and the 2D plotting library Matplotlib [254]. For the fitting procedure

a least-square fit (scipy.optimize.leastsq [255]), an implementation of the Levenberg-Marquardt-

Algorithm (LMA) [256–258], is used. The program is available in a Github repository under https:

//github.com/nano-bio/fitlib. It can be run in Python 2.7 under both Linux and Windows, but

usage in Linux has proven to be much faster.
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CHAPTER 4. ANALYSIS OF ION EFFICIENCY CURVES CLOSE TO THE THRESHOLD

4.4 Analysis of Ion Efficiency Curves: Determination of Appearance En-

ergies

The purpose of this section is to explain the analysis with ourhe newly-developed analysis software and

to give some tips of how to achieve the best and most consistent analysis.

First, the program has to be started with AE.py. Adding the parameter -h when running the program shows

help messages. There are three different modes in which the program can be run: --filename, --folder,

and --filelist. In --filename one has to specify the filename of the data file one wants to fit, choosing

--folder will fit all the files in a specific folder, and in --filelist a file that includes a list of filenames

can be chosen. This option is very handy, since inside the file individual parameters for each data file can

be specified. These options and several others can be found in Table 4.1. When starting a fit, the three

”filename” modes are the only ones required to perform a fit, all other arguments are optional. Together

with the plot fits (an example can be seen in Figure 4.6), an output file is created and saved, which contains

all the set parameters and the results for the fitted parameters (the appearance energy (AE), the exponent

alpha, the background, and the slope).

Arguments Usage

--help, -h Shows help messages.

--filename Specify the filename of the data file that
should be fitted.

--folder This option will fit all data files inside a cer-
tain chosen folder.

--filelist Choose a file that contains a list of filenames.
Inside the file, certain parameters for each in-
dividual data file can be specified.

--noshow Choosing this option will prevent the plot
windows from opening. If more than 5 data
files are fitted, no plot windows will be shown
automatically.

--nosave When choosing this option the fitting plots
won’t be saved.

--writetoplot, -w With this option the AE will be written into
the plot window and marked in there.

--writefit Here a file will be created that contains the x-
and y-values of the fit.

--outputfolder Choose this option for your files to be saved
into a specific folder.

--version Shows the program’s version number.

Table 4.1: Arguments in AE.py concerning the running and saving of the fitting software.
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Optional Parameters Usage

ea Initial value for the appearance energy

alpha (--alpha, -a) Possibility to set the exponent on a certain value.

linearbackground
(--linearbackground)

When set True, a linear background (a + bx) is assumed, when
set False or not specified, a constant background is assumed.

min, max These are the lower and upper limits of the fit, i.e. the fitting

range.

offset A constant background is added to the fit.

sigma (--sigma, -s) States the electron energy resolution in eV (FWHM).

Table 4.2: Parameters in AE.py concerning the fitting process of the analysis software.
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Figure 4.6: An example of a fitting plot that is saved by AE.py (He+ with a resolution of the experiment of
150 meV (FWHM)). On top, the name of the data file can be seen. In green, the resulting AE
and the exponent alpha are displayed.

The second group of optional arguments are the fitting arguments, which actively influence the fitting pro-

cess. There are six parameters that can be set in the software (Table 4.2). Only three of these can be set via

the command line: the exponent alpha (--alpha, -a), the linear background (--linearbackground),

and the electron energy resolution sigma (--sigma, -s). The other parameters can be specified in the

configuration file in the filelist mode. A line in such a configuration file could possibly look like the

following: Z:\path\to\filename.txt ea=12 alpha=2 linearbackground=False min=8 max=18
offset=10 sigma=0.75.
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Here, the file filename.txt in the folder Z:\path\to\filename will be fitted in the range between 8 and

18 eV. A wild guess for the appearance energy is 12 eV, the exponent is fixed at 2, no linear background

should be included, but an offset of 10 is set. The electron energy resolution of the system is set to 750

meV. The influence of all the parameters on the resulting appearance energy will be discussed now.

4.4.1 Parameters of the Analysis Software

ea: Guess for the Appearance Energy

ea is the initial guess for the appearance energy (AE), which is used in the fitting function in the pro-

gram as a starting value for the parameter AE, before the least-square method is applied. Generally, the

parameter ea has little to no influence on the resulting AE. This is portrayed in Figure 4.7 for three differ-

ent curves that were fitted with AE.py with different values of ea. The fragments whose recorded curves

were fitted are m/z 27 (HCN+) of Adenine (taken during the study that is presented in Section 5.1 [22]),

m/z 122 (C6H4NO +
2 ) of 1,4-Dinitrobenzene, and m/z 168 (C6H4NO +

4 ) of 1,2-Dinitrobenzene which were

both recorded for an AE-study on Explosives during my Master and PhD Thesis. In Figure 4.7 ea=0means

that the value for ea was not specified and a default value of 10 eV was assumed by the software. As one

can see, the resulting AE are quite uniform no matter of the assumed ea, so in general we can say, that one

should not worry about the ea. However, in some cases, the software has problems to converge right, this

problem in then often solved by setting a right ea. Specifying an initial value for the AE can also be useful,

when fitting a curve with two onsets and therefore using the linearbackground parameter, which will be

explained later. In this case, giving the program a right ea can be absolutely crucial.
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Figure 4.7: The result of the fitting of three different curves with different values for the parameter ea. ea=0
means that the ea was not specified.
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min & max: The Fitting Range

The fitting range is probably the most important parameter when fitting ion efficiency curves with AE.py.

The influence of both the lower and the upper limit of the fitting range on the appearance energy is displayed

in Figure 4.8 for the fitting of the ion efficiency curve of m/z 27 of Adenine with different lower and upper

limits of the fitting range. If the fitting range ends just about 1 or 2 eV above the expected AE, the fitting

procedure does not work properly and a value for the appearance energy is obtained that is too low. This is

due to the fact that if the upper limit of the fitting range is too low, the exponent is overestimated since it lies

in the rounded part of the curve. However, if the upper limit is shifted to higher energies (6 eV above the

estimated AE and higher), the calculated AE becomes constant and stabilizes. Naturally, this phenomenon

depends on the shape of the ion efficiency curve, for example this effect is less visible in Helium, since it

has a very sharp onset, but is nevertheless representative for all ion efficiency curves. As seen in Figure 4.8,

the lower limit of the fitting range has hardly any influence at all on the AE, provided that the background

is constant.

Figure 4.8: The result of the fitting of m/z 27 (HCN+) of Adenine when changing the lower and the upper
limit of the fitting range.

alpha (α): The Exponent

The problem with the exponent alpha is that besides for hydrogen, no value has been theoretically calcu-

lated. For hydrogen, the exponent should be 1.127, for all other atoms or molecules, the value should be

above that [223, 224]. For example, Figure 4.6 shows the fitted curve of a helium cation He+ for which an

exponent of 1.183 was obtained. An important thing to note is that the exponent of the fit is closely related
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to the appearance energy. Figure 4.9 shows a plot that is equivalent to Figure 4.8 - the same fits to the same

curve (m/z 27 of Adenine). It becomes clear that at certain fitting ranges, when the AE is substantially un-

derestimated, the value for the exponent is very high. So the key to get a reliable value for the appearance

energy is to closely watch the exponent. My tests and evaluations showed that for a dependable result the

exponent should be between 1 and 2.5. The key for a successful fit is to vary the fitting range and find the

region in which the exponent becomes stable.

In some cases, the fitting function will not converge properly, i.e. with a low alpha. Here it is useful to

fix the exponent (2 is always a good starting value), to force the curve to converge properly.

Figure 4.9: The result of the fitting of m/z 27 (HCN+) of Adenine when changing the lower and the upper
limit of the fitting range. This plot is equivalent to Figure 4.8, but here the exponent alpha (α)
is shown on the z-axis.

offset: The Constant Background

With the option offset the parameter background can be set to a certain constant value. This option is

helpful for example if the fitting curve does not converge correctly. If the background is then manually set

to zero - and maybe also the exponent fixed - then the fit is applied correctly in almost all the time. A bad fit

can be also spotted with the help of the exponent. If the attained offset is negative, the fitting curve almost

all of the time does not fit properly.
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linearbackground: The Linear Background

The option linearbackground adds a background in the form a + bx instead of a constant background.

It is extremely helpful if the ion efficiency curve exhibits two or more onsets. While the first onset can be

fitted with just a constant background, to fit the second onset, a linear background is needed, to approximate

the slope between the first and the second onset. This is portrayed in Figure 4.10 for the m/z 40, which is

NCN+ of Adenine [259]. The onset of the first fit was found to be 15.67 ± 0.3 eV and the second one at

18.52 ± 0.4. The second fit in green shows a clear linear slope at energies smaller than the onset, which fits

the slope of the ion efficiency curve very well.
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Figure 4.10: Fitting of m/z 40 (NCN+) of Adenine. For the two onsets two fits have been performed, for
the second one using linearbackground.

An important point to note is that our software approaches the fitting problem of ion efficiency curves

more in a phenomenological way rather than a theoretically completely correct way. Since we mostly look

at polyatomic molecules, whose exponents do not have a simple physical basis, the correct way to proceed

would actually be to add up different Wannier functions. Not only one process is involved in the ioniza-

tion and fragmentation of these polyatomic molecules, so the addition of several ionization channels (all of

which have probably a bit different thresholds) will lead to a superposition of the curves of these processes,

which could be approximated by a superposition of several individual Wannier functions, as portrayed in

Figure 4.11 [249]. The next step for the further development of the software would be to include these

superpositions, which would definitely be a challenging task to manage.
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Figure 4.11: Simulation of a sum cross section σ(E) that is produced via three different states that start at
the thresholds Ei=11, 12, and 13. and have different individual Wannier exponents 1.13, 1.26,
and 1.35, respectively [249].

4.4.2 A Typical Fitting Procedure

The first thing when fitting an ion efficiency curve is to fit the curve in a reasonable range and not fixing any

parameters except the electron energy resolution. After the curve has been fitted, the fit has to be checked

visually and it has to be made sure if the obtained parameters make sense, i.e. realistic values for alpha

and the offset as well as AE. No matter if one is satisfied with the resulting fit or not, several more fitting

attempts should be made with varying parameters. The most important parameter to vary is the upper limit

of the fitting range, which should usually be 3 to 6 eV above the expected appearance energy. The correct

AE should lie in a region, where it does not change much anymore when varying max. Additionally, the

resolution sigma should be varied in the region of ± 0.1 eV. A good tip is to load the curve and fitting

data into Origin or any other evaluation software to closely inspect the fit of the fitting curve close to the

threshold.

When after the first inspection it is clear the the fitting curve is not fitting properly, the reason for that

has to be established. This could either be due to a wrong estimation of a background (⇒ fix the offset),

the presence of a linear background (⇒ set linearbackground=True), an overestimation of the exponent

alpha (⇒ fix alpha on a lower value), or an energy resolution that is too small for the fit to converge

(⇒ enlarge sigma).

But one always has to keep in mind that every ion efficiency curve has a different shape, so there is

no universal recipe for the fitting of ion efficiency curves. The most important thing is just to vary a lot

of different parameters and to always check visually if the fitting curve looks good and all the obtained

parameters are reasonable.
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5 Results and Discussion

5.1 Electron Interaction with the Nucleobases Adenine and Hypoxanthine

In this chapter a study on electron interactions with the two purine nucleobases adenine (Ade; C5H5N5)

and hypoxanthine (Hyp; C5H4N4O) (see Figure 5.1) is presented. As already discussed in Chapter 2, low-

energy electrons can induce serious damage in biological tissues. In this study two different ionization

techniques (Electron Ionization (EI) and Dissociative Electron Attachment (DEA)) were used to get a com-

plete overview of the processes induced by electrons with energies between 0 and 30 eV [101]. In Figure 5.2

the integral cross section of several process upon electron interaction in amorphous ice can be seen. This

clearly shows that in our energy region of interest, which is below 30 eV, dissociative electron attachment

and electron ionization are among the most dominant processes in this energy range and are therefore both

essential processes in the damage induced by ionizing radiation via low-energy electrons [260].
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Figure 5.1: Chemical Structures of Adenine and Hypoxanthine

Since adenine and hypoxanthine are two essential components of the human body, it it important to study

the effects of ionizing radiation and consequently of low-energy electrons with these two molecules. The

results of the study on electron ionization to adenine and hypoxanthine was published in Physical Chemistry

Chemical Physics in 2014 [22]. A publication about the DEA to hypoxanthine was recently published in

The Journal of Chemical Physics [261].
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Figure 5.2: Integral cross section ascribed to the sum of dissociative electron attachment (σDA), electronic
excitations (σelectr), and ionization (σion) processes in amorphous ice [260]. Additionally the
electron scattering cross section reported for electronic excitations of water in the gas phase
(–+– [262]) and the measured total electron impact ionization cross section for water in the gas
phase (–o– [263]; –▽– [264]) are shown. Image taken from [260] and [29].

5.1.1 Introduction

Adenine is one of the most essential molecules in the human body, since it is one of the four nucleobases

that are the basic constituents of the DNA and are in that way responsible for the storage of information,

such as the encoding of proteins [11, 75] (see Section 2.2 for more information). Additionally, Ade is also a

part of a set of polymers that are chemically related, which are called RNA (Ribonucleic acid). These RNA

molecules can have several different functions in the human body such as carrying messages (messenger

RNA (mRNA)) or translating these messages into proteins (transfer RNA (tRNA)) [75]. Adenine is also an

essential part of the most important and versatile carrier molecules in cells, ATP (adenosine triphosphate)

that can store energy very efficiently, which is necessary for important chemical reactions to take place in

cells [11].

Oxidative deamination of adenine leads to the formation of 6-oxopurinehypoxanthine, usually called hypo-

xanthine, which has a structure very similar to Guanine (Gua), only lacking its exocyclic amino group at the

C(2) position [265–267]. The structures of both adenine and hypoxanthine are displayed in Figure 5.1. The

deamination process can either happen via spontaneous hydrolysis [268–270] or much faster when interact-

ing with free radicals such as the hydroxyl radical OH•, the nitric oxide NO, or the nitrous acid HNO2 [268,

271–273]. As already discussed in Section 2.2.3, such deamination processes can cause dangerous genomic

mutations that can lead to cell death or cancer, if they are not repaired [274]. Since Hyp is structurally sim-

ilar to the nucleobase guanine it possesses also the same hydrogen-bonding pattern. This bonding pattern

is complementary to cytosine (Cyt) with which Hyp can pair during DNA replication, forming a Hyp ·Cyt

base pair [265, 268]. In this way, deamination of adenine and thymine can lead to a Ade ·Thy→Gua ·Cyt

transition [269, 275, 276].
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Additionally, the nucleoside of hypoxanthine, which is called inosine (Ino) is a bio-synthetic precursor

of the purine nucleosides adenosine and guanosine [76]. Inosine occurs naturally in tRNA as well as in

double-stranded RNA, mRNA, and also viral RNA [268, 277]. Hypoxanthine is often found in the so-called

”wobble pairs” of tRNA, more precisely three of the four wobble base pairs in RNA contain hypoxanthine:

Hyp ·Ura, Hyp ·Ade, and Hyp ·Cyt [267]. Hypoxanthine can form pairs with each of the natural bases and

is therefore called a ”universal” nucleobase. If hypoxanthine binds to a deoxyribose sugar, it can adopt two

different orientations and in this way creates two hydrogen-bonding for the interaction with any of the four

natural nucleobases [268, 278].

Hypoxanthine is a derivative in purine metabolism in the human body, during which it is oxidized to

xanthine (Xan), which can be further oxidized to uric acid. Failures or disturbances in this metabolism can

lead to an increased level of uric acid in the human body. This can cause crystals of sodium hydrogen urate

monohydrate to deposit in joints, which can have severe and painful effects on humans [279].

In addition to the essential functions of adenine and hypoxanthine in the human body, their possible

formation and existence in interstellar media makes them very interesting for the study with low-energy

electrons [280]. Strong evidence suggests that these purine nucleobases can and have been formed in

outer space, although both Ade and Hyp have not yet been detected in the interstellar medium (ISM) [281,

282], but cyanomethanimine, which can possibly act as a precursor for the formation of adenine, has been

found [283]. One possible pathway for the production of adenine and hypoxanthine, among other purine

nucleobases such as guanine, in space is the formation from UV-irradiated formamide solutions [281, 284,

285]. To study abiotic synthesis of purine nucleobases is of special interest, considering that early proto-

RNA polymers most probably contained only purine nucleobases [286–288]. Formamide stands out as

a potential probiotic starting material since it contains all four elements that build up nucleobases (C, H,

N, and O), and because it is relatively stable, can react in a very versatile way and is less volatile than

water [289–291]. It was found that it is possible to produce the purine nucleobases guanine, adenine, and

hypoxanthine in single model prebiotic reactions at temperatures of about 130 ◦C and higher in formamide

solutions that are irradiated with UV light [282].

A second pathway gives way to the assumption that purine nucleobases can be formed on Titan, the

biggest moon of the planet Saturn [281]. It has been shown some years ago that Ade can be formed in an

aerosol environment that simulates Titan’s atmosphere during interaction with soft X-rays and secondary

electrons [292]. In DFT computations it has also been shown that several nucleobases can be produced

in environments that are rich in nitrogen and HCN, which corresponds to an atmosphere that is similar

as that on Titan. In conditions like this, free radical routes are enhanced, which supports the theory that

nucleobases can be synthesized in interstellar media in the presence of •CN [281].

Both Adenine and Hypoxanthine have also been detected in several meteorites. The majority of these

meteorites were carbonaceous chondrites, which are a sub-species of stony meteorites. CI and CM car-

bonaceous chondrites are primitive solar system materials that are rich in carbon (up to 3% of their weight)

and which can be found in the form of carbonates or any organic compounds. One of these meteorites, a

CM carbaceous chondrite called Murchison, contained a vast range of organic molecules. Over 70 extrater-

restrial amino acids and other molecules such as fullerenes and alcohol have been found, among them also
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the nucleobases adenine and hypoxanthine [293]. The Murchison meteorite is one of the few non-Antarctic

carbonaceous chondrites that was analyzed for purine and pyrimidine nucleobases [294]. Significant traces

of both Ade and Hyp have been found since then in meteorites found in Antarctica [294, 295]. It is possible

that Adenine plays an important role in the synthesis of larger biomolecules in outer space as well as on pre-

biotic earth, which makes it even more interesting to study, also from an astrobiological point of view [280].

5.1.2 Experimental Considerations

The experiments that lead to the results presented in Section 5.1.3 and 5.1.4 were performed on the exper-

imental setup that is presented at length in Chapter 3. At this point, I will note experimental details that

were essential during the measurements.

The experiments with adenine and hypoxanthine were performed during a time span of about 4 months in

late 2013 together with M. Michele Dawley of the Radiation Laboratory of the University of Notre Dame,

USA. Both the monochromator and the vacuum chamber were cleaned in advance to the experiments, which

led to an excellent base pressure of ∼ 8·10−8 mbar and a resolution of 100 - 140 meV (FWHM) at an electron

current between 10 and 30 nA. The samples of adenine (CAS-Number: 73-24-5) and hypoxanthine (CAS-

Number 68-94-0) were purchased from Sigma-Aldrich. Both samples were of a stated purity of ≥ 99% and

had the form of white crystalline powders.

After inserting a sample, positive mass scans at 70 eV were recorded while the samples were heated

up in a copper oven, up to a point where a sufficiently high ion signal of the sample was observed. For

the recording of the ion efficiency curves, the temperature was kept stable to provide comparable con-

ditions for all scans. Adenine was heated up to 421 K, while for hypoxanthine a higher temperature of

453 K was needed to achieve an adequate signal. Both these temperatures are well below the correspond-

ing melting points of the compounds (633 K for adenine [296] and 573 K for hypoxanthine [297]). For

hypoxanthine, a decomposition half-time of one year has been reported for a temperature of 373 K. The

most common decomposition products of hypoxanthine are 4,5,6,-triaminopyrimidine and aminoimidazole

carboxamide [298]. Since hypoxanthine was heated up higher than 373 K, we were always checking for

these fragments to make sure no thermal decomposition had occurred. Aminoimidazoe carboxamide was

observed once during the measurements, at which point the sample was changed and the last measurements

recorded with the sample were repeated to make sure that decomposition has not influenced our results.

The temperature of the sample was measured with a Pt100 resistor which was mounted inside of the wall

of the copper oven, to make sure the right temperature was measured.

The calibration of the electron ionization experiments was done by recording the ion efficiency curve of

helium before and after each measurement and correcting the measurements by means of the well-known

ionization energy of helium (24.6 eV [299]). The ion efficiency curves obtained by dissociative electron

attachment were calibrated by means of the well-known DEA reaction

e− + CCl4 −−−→←−−− (CCl4)−# −−−→ Cl− + CCl •3 (5.1)

which possesses a sharp resonance for Cl– at 0 eV that can be used for calibration [71, 118, 203, 300].
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5.1.3 Electron Ionization of Adenine and Hypoxanthine

As already extensively discussed in Section 2.3.2.2, low-energy electrons with energies smaller than 30 eV

created upon interaction of ionizing radiation with biological tissues, can severely induce damages in the

DNA by chemically changing its components [17, 107, 301]. Therefore both dissociative electron attach-

ment (DEA) and electron ionization (EI) are the most relevant interactions processes to be studied [96].

During electron ionization, an additional secondary electron is released, which can further induce damage.

To get better insight into this interaction process, it is important to study electron ionization, and especially

to determine the threshold energies for all the dissociation reactions.

Since nucleobases are essential components of the DNA, several electron ionization studies with them

have already been undertaken. The first experiments determining the ionization potentials of nucleobases

have been done in the late 1960s by Lifschitz et al. [302]. They determined the ionization energies of several

biological purines and pyrimidines including adenine and hypoxanthine in electron interaction experiments,

and additionally performed quantum-mechanical calculations. However, only the IE of the parent cations

were obtained in this study [302]. A second electron ionization study performed about ten years later also

determined an IE for the parent cation of adenine [303]. A study published in 1982 with selectively labeled

adenine molecules was conducted to get more insight into the unimolecular reaction pathways of adenine

upon electron interaction [304]. No further electron ionization studies on adenine and hypoxanthine have

been performed, except for one recent study by Minaev et al. which focused on the determination of the

cross sections for the formation of positive and negative ions of the nucleobases adenine and guanine,

but also provided an IE for the adenine parent cation [305]. However, the ion current produced by electron

ionization is for the most part produced by fragment ions, so knowledge about the energetics of dissociation

of adenine molecules upon electron ionization and not just the parent molecules is crucial [304].

Additionally to the data of these electron ionization experiments, also data of several photoelectron spec-

troscopy (PES) and photoionization (PI) studies is available [306–310]. These studies for the most part

focused on determining the IE for the parent cation and the AE for the most abundant fragment cations of

adenine. For hypoxanthine, only one photoionization study was performed up to this point to my knowl-

edge, which determined the fragments upon radiation with VUV photons in the range from 8.4 - 21.4 eV,

but did not extract the exact IE [311].

Similar results were obtained by computational approaches to the ionization of adenine and hypoxanthine.

While several computational studies using different methods have been done to determine the vertical [312–

315] and adiabatic [302, 305, 310, 316] IE of adenine, no IEs have yet been determined for hypoxanthine.

Interestingly, in contrast to adenine and hypoxanthine, electron interactions with the other nucleobases

have been studied more extensively. Ionization experiments to cytosine [317, 318], guanine [305, 319],

thymine [320–322], and uracil [323] have been done, and also calculations were used to determine their

ionization potentials [305, 316, 324–327].
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CHAPTER 5. RESULTS AND DISCUSSION

5.1.3.1 Results

The lack of results for the appearance energies for most fragments of adenine and hypoxanthine makes

electron collision studies with these nucleobases important to study, to gain more insight into the damages

of ionizing radiation via low-energy electrons in the DNA. For a combined experimental and theoretical

study, additionally to our measurements, also quantum chemical calculations were undertaken by William

A. Cantrell and Nicole R. Brinkmann to compute the IE of the parent cations as well as optimized structures

of the fragment cations, and the enthalpies of the most probable reaction pathways [22].

In this study the ion efficiency curves close to threshold for the most abundant electron ionization frag-

ments of adenine and hypoxanthine were measured and fitted afterwards with a newly developed fitting

software described in Chapter 4. Six of these ion efficiency curves were presented in the publication that

arose from this work, and which can be found in the following, for each of the compounds of interest [22],

for which also quantum chemical calculations were performed. Several additional results can be found in

the Electronic Supplementary Information of the publication [259] and Section 5.1.3.2. A direct compari-

son of all the AEs of adenine and hypoxanthine is displayed in Table 5.1 and a comparison of our results

with previous experiments can be seen in Table 5.2 for adenine and Table 5.3 for hypoxanthine.
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Electron Q1 Q2ionization of the nucleobases adenine
and hypoxanthine near the threshold: a combined
experimental and theoretical study†

M. Michele Dawley,‡a Katrin Tanzer,‡b William A. Cantrell,‡a Peter Plattner,b

Nicole R. Brinkmann,a Paul Scheier,b Stephan Denifl*b and Sylwia Ptasińska*ac

Electron ionization of the DNA nucleobase, adenine, and the tRNA nucleobase, hypoxanthine, was

investigated near the threshold region (B5–20 eV) using a high-resolution hemispherical electron

monochromator and a quadrupole mass spectrometer. Ion efficiency curves of the threshold regions and

the corresponding appearance energies (AEs) are presented for the parent cations and the five most

abundant fragment cations of each molecule. The experimental ionization energies (IEs) of adenine and

hypoxanthine were determined to be 8.70 � 0.3 eV and 8.88 � 0.5 eV, respectively. Quantum chemical

calculations (B3LYP/6-311+G(2d,p)) yielded a vertical IE of 8.08 eV and an adiabatic IE of 8.07 eV for

adenine and a vertical IE of 8.51 eV and an adiabatic IE of 8.36 eV for hypoxanthine, and the lowest

energy optimized structures of the fragment cations and their respective neutral species were calculated.

The enthalpies of the possible reactions from the adenine and hypoxanthine cations were also determined

computationally, which assisted in determining the most likely electron ionization pathways leading to the

major fragment cations. Our results suggest that the imidazole ring is more stable than the pyrimidine ring

in several of the fragmentation reactions from both adenine and hypoxanthine. This electron ionization

study contributes to the understanding of the biological effects of electrons on nucleobases and to the

database of the electronic properties of biomolecules, which is necessary for modeling the damage of

DNA in living cells that is induced by ionizing radiation.

I. Introduction

Nucleobases are of interest to the radiation research commu-
nity because they are biochemical molecules in cells that can be
damaged by impinging ionizing radiation released by natural
and artificial sources (e.g., in radiation therapy, nuclear reactor
accidents).1–3 Adenine, a purine nucleobase, has a significant
role in biochemistry because it is a main component of DNA
and ATP (the molecule responsible for transporting energy in
cells), thus contributing to both protein synthesis and cellular

respiration. Hypoxanthine is a modified purine nucleobase that
can be formed from the oxidative deamination of adenine and
is present in tRNA, which is necessary for protein translation
in cells. Hypoxanthine is similar to adenine as both contain a
9-membered double ring structure; however, hypoxanthine carries
a carbonyl group in place of the primary amine group on the
pyrimidine ring, as shown in Fig. 1.

The biological effects of high energy radiation on living cells
are usually not produced by the impact of primary radiation but
rather by the large quantity of secondary particles (i.e., photons,
radicals, ions, and low energy electrons) generated along the
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Fig. 1 Molecular structures of (a) adenine and (b) hypoxanthine investi-
gated in this study.
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radiation track.4 Low energy (o30 eV) secondary electrons are the
most abundant of such secondary species and are particularly
relevant to interactions with nucleobases because they have been
shown to induce both single5,6 and double strand breaks in DNA,6,7

causing cell death. Additionally, Monte Carlo simulations, which
can be used to model the effects of radiation damage on cells,
require a detailed knowledge of the products resulting from DNA
damage of biomolecules. These simulations need to include
electron collision cross sections and the associated reaction rates,
which can be determined from low energy electron studies.8,9 Thus,
experimental studies are crucial to biochemical modeling.

Secondary low energy electrons from ionizing radiation (i.e.,
cosmic rays, etc.) can also interact with biomolecules that are
present in space. Electron interactions with biologically-relevant
molecules are important to investigate because of the potential
chemical transformations that can be induced.10 Adenine can
result from smaller molecules under likely prebiotic condi-
tions,11–13 and it has been found in meteorites.14 Additionally, a
possible precursor of adenine, cyanomethanimine, has been
detected in the interstellar medium.15 Thus, adenine is interesting
to the astrobiology community because of its potential role in the
synthesis of larger biocomplexes.10 Hypoxanthine is also a nucleo-
base of interest because it has been detected in meteorites in ppm
concentrations14,16,17 and is a possible prebiotic molecule that can
be formed from smaller molecules, such as formamide, under UV
irradiation and heat and in the presence of minerals.11

The importance of the nucleobases for radiation chemistry
and physics has led to strong interest in the knowledge of their
ionization energies (IEs). For example, a very early work by
Lifschitz et al. determined IEs of several purines, including
adenine, using mass spectrometry.18 Then, the vertical IEs of
several nucleobases, including adenine, were determined using
HeI photoelectron spectroscopy.19 Both studies published the IE
for the adenine parent but not appearance energies (AEs) for its
fragments. Several more recent photoionization studies have
also been published for adenine, which report more accurately
determined IEs.20–23 However, only two of these works20,21 have
provided the photon impact AEs for several fragment cations of
adenine, which are useful for comparison in the present electron
ionization study. An early experimental electron ionization study
selectively labeled adenines to determine the likely reaction
pathways.24 Also, one recent electron collision study of adenine
and guanine provides the absolute cross sections for the positive
fragments from adenine up to 200 eV as well as the IE for the
parent determined from the course scan.25 But to our knowl-
edge, there are no detailed electron ionization measurements
near the threshold region of both the parent and cationic
fragment AEs for adenine. Several computational studies have
published vertical26–28 and adiabatic25,29 IEs for adenine, and
two provide the optimized structure of adenine.25,28 The electron
impact cross sections have also been calculated for adenine,30

and there is one computational study on the probable cleavage
sites of adenine based upon which bond lengths change the
most upon ionization.25 However, the calculated enthalpies for
the major reaction pathways have not been provided in the
literature to date. As for hypoxanthine, the above-mentioned

work of Lifschitz et al.18 as well as a study by Hush et al.19

provided the experimental IE of the parent hypoxanthine mole-
cule. However, there has been only one photoionization study of
hypoxanthine, which provides the fragments but not their AEs.31

There are currently no experimental electron ionization studies
of both the hypoxanthine parent and cationic fragments, and
such electron studies likely yield different AEs for the cationic
fragments compared to photoionization. Also, detailed and
accurate ion efficiency curves near the threshold regions of the
fragment cations derived from the electron ionization of adenine
and hypoxanthine as well as supporting computations are currently
lacking in the literature. From a computational standpoint, the
tautomers of hypoxanthine have been studied32 but not the dis-
sociation pathways induced by electron ionization. More broadly, of
the other main nucleobases, thymine,8,33 uracil,34 guanine,25,35 and
cytosine36,37 have been studied experimentally upon electron ioniza-
tion, and some studies of nucleobases1,25,29,38,39 have performed
high-level quantum chemical calculations to determine the most
stable fragmentation pathways upon electron ionization to assist
with interpretation of the experimental data.

In this study, we report the ion efficiency curves and AEs for the
five most abundant cations formed upon electron ionization at a
high electron energy resolution from both adenine and hypox-
anthine, whose molecular structures are given in Fig. 1. The parent
cation results presented here are compared to other IE studies of
adenine and hypoxanthine,18,19,25,29 and the product cations are
compared with those from photoionization studies20,21,31 and a
recent electron ionization study25 of adenine and hypoxanthine.
The most probable fragmentation products (cation and its neutral
counterpart) are also suggested based upon the lowest energy
computationally-determined structures and enthalpies of the
possible reactions starting from the parent cations. Because of their
similar structures but different functions within the body, the
comparison of the interaction of adenine and hypoxanthine with
low energy electrons is of fundamental interest. Thus, the formation
mechanism of the cations from hypoxanthine is also directly
compared to the formation of the similar fragments from adenine.

Similar to our previous electron ionization studies,40,41 here
we define an AE as the least amount of energy necessary for an
electron to produce a parent or a fragment cation, and this is
the energy necessary to remove a valence electron. AEs of the
positive ions formed upon electron ionization of adenine (Ade)
and hypoxanthine (Hypo) were determined from the threshold
regions of the experimentally-obtained ion efficiency curves,
while computations of the optimized structures were used
to determine enthalpies of the possible reaction pathways
associated with the AEs. The reactions are presented according
to the following general schemes:

e� + Ade - cationic fragment + neutral fragment(s) + 2e�

(1)

e� + Hypo - cationic fragment + neutral fragment(s) + 2e�

(2)

Multiple fragmentation pathways leading to several different
cations and associated neutral species are possible, and this
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investigation explores the electron ionization lowest energy
pathways for adenine and hypoxanthine.

II. Experimental setup and
data analysis

The experiments were performed in a high vacuum chamber (base
pressure B8 � 10�8 mbar) in the Innsbruck Nano-Bio-Physics
laboratory. This instrument has been described in detail pre-
viously.40–42 Briefly, it consists of a high-resolution hemispherical
electron monochromator (HEM) that produces an electron beam
that was crossed with a molecular beam of the sample. The electron
beam from the HEM has a typical energy resolution of 100–140 meV
(full width at half maximum (FWHM)) at typical electron currents of
B10 nA.43 The neutral molecular beam of adenine or hypoxanthine
was produced by heating the powders in a copper oven inside the
chamber to increase their partial pressures. The beam was then
emitted from a capillary attached to the copper oven. Ions formed by
the interaction with the electrons from the HEM were extracted by a
weak electric field towards the entrance of a quadrupole mass
spectrometer (QMS), and detection of the ions was achieved by a
channeltron-type secondary electron multiplier (SEM).

Adenine (C5H5N5, MW = 135 g mol�1) of a stated purity of
Z99% and hypoxanthine (C5H4N4O, MW = 136 g mol�1) of a
stated purity of Z99.0% were both purchased from Sigma-
Aldrich in the form of white crystalline powders. Adenine was
heated to B421 K in the oven, which is below its melting point
of 633 K. Hypoxanthine was heated to B453 K in the oven,
which is below its melting point of B573 K.44 Temperatures
were measured using a Pt100 resistor mounted directly to the
oven wall. When the oven was heated and the samples were
evaporated, the working pressure in the chamber was typically
B2 � 10�7 mbar. Additionally, care was taken to prevent
thermal decomposition of the molecules. At 373 K, the decom-
position half-life of adenine has been reported to be 1 year, with
hypoxanthine and aminoimidazole carboxamide (AICA, MW =
126 g mol�1) being the known decomposition products.45

Although adenine was heated to a slightly higher temperature
(B421 K), the time of one set of experiments was less than
1 week, and AICA was never observed in the mass spectra.
Additionally, only the most stable 9H-adenine46 tautomer,
which is protonated at the N9 location, should be present when
adenine is evaporated.22,47 For hypoxanthine, the half-life has
been reported to be much shorter, about 12 days at 373 K.45

Although it was necessary to heat to B453 K to evaporate
hypoxanthine, experiments were performed quickly (within
only a few days of initial heating) to prevent decomposition.
The mass spectra were monitored for the main decomposition
product, AICA. When this product was observed, a new sample
was immediately placed in the oven. Experiments were then
repeated and continued with a fresh sample as needed.

Typical experiments included recording the mass spectra as
a function of temperature until the parent ion was observed
with a sufficiently high signal. The temperature of the oven was
then kept constant to obtain ion efficiency curves of the most

abundant product ions observed in the mass spectra. Ion efficiency
curves were recorded in energy ranges from approximately 5 eV
below the threshold to approximately 7 eV above the threshold.
Approximately 30 scans for each mass were recorded and averaged.
The energy scale was calibrated to the well-known IE of helium
(24.6 eV)48 by backfilling helium into the chamber to a pressure
of B2 � 10�6 mbar and measuring the ion efficiency curves of
m/z 4 before and after each sample experiment.

The AEs of the cations formed were determined by fitting a
Wannier-type fitting function49 to the experimentally-obtained
ion efficiency curves. This fitting method will be described in
detail in a future publication [K. Tanzer, C. Matias, J. Postler,
L. Sieberer, C. A. Mayhew, P. Scheier and S. Denifl (to be
published)] and is an extension of prior fitting methods.40–42

Briefly, the behavior of the ionization cross section close to the
threshold has been described by Wigner’s formula50 and was
later extended by Wannier49 as follows:

s = C(E � AE)n

where s is the cross section, AE is the appearance energy, C is
the slope of the cross section, n is an exponent that can be
theoretically determined only for hydrogen, and E is the elec-
tron energy. Because the above equation only describes the
behavior very close to the actual IE, a Heaviside step function, y,
was added as follows:

s = C(E � AE)ny(E � AE)

Because under experimental conditions there is a limited
energy resolution of the electron beam, this can also be
approximated by a Gaussian distribution and has to be con-
voluted with the theoretical prediction as follows:

s ¼ C E �AEð Þny E �AEð Þ½ � 1ffiffiffiffiffiffiffiffi
2pr
p e

�1
2
ðEÞ
r

h i2� �

where r denotes the standard deviation of the Gaussian and
represents the energy resolution (typically kept at 1 eV). By
executing a trivial convolution and including a parabolic cylin-
der function, D_(n+1), the following fitting function can be
obtained:

s ¼ Bþ Cffiffiffiffiffiffi
2p
p rnGðnþ 1Þe

� 1
4r2ðAE�EÞ2

n o
D ðnþ1Þ

1

r
ðAE� EÞ

� �

where B is the linear background and G(n + 1) is the gamma
function, an extension of the factorial function. This approach
allows the fitting of all the parameters of the function, includ-
ing energy resolution, background, and the exponent, to the
experimental data to obtain the AEs. A software tool was created
in Python51 programming language in conjunction with
SciPy,52 NumPy,53 and the 2D plotting library, Matplotlib,54

by the Innsbruck laboratory to batch process the data with
different settings. The energy resolution value with which the
data was acquired had a crucial influence on the AEs obtained
when fitting the function to the data. The exponent also played
a critical role and was treated with care. The necessary inputs
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included the energy resolution and electron energy range, while
the linear background, a starting value for the AE, and an offset
could also be included but were not necessary. Errors for the
obtained AEs were determined by fitting each data set to several
different reasonable ranges and then taking the mean value.

III. Computational details

Quantum chemical computations were used to determine the
most likely resulting fragments from the dissociation process.
Because only the masses of the structures could be determined
from the experiment, the geometries of all possible cationic frag-
ments at specified masses were optimized. Harmonic frequencies
were computed to confirm the structure minima and to obtain
zero-point corrections to absolute energies. In some cases, more
than one fragment had a specific mass, and for those, we calculated
all possible cations and the most likely corresponding neutral
species to identify the lowest energy resulting fragments (e.g., for
the m/z 108 cation of hypoxanthine, both C4H2N3O+ and C4H4N4

+

with their respective possible neutral species were considered). The
most energetically stable combination, determined by calculating
reaction enthalpies from the parent cations, was then used to
determine the most probable fragment cation for that mass. All
computations were performed using the Gaussian 09 program
package,55 and the methods have been described previously.56

Briefly, B3LYP57,58 with the 6-311+G(2d,p)59,60 basis set, was
used in all geometry optimizations and frequency calculations.
This basis set is obtained for H, C, N, and O from the 6-311
basis61 by adding diffuse functions and two sets of d functions
on oxygen atoms and two sets of p functions on hydrogen.

The basis set has the following contraction schemes: H(6s,2p/4s,2p),
C(12s,6p,2d/5s,4p,2d), N(12s,6p,2d/5s,4p,2d), O(12s,6p,2d/5s,4p,2d).
The default temperature of the computations was 298 K. However,
because the molecules in the experiment were heated in the oven to
B420–450 K, we performed a thermal correction62 at up to 500 K to
determine if the increase in temperature would alter the energetics
obtained by the calculations. We found that for a maximum
temperature increase of 200 K (from 300 K to 500 K), the increase
due to the thermal corrections is approximately 0.3 eV for the
individual enthalpy values of each species (cations and neutral
species) from hypoxanthine and adenine.

IV. Results and discussion
4.1. Mass spectra of adenine and hypoxanthine

Mass spectra of the cations formed upon electron ionization of
adenine and hypoxanthine at an electron energy of 70 eV are
shown in Fig. 2. The parent cations and the five most abundant
fragments from each molecule in the mass range of m/z 25–150
are labeled. For adenine, these include: C5H5N5

+ (m/z 135),
C4H4N4

+ (m/z 108), C3H3N3
+ (m/z 81), C2H2N2

+ (m/z 54), C2HN2
+

(m/z 53), and HCNH+ (m/z 28). For hypoxanthine, these include:
C5H4N4O+ (m/z 136), C4H2N3O+ (m/z 108), C3H3N3

+/C3HN2O+

(m/z 81), C2H2N2
+/C2NO+ (m/z 54), C2HN2

+ (m/z 53), and
HCNH+/CO+ (m/z 28). The cation at m/z 108 for hypoxanthine
is not one of the five most abundant but was chosen for
discussion because of the analogous high signal at this mass
in the adenine mass spectrum. With very few exceptions, all of
the cations observed and their relative abundances are consis-
tent with those in the NIST spectra.48 They are also consistent
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with the mass spectra of adenine and hypoxanthine at 70 eV
reported by Rice and Dudek.63 The most abundant cations of
adenine are the same as the most intense ions observed using
VUV. The mass spectrum of hypoxanthine is also similar to that
reported in a photoionization study observed at B21 eV (ref. 31)
and a recent electron collision study in which the mass spectrum
was measured at 95 eV.25 Of note, similar to prior studies, we
also observe that adenine displays a higher degree of fragmenta-
tion than hypoxanthine at 70 eV, in spite of the fact that the
6-membered pyrimidine ring of adenine is fully aromatic and
more stable.31,63 Additionally, our signals for m/z 28 were higher
than the parent cations of both molecules, which were due to a
N2 contribution, as discussed in Sections 4.4 and 4.5.

4.2. Adenine and hypoxanthine ion efficiency curves

We measured ion efficiency curves near the threshold regions for
the parent cations and the five most abundant fragment cations
of adenine and hypoxanthine and used the fitting procedure (see
Section II above) to determine the corresponding AEs. Fig. 3
presents the ion efficiency curves (open circles) and the corre-
sponding fits (solid red curves) for the parent cation of adenine,
C5H5N5

+, and its fragments, C4H4N4
+ and C3H3N3

+ (a) compared
to the parent cation of hypoxanthine, C5H4N4O+, and its frag-
ments, C4H4N4

+/C4H2N3O+ and C3H3N3
+/C3HN2O+ (b). Fig. 4

presents the ion efficiency curves (open circles) and the corres-
ponding fits (solid red curves) for the fragments, C2H2N2

+,
C2HN2

+, and HCNH+, which result from the electron ionization

of adenine (a) compared to the fragments, C2H2N2
+/C2NO+,

C2HN2
+, and HCNH+/CO+, which result from the electron ioniza-

tion of hypoxanthine (b). Table 1 presents a comparison of the
cationic fragments and determined AEs from both molecules.
See the ESI† for Tables S1 and S2, which include the other minor
cationic fragments of adenine and hypoxanthine, respectively,
and their determined AEs from their ion efficiency curves.

4.3. Adenine and hypoxanthine parent cations

The parent cation of adenine has an AE value of 8.70 � 0.3 eV,
which, as expected, is the lowest of all cations measured in
this work. From this experimental AE value and the heat of
formation (DfH1) of adenine (2.13 eV),20,64 we obtain a DfH1 of
B10.8 � 0.3 eV (1045 kJ mol�1) for the parent cation, which is
higher than reported in the prior photoionization study by
Jochims et al. (998 � 11 kJ mol�1).20 Our calculated adiabatic
and vertical IEs for the optimized structure of the adenine
parent cation (with loss of electron from the HOMO) are 8.07 eV
and 8.08 eV, respectively, which are both lower than our experi-
mental AE. The experimental AE value is in good agreement with
the vertical IE for adenine (8.91 � 0.1 eV) measured by Lifschitz
et al., who used a semi-logarithmic extrapolation to determine
the AEs from mass spectrometry studies.18 Our experimental AE
for adenine is also in good agreement with the electron impact
IE (8.8 � 0.2 eV) published by Minaev et al.25 Similarly, our
calculated adiabatic IE is in good agreement with their adiabatic
IE (B3LYP/6-31G) of 7.98 eV.25 Hush and Cheung used HeI
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Fig. 3 Ion efficiency curves showing the threshold regions for (a) C5H5N5

+, C4H4N4
+, and C3H3N3

+ cations from adenine (left column) at an oven
temperature of 421 K and for (b) C5H4N4O+, C4H4N4

+/C4H2N3O+, and C3H3N3
+/C3HN2O+ cations from hypoxanthine (right column) at an oven

temperature of 453 K measured upon electron ionization of the molecules.
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photoelectron spectroscopy (PES) to measure the vertical IE of
adenine and found a value of 8.44 eV � 0.03 eV, which also agrees
with our experimental value within error. Another photoelectron
spectroscopy study suggested that their IE of B8.5 eV results from
the loss of an electron from the highest occupied p molecular
orbital.65 Several photoionization studies have also reported on the
ionization of adenine, which all report slightly lower IEs than our
experimental electron ionization AE. Bravaya et al. reported an
onset at 8.20 � 0.05 eV from their photoionization efficiency curve
and a corresponding computed adiabatic IE of 8.13 eV for ade-
nine,23 which agrees well with our theoretically-determined value.
Touboul et al. also reported a value of 8.267� 0.005 eV for the IE of
gas-phase adenine upon VUV photoionization,22 and Jochims et al.
reported an adiabatic IE of adenine of 8.20 � 0.03 eV from their
photoionization yield curve.20 Thus, our experimental and theore-
tical IEs for adenine agree well with those currently in the literature.

In our experiment, the parent cation of hypoxanthine has an
onset of 8.88 � 0.5 eV, which is similar to our AE value for
adenine. Our calculated adiabatic and vertical IEs for the
hypoxanthine parent cation (with loss of electron from the
HOMO) are 8.36 and 8.51 eV, respectively. The value given for
the experimental fit in the case of hypoxanthine is in agreement
with the theoretical values, within error. The only previous
electron impact IE report of the parent cation of hypoxanthine
was written by Lifschitz et al.,18 who reported a value of 9.17 �
0.01 eV. Hush and Cheung19 also measured the vertical IE of
hypoxanthine with PES and reported a value of 8.89 eV, which
agrees very well with our experimental value. Our results are
further supported by a prior photoelectron study on hypox-
anthine which suggested that their energy band at 8.88 eV,
which is in very good agreement with our experimental AE,
was due to loss of an electron from the highest occupied
p molecular orbital.66 Our calculations also show that the
electron is lost from a p orbital in both adenine and hypox-
anthine to form the parent cations at the lowest vertical
ionization. Of note, when compared with electron ionization
studies of other nucleobases, the AE value we obtain for the
parent cations of adenine and hypoxanthine are both
higher than that of guanine (8.1 � 0.2 eV)35 but are both lower
than the AE of the parent cation of uracil (9.58 � 0.08 eV).34

Uracil only contains one ring (a pyrimidine), but adenine,
hypoxanthine, and guanine all also contain an imidazole ring,
which could lower the IE because of its ability to hold the
positive charge.
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Fig. 4 Ion efficiency curves showing the threshold regions for (a) C2H2N2
+, C2HN2

+, and HCNH+ cations from adenine (left column) at an oven
temperature of 421 K and for (b) C2H2N2

+/C2NO+, C2HN2
+, and HCNH+/CO+ cations from hypoxanthine (right column) at an oven temperature of 453 K

measured upon electron ionization of the molecules.

Table 1 Comparison of appearance energies (AEs) for the major cations
produced upon electron ionization of adenine and hypoxanthine

Adenine Hypoxanthine

Cation
Mass
(m/z)

Experimental
AE (eV) Cation

Mass
(m/z)

Experimental
AE (eV)

C5H5N5
+ 135 8.70 � 0.3 C5H4N4O+ 136 8.88 � 0.5

C4H4N4
+ 108 11.70 � 0.2 C4H4N4

+/C4H2N3O+ 108 12.22 � 0.2
C3H3N3

+ 81 14.14 � 0.5 C3H3N3
+/C3HN2O+ 81 13.40 � 0.2

C2H2N2
+ 54 14.55 � 0.3 C2H2N2

+/C2NO+ 54 14.10 � 0.3
C2HN2

+ 53 16.72 � 0.5 C2HN2
+ 53 15.58 � 0.5

HCNH+ 28 13.05 � 0.5 HCNH+/CO+ 28 13.79 � 0.4
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4.4. Major electron-induced cationic fragments of adenine

A list of possible fragmentation reactions from adenine (invol-
ving the most abundant cations) and the calculated reaction
enthalpies from the parent cation are shown in Table 2. The
optimized lowest energy cation structures from adenine are
displayed in Fig. 5, and for those reactions involving an intact
neutral, the calculated neutral structures are given in Fig. 6.

The cation m/z 108 from adenine must represent a conformer of
C4H4N4

+ and is formed according to the following general reaction:

e� + C5H5N5 - C4H4N4
+ + HCN + 2e� (3)

The C4H4N4
+ species forms via neutral HCN loss at the

N1 and C2 positions of the pyrimidine ring (see Fig. 1 for

atom numbering) as determined from our calculations of the
lowest energy cation for this mass. This structure Q3is in agree-
ment with the recent study by Minaev et al., as shown in their
Fig. 7(b).25 Additionally, it should be noted that the N3 atom
picks up a hydrogen atom in the formation of the most stable
conformer. Although our calculations do not explicitly show
from where the hydrogen is obtained, it can be inferred that a
hydrogen moves from the NH2 group to the N3 position as the
C–N bonds break in the pyrimidine ring. Throughout this
process, the imidazole ring is kept intact, and the formation
of this cation and the neutral HCN from the adenine parent
cation has the lowest enthalpy of all the electron-induced
fragmentation reactions (95.9 kcal mol�1). Thus, electron ioni-
zation induces pyrimidine ring breakage as a favorable pathway
to adenine dissociation. This is in contrast to the traditional
belief that 6-membered rings are more stable and have less
strain energy than 5-membered rings; the stability of the
imidazole ring may be related to the aromaticity of the com-
pound due to orbital overlap.67 Of note, Rice and Dudek
suggested that the neutral loss of HCN from adenine does
not originate from just one site on the parent molecule.63

However, isotopic studies of adenine observed 490% specifi-
city for initial loss of HCN from the N1 and C2 positions,24,68

which is in agreement with our calculated lowest energy frag-
ment at m/z 108. Additionally, one of the isotopic studies also
suggested that N7, N9, and C8 are retained in the m/z 108
(C4H4N4

+) cation68 of adenine, suggesting that the imidazole
ring is stable enough to remain intact during this initial
fragmentation, which, as mentioned above, is supported by
our calculations. The experimental AE value for the formation
of m/z 108 is 11.70 � 0.2 eV in our work. Our AE value is close to
the AE value of 11.56 � 0.05 eV determined in the photoioniza-
tion study by Jochims et al. for m/z 108.20 However, our value
is slightly lower than the AE determined for C4H4N4

+ from
adenine (12.3 � 0.1 eV) by Pilling et al. using the photo-
electron-photoion coincidence technique (PEPICO).21 From
our determined AE value for m/z 108 and the DfH1 of adenine
(2.13 eV)20,64 and HCN (1.40 eV),64 we obtain a DfH1 of the
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Table 2 List of possible fragmentation reactions from adenine upon
electron ionization and calculated (B3LYP/6-311+G(2d,p)) enthalpies
(ZPE) for each reaction starting from the adenine cation. The enthalpies
are computed using the lowest energy conformer of the cation

Cation + neutral
(from adenine cation)

Cation
mass (m/z)

B3LYP/6-311+G(2d,p)
enthalpy (kcal mol�1)

(3) C4H4N4
+ + HCN 108 95.9

(4a) C3H3N3
+ + 2HCN 81 102.9

(4b) C3H3N3
+ + C2H2N2 81 140.1

(5a) C2H2N2
+ + 3HCN 54 134.5

(5b) C2H2N2
+ + C3H3N3 54 138.5

(6a)a C2HN2
+ + 3HCN + H 53 191.8

(6b)a C2HN2
+ + C3H4N3 53 112.8

(7a) HCNH+ + 3HCN + CN 28 182.6
(7b) HCNH+ + C4H3N4 28 148.5

a An alternative reaction involves C2H2N2
+ formed in (5a) - C2HN2

+ +
H (requires an additional 57.2 kcal mol�1); see Section 4.4.

Fig. 5 Optimized structures (B3LYP/6-311+G(2d,p)) for the parent mole-
cule adenine and the major cations from adenine. Two low energy cations
for m/z 81 were found, and the energy for the structure (2) relative to the
energy for the structure (1) is shown.

Fig. 6 Optimized structures (B3LYP/6-311+G(2d,p)) for the most stable
neutral species that accompany the cations in reactions (4b), (5b), (6b), and
(7b) resulting from electron ionization of adenine.
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C4H4N4
+ cation from adenine of B12.4 � 0.2 eV (1199 kJ mol�1),

which is within the error of the reported value (1187� 12 kJ mol�1)
from photoionization of adenine.20

The cation of adenine at m/z 81 (C3H3N3
+) has been reported

to result from the loss of two neutral HCN molecules,20,63

as follows:

e� + C5H5N5 - C3H3N3
+ + 2HCN + 2e� (4a)

A recent study by Afrosimov et al. suggests that the C3H3N3
+

at m/z 81 is not formed from the loss of two HCN groups but
rather from the loss of the neutral fragment, C2H2N2, from the
parent adenine, which they suggest is the more favorable
pathway.69 Thus, we also considered the following reaction in
which an intact neutral fragment is the byproduct:

e� + C5H5N5 - C3H3N3
+ + C2H2N2 + 2e� (4b)

However, the enthalpy leading to these products from the
parent cation is 140.1 kcal mol�1 according to our calculations
and therefore is less favorable than the formation of two
neutral HCN molecules, which requires only 102.9 kcal mol�1.
Also, we calculated two low energy conformers for the m/z 81
cation C3H3N3

+, and we can conclude that it is formed from the
parent adenine through the loss of two HCN molecules from
the C6, N1, and C2 positions on the pyrimidine ring and from
the amino group, while the imidazole ring again remains intact
similar to the C4H4N4

+ cation. The lowest energy conformer of
the C3H3N3

+ cation requires C5 to pick up a hydrogen. While
the source of this hydrogen could not be explicitly determined
from the calculations, it likely originated from the NH2 group.
A second conformer was calculated in which a hydrogen is
picked up by N3, but this structure is B15 kcal mol�1 (0.65 eV)
higher in energy than the lowest energy conformer of the
cation. Of note, in a recent study, Mineav et al. suggested that
this second conformerQ4 (in their Fig. 7(d)) at m/z 81 is produced
directly from m/z 108 but is thermodynamically unstable.

For the fragment ion formed at m/z 54 (C2H2N2
+), two

possible reactions are considered:

e� + C5H5N5 - C2H2N2
+ + 3HCN + 2e� (5a)

e� + C5H5N5 - C2H2N2
+ + C3H3N3 + 2e� (5b)

The calculated enthalpies from the parent cation leading to
the products in reactions (5a) and (5b) are very similar; and,
surprisingly, the formation of the three HCN neutral species is
only slightly more favorable (4 kcal mol�1 less) compared to the
loss of a C3H3N3 neutral (see Fig. 6 for the neutral structure). It
has been suggested that the loss of multiple HCN molecules
can originate from several locations on the adenine molecule,
as demonstrated by isotopic studies.24,63 Our calculations show
that to form C2H2N2

+ the atoms come from either (1) N3, C4,
C5, and N7 or from (2) N9, C4, C5, and N7 on the parent
adenine. In theQ5 study by Mineav et al.,25 they suggest that the
C4–C5 and C4–N9 bonds are weak in the cation at m/z 81 (see
their Fig. 7(d)) and that its dissociation results in m/z 54.
Interestingly, in our computations, the C4–C5 bond does not
break in the formation of our lowest energy cation at m/z 54

from the parent adenine. Also, we suggest that the formation of
C2H2N2

+ results in disruption of both ring structures. Although
for reaction (5a) we could not determine the source of the
hydrogens in the cation, for the lowest energy cation conformer
involving N3, C4, C5, and N7 in reaction (5b), two hydrogens
are transferred from C8 and N9 to the N3 and C5 positions.
Interestingly, hydrogen transfer to the cation from the NH2

group is not favorable in reaction (5b).
Experimentally, we determined the AE values of m/z 81 and

m/z 54 from adenine to be 14.14 � 0.5 eV and 14.55 � 0.3 eV,
respectively. Based upon the determined AEs of the fragments
at m/z 108, 81, and 54, if the pathways involving HCN loss are
considered (reactions (3), (4a), and (5a)), the successive loss of
HCN groups requires extra energies of 3, 5.44, and 5.85 eV
added to the parent cation, respectively. Thus, if fragmentation
occurs from m/z 81 to m/z 54, it does not require the same
energy as and is less difficult than loss of the two initial HCN
groups (from m/z 136 to 108 to 81). This suggests that breaking
of the imidazole ring is easier after breaking of the pyrimidine
ring. The photoionization AEs reported by Jochims et al. for m/z
81 and m/z 54 from adenine were 12.8 � 0.1 eV and 13.7 �
0.1 eV, respectively,20 which are both lower than our deter-
mined AE values, but their corresponding AEs for all fragments
are consistent with the suggestion that the first two HCN losses
from adenine are the most difficult thermodynamically.17

Pilling et al. determined the AEs of m/z 81 and m/z 54 from
adenine to be 12.4 � 0.2 eV and 14.4 � 0.3 eV, respectively,21

using the photoionization PEPICO technique. Again, their AE
value for m/z 81 is lower than ours, but their m/z 54 AE more
closely agrees with our experimental electron ionization AE for
this cation. From our determined AE value for m/z 81, and the
DfH1 of adenine (2.13 eV)20,64 and HCN (1.40 eV),64 we obtain a
DfH1 of B13.5 eV (1300 kJ mol�1) for the C3H3N3

+ cation from
adenine. Our DfH1 is similar to the DfH1 of 1,2,3-triazine
(1313 kJ mol�1) and 1,3,5-triazine (1194 kJ mol�1),20 which
have both been considered possible intermediate structures of
C3H3N3

+. However, our calculations suggest that the C3H3N3
+

from electron ionization of adenine does not involve
these structures; instead we observed that the final optimized
cationic structure is a remnant that includes the original
5-membered imidazole ring, as discussed above. A similar
recent computational study25 of adenine also excludes the
1,3,5-triazine structure as an intermediate at m/z 81.

The cation at m/z 53 (C2HN2
+) from adenine can form via two

possible reactions:

e� + C5H5N5 - C2HN2
+ + 3HCN + H + 2e� (6a)

e� + C5H5N5 - C2HN2
+ + C3H4N3 + 2e� (6b)

Experimentally, we determined the AE to be 16.72 � 0.5 eV
for the C2HN2

+ cation. Interestingly, our calculations revealed
that the enthalpy is 79 kcal mol�1 lower leading to the products
in reaction (6b) from the parent cation. Thus, the formation of
an intact C3H4N3 neutral (see Fig. 6 for structure) is signifi-
cantly more thermodynamically favorable than formation of
three neutral HCN molecules and one hydrogen. While there
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are multiple possible sources for the C2HN2
+ cation, our

calculations suggest that it originates from either (1) C5, N7,
C8, and N9 or from (2) N7, C8, N9, C4 on the parent adenine to
form a linear cationic structure. In the first possibility, the N9
retains its hydrogen; however, in the second possibility, the
hydrogen is transferred from C8 or N9 to N7. Both pathways
result in the breaking of the C4–C5 bond.

Of note, the recent study by Mineav et al.25 suggested that
hydrogen loss from the C2H2N2

+ results in C2HN2
+ as follows:

e� þ C5H5N5
þ ! C2H2N2

þ þ 3HCNþ 2e�

#
C2HN2

þ þH

(6c)

We calculated the enthalpy starting from the most stable
C2H2N2

+ conformer to form C2HN2
+ and obtained a value of

57.2 kcal mol�1. This enthalpy would be in addition to the
134.5 kcal mol�1 required to form C2H2N2

+ from the parent
adenine cation. Thus, pathway (6c) does not appear competitive
with reactions (6a) and (6b).

Finally, the large signal observed in the mass spectrum at
m/z 28 (HCNH+) from adenine could result from the loss of
three neutral HCN molecules and one neutral CN fragment
upon electron ionization according to the following reaction:

e� + C5H5N5 - HCNH+ + 3HCN + CN + 2e� (7a)

If reaction (7a) is the dominant pathway, formation of
HCNH+ results in the breaking of both ring structures. We
calculated an enthalpy of 182.6 kcal mol�1 to form these
products from the parent cation. Alternatively, an intact neutral
C4H3N4 fragment could be lost when HCNH+ is formed, accord-
ing to the following reaction:

e� + C5H5N5 - HCNH+ + C4H3N4 + 2e� (7b)

Jochims et al.20 and Mineav et al.25 have suggested such a
route from adenine that involves direct bond breakage and
expulsion of the HCNH+ to leave the neutral C4H3N4. Our
calculations show that the enthalpy leading to these products
from the parent cation is actually lower, at 148.5 kcal mol�1,
than the enthalpy leading to the products in reaction (7a) from
the parent cation, which requires 182.6 kcal mol�1. The most
favorable path for reaction (7b) involves cleavage of N1 and C2
from the pyrimidine ring to form a linear cation with the
imidazole ring left intact in the neutral. HCNH+ could also
originate from C8 and N9 as mentioned by Mineav et al.
(see their Fig. 6),25 but this reaction requires an additional
15.4 kcal mol�1 and is thus slightly less likely. In addition, the
C8, N9 pathway is believed to be less favorable because of the
tendency of the imidazole ring to remain intact, as seen in
the m/z 108 and m/z 81 positive ion fragments. Interestingly,
from the optimized structure of the neutral by-product,
C4H3N4, we can discern that a hydrogen is picked up from
the N9 position rather than from the nearby NH2 group on C6
to form the linear HCNH+ conformer. We experimentally deter-
mined the AE value for m/z 28 from adenine to be 13.05 �
0.5 eV. Our AE is in very good agreement with the AE

determined (13.1 � 0.1 eV) in the photoionization study by
Jochims et al.20 and the AE determined (12.9 � 0.3 eV) in the
photoionization PEPICO study by Pilling et al.,21 suggesting
that similar bond dissociation occurs upon electron ionization
compared to photoionization. As previously mentioned, the large
intensity of m/z 28 is due to N2

+ contribution to the signal. This
was confirmed by a second onset AE at 15.6 � 0.2 eV, which is
assigned to N2 background gas in the chamber.

4.5. Major electron-induced cationic fragments from
hypoxanthine

A list of possible fragmentation reactions from hypoxanthine
and the reaction enthalpies from the parent cation are shown
in Table 3. The optimized lowest energy cationic structures
from hypoxanthine are displayed in Fig. 7, and for those
reactions involving an intact neutral, the optimized neutral
structures are provided in Fig. 8. The major cations derived
from the electron ionization of hypoxanthine are similar to
those of adenine, with a few exceptions due to the presence of
the carbonyl group in the hypoxanthine parent structure in
place of the primary amine on the C6 in the pyrimidine ring of
the adenine parent structure.

One such exception is the cation at m/z 108, which could
result either from (1) loss of a HNCH neutral or expulsion of
HCN and a hydrogen atom to form C4H2N3O+ or from (2)
decarbonylation to form C4H4N4

+ and neutral CO,31,63 according
to the following reactions:

e� + C5H4N4O - C4H2N3O+ + HCNH + 2e� (8a)

e� + C5H4N4O - C4H2N3O+ + HCN + H + 2e� (8b)

e� + C5H4N4O - C4H4N4
+ + CO + 2e� (8c)

For hypoxanthine, the preferred process has been suggested
to involve the loss of HCN at the N1 and C2 positions based
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Table 3 List of possible fragmentation reactions from hypoxanthine upon
electron ionization and calculated (B3LYP/6-311+G(2d,p)) enthalpies (ZPE)
for each reaction starting from the hypoxanthine cation. The enthalpies are
computed using the lowest energy conformer of the cation

Cation + neutral (from
hypoxanthine cation)

Cation
mass (m/z)

B3LYP/6-311+G(2d,p)
enthalpy (kcal mol�1)

(8a) C4H2N3O+ + HCNH 108 122.9
(8b) C4H2N3O+ + HCN + H 108 143.8
(8c) C4H4N4

+ + CO 108 22.6
(9a) C3H3N3

+ + HCN + CO 81 83.9
(9b) C3HN2O+ + 2HCN + H 81 157.4
(9c) C3HN2O+ + C2H3N2 81 125.7
(10a) C2H2N2

+ + 2HCN + CO 54 115.6
(10b) C2H2N2

+ + CO + C2H2N2 54 112.3
(10c) C2NO+ + 3HCN + H 54 160.6
(10d) C2NO+ + C3H4N3 54 119.0
(11a)a C2HN2

+ + 2HCN + CO + H 53 172.8
(11b)a C2HN2

+ + C3H3N2O 53 97.5
(12a) HCNH+ + 2HCN + CO + CN 28 163.6
(12b) HCNH+ + C4H2N3O 28 156.7
(12c) CO+ + 4HCN 28 212.1
(12d) CO+ + C4H4N4 28 168.7

a An alternative reaction involves C2H2N2
+ formed in (10b) - C2HN2

+ + H
(requires an additional 57.2 kcal mol�1); see Section 4.5.
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upon isotopic experiments,63 similar to adenine, with the
additional loss of a hydrogen atom to form C4H2N3O+ as in
reaction (8b). Our calculations do support the loss at the N1
and C2 positions, resulting in the lowest energy cation,
C4H2N3O+. A second, higher energy optimized structure (with
an energy difference of 8.8 kcal mol�1 [0.38 eV]) is formed via
loss at the C8 and N9 positions on the imidazole ring with
additional breaking of the bond between C4 and C5, which

results in dissociation of both the pyrimidine and imidazole
ring structures. The difference in the formation mechanism of
this cation (C4H2N3O+) compared to adenine (C4H4N4

+) is a
possible reason for the increased AE value for m/z 108 from
hypoxanthine (12.22 � 0.22 eV) compared to the AE value for
m/z 108 from adenine (11.70 � 0.2 eV). In contrast to the study by
Rice et al.,63 our calculations show that the neutral loss of an intact
HCNH is more favorable thermodynamically than HCN + H loss.
However, if we also consider the possibility of C4H4N4

+ as the
cation, reaction (8c) involving loss of neutral CO is overall the most
favorable reaction (22.6 kcal mol�1, from the parent cation), with
the loss of HCNH (122.9 kcal mol�1, from the parent cation) being
the second lowest in enthalpy. The very low enthalpy leading to
C4H4N4

+ + CO from the parent cation is primarily due to the
stability of CO. When examining the optimized structure of the
cation, C4H4N4

+, we observe a double imidazole ring structure that
includes all atoms except C6 and the oxygen. However, the energy
of this cation was found to be much higher than the lowest energy
conformer of C4H2N3O+. Thus, although the overall enthalpy
leading to C4H4N4

+ + CO from the parent cation is lower,
C4H2N3O+ + HCNH are most likely the dominant products because
the energy of the C4H2N3O+ cation is lower. As shown in the mass
spectra, the relative small intensity of m/z 108 from hypoxanthine
compared to adenine and compared to other stronger peaks in the
mass spectrum suggests that reactions (8a)–(8c) leading to m/z 108
due to electron ionization are either minor or that the cation
quickly dissociates into other fragments. Therefore, even though
the imidazole ring is stable compared to the pyrimidine ring
initially as observed for the lowest energy conformer of the cation,
complete dissociation of the ring structure appears to occur easily
and results in some lower mass fragments.
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Fig. 7 Optimized structures (B3LYP/6-311+G(2d,p)) for the parent molecule hypoxanthine and the major cations from hypoxanthine. Two low energy
cations at m/z 108 representing C4H2N3O+ were found, while C4H4N4

+ has a much higher energy. Two low energy cations for m/z 81 were also found.
The energies for the second lowest energy structures (2) are shown relative to the lowest energy structures (1).

Fig. 8 Optimized structures (B3LYP/6-311+G(2d,p)) for the most stable
neutral species that accompany the cations in reactions (9c), (10b), (10d),
(11b), (12b), and (12d) resulting from electron ionization of hypoxanthine.
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From hypoxanthine, C3H3N3
+ at m/z 81 can be formed from

loss of HCN and CO upon electron ionization, as shown in the
following reaction:

e� + C5H4N4O - C3H3N3
+ + HCN + CO + 2e� (9a)

The lowest energy structure of m/z 81 is found to be C3H3N3
+

with the imidazole ring remaining intact and loss of C6, N1,
and C2 and the oxygen, which breaks the pyrimidine ring,
similar to C3H3N3

+ from adenine. Also similar to adenine, a
hydrogen transfers to the C5 position in the lowest energy
cationic structure. In a second slightly higher energy conformer
(+15 kcal mol�1 [0.65 eV]), the hydrogen transfers to the N3
position. The enthalpy from the parent cation leading to the
products in reaction (9a) is 83.9 kcal mol�1, suggesting that
these products are thermodynamically favored. However, the
small intensity of m/z 81 in the hypoxanthine mass spectrum
suggests that this cation further fragments to smaller masses.
We determined an AE of 13.40 � 0.2 eV for m/z 81 from
hypoxanthine, which is interestingly slightly lower than that
of m/z 81 from adenine; the difference likely results from
breakage of different bonds during electron ionization of the
parent molecules. Of note, we also computationally considered
a reaction in which C2HNO is the intact neutral instead of HCN
and CO. However, during optimization of the structure, the
intact neutral dissociated into HCN and CO. Thus, the intact
neutral fragment is not a viable possibility when C3H3N3

+ is
formed. Another possibility for the cation at m/z 81 is C3HN2O+,
so we also considered the following reactions:

e� + C5H4N4O - C3HN2O+ + 2HCN + H + 2e� (9b)

e� + C5H4N4O - C3HN2O+ + C2H3N2 + 2e� (9c)

The formation of the products in reactions (9b) and (9c)
requires significantly higher enthalpies than the formation of
the products in reaction (9a) from the parent cation, so the
production of C3H3N3

+ + HCN + CO is most likely the dominant
pathway. However, when comparing reactions (9b) and (9c) to
each other, the enthalpy (starting from the parent cation) for
reaction (9c) is the lowest of the two by 31.7 kcal mol�1,
suggesting that the intact neutral (see Fig. 8 for structure) is
preferential over the loss of two HCN groups and a hydrogen.
This agrees with the trend seen for some of the lower mass
fragments resulting from the electron ionization of adenine.

Fitting of the experimental data shows that formation of the
fragment at m/z 54 requires an AE of 14.10� 0.3 eV. This cation is
the second most intense signal in the hypoxanthine mass spec-
trum and could represent C2H2N2

+, which may be formed via
electron ionization as shown in the following general reactions:

e� + C5H4N4O - C2H2N2
+ + 2HCN + CO + 2e�

(10a)

e� + C5H4N4O - C2H2N2
+ + C3H2N2O - C2H2N2

+ + CO

+ C2H2N2 + 2e� (10b)

The calculated enthalpies leading to the products in reactions
(10a) and (10b) starting from the parent cations are similar.

Interestingly, the formation of C2H2N2
+ + CO + C2H2N2 is

slightly favored thermodynamically over loss of two HCNs
and CO. In reaction (10b), the calculations unexpectedly show
that the intact neutral further dissociates into CO and C2N2H2.
The calculated lowest energy structure for C2H2N2

+ contains
N7, C5, C4, and N3. The calculated structure of C2H2N2

+ is the
same for both hypoxanthine and adenine and occurs via similar
pathways. However, in the case of hypoxanthine, because of the
presence of the carbonyl, the neutral products include CO,
whereas for adenine, three HCN neutral species are produced
upon electron ionization to form this cation. Another possible
cation for m/z 54 from hypoxanthine could be C2NO+, according
to the following reactions:

e� + C5H4N4O - C2NO+ + 3HCN + H + 2e� (10c)

e� + C5H4N4O - C2NO+ + C3H4N3 + 2e� (10d)

From the parent cation, the enthalpies leading to these
products are both low, especially those formed in reaction
(10d), which requires an enthalpy of only 119 kcal mol�1 and
is comparable to the reactions that produce C2H2N2

+. In the
experiment, both the C2H2N2

+ and C2NO+ cations may form
contributing to the signal at m/z 54. For reaction (10c), a
pathway that is not favorable, the calculations show that the
cation would consist of C6, C5, N7, and oxygen. However, the
cation in the favorable reaction (10d) originates from C6, N1,
C2, and oxygen (see Fig. 7 for C2NO+ structure), and the neutral
retains the imidazole ring with hydrogen transferred to the N3
and C5 positions (see Fig. 8 for C3H4N3 neutral structure).
Therefore, the lowest energy conformers for the two reactions
originate from different atoms in the parent hypoxanthine, and
reaction (10d) is favored because of the stability of the neutral
containing the imidazole ring. We also note that the formation
of the products in reaction (10d) from the hypoxanthine cation
requires a lower enthalpy than reaction (5a) from the adenine
cation, which produces the same m/z 54 in the mass spectrum.
Thus, the most probable cation at m/z 54 due to electron
ionization of hypoxanthine is C2NO+, while for adenine it is
C2H2N2

+. This also further suggests that the cation at m/z 53
might not simply originate from hydrogen loss from the cation
at m/z 54 in the case of hypoxanthine (see discussion for
reaction (11c) below). The cation at m/z 53 requires an AE of
15.58 � 0.5 eV and can form via the following reactions:

e� + C5H4N4O - C2HN2
+ + 2HCN + CO + H + 2e� (11a)

e� + C5H4N4O - C2HN2
+ + C3H3N2O + 2e� (11b)

Our determined AEs for this cation suggest that less energy
is required in the hypoxanthine pathway leading to m/z 53
compared to adenine. Indeed, when comparing the calculated
reaction enthalpies (see Tables 2 and 3), reaction (11a) from the
hypoxanthine cation is lower than the corresponding reaction
(6a) from the adenine cation by 19 kcal mol�1. In reaction (11a),
similar to C2H2N2

+ formed in reaction (10a), two HCN and a
CO neutral are observed for hypoxanthine rather than three
HCN neutral species as for adenine. However, for C2HN2

+, an
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additional hydrogen neutral is lost to form the cation. The
enthalpy of reaction (11b) from the hypoxanthine cation is also
lower than the corresponding reaction (6b) from the adenine
cation by 15.3 kcal mol�1, and in both adenine and hypox-
anthine, the intact neutral fragment is favored over HCN loss
when the C2HN2

+ cation is formed. The C3H3N2O neutral forms
a new ring structure, which makes it more stable, and the C5
position picks up a hydrogen (see Fig. 8 for structure). Our
calculated lowest energy cation for m/z 53 has the same linear
structure as the cation for m/z 53 from adenine, and in reaction
(11b), the cation originates from N7, C8, N9, and C4. Thus, for
the cation produced in reaction (11b), we do not observe any
N1–C6 and C2–N3 bonds being broken, as suggested by the
photoionization study by Feyer et al.31 However, similar to
adenine, the C4–C5 bond is broken to form C2HN2

+ in reaction
(11b), along with a corresponding intact neutral remnant of
the parent.

Also similar to adenine, we should consider reaction (11c),
given below:

e� þ C5H4N4O
þ ! C2H2N2

þ þ C2H2N2 þ COþ 2e�

#
C2HN2

þ þH

(11c)

Our computations show that the enthalpy required to form
C2HN2

+ from C2H2N2
+ is 57.2 kcal mol�1, which means that a

combined 169.5 kcal mol�1 is required for formation of C2HN2
+

via this pathway. Thus, pathway (11c) requires more energy
than the direct formation of C2HN2

+ from adenine, suggesting
that it is not competitive with reactions (11a) and (11b).

Another alternative pathway from hypoxanthine would be
the decarbonylation of the fragment at m/z 108 (C4H2N3O+) to
form m/z 80 (C3H2N3

+) and then the subsequent loss of HCN to
also form m/z 53 (C2HN2

+). Feyer et al. suggested that these
fragments (m/z 108, 80, and 53) result from the breaking of the
N1–C6 and C2–N3 bonds in hypoxanthine.31 Such a fragmenta-
tion pattern would leave the imidazole ring of hypoxanthine
intact until further bond breakage occurs, which is consistent
with what we observe in the lowest energy conformer of m/z 108
from hypoxanthine. However, computationally this combined
reaction pathway would involve an enthalpy of 151.9 kcal mol�1,
which is much higher than the more favorable reaction (11b) from
the hypoxanthine cation. Surprisingly, the loss of two HCN
molecules (reaction (11a)) is even higher in enthalpy than this
alternative three-step pathway (by B20.9 kcal mol�1). Thus, over-
all, reaction (11b), which forms the intact neutral by-product with
the cation, is likely the dominant pathway, while HCN loss is not
as thermodynamically favored.

The large signal at m/z 28 can be formed upon electron
ionization of hypoxanthine via the following reaction:

e� + C5H4N4O - HCNH+ + 2HCN + CO + CN + 2e� (12a)

The calculated enthalpy leading to these products from the
hypoxanthine cation is 163.6 kcal mol�1 compared to 182.6 kcal
mol�1 for the analogous reaction from the adenine cation (7a).
The presence of CO in the case of hypoxanthine makes reaction

(12a) more favorable than (7a) in adenine. Formation of the
cation in reaction (12a) results in the breaking of both ring
structures. Interestingly, even if such ring rupture occurs,
formation of this cation does not require a higher AE
than the other major cations. We experimentally determined
the AE value for m/z 28 from hypoxanthine to be 13.79 � 0.4 eV,
which is slightly higher than the AE value for m/z 28
from adenine. This increase in energy needed to observe the
fragment could be because of the presence of the carbonyl
group (see reactions (12a) vs. (7a)) and the different neutral
products.

An alternative pathway leads to an intact neutral C4H2N3O
fragment that could be lost when HCNH+ is formed, according
to the following reaction:

e� + C5H4N4O - HCNH+ + C4H2N3O + 2e� (12b)

Reaction (12b) is similar to the possible reaction (7b) for
adenine. Interestingly, the formation of HCNH+ + C4H2N3O
from the hypoxanthine cation is more thermodynamically
favorable by 6.9 kcal mol�1 than the formation of HCNH+ +
2HCN + CO + CN described above, again supporting the
favorability of intact remnant neutral species over neutral
HCN loss for lower mass cations. The lowest energy conformer
of HCNH+ is linear (see Fig. 7), similar to adenine. However, for
hypoxanthine, the cation involves C8 and N9 from the parent,
leaving the pyrimidine ring intact in the neutral by-product (see
Fig. 8 for structure). Interestingly, this mechanism is different
from what was computationally determined in the case of
adenine in which the most stable cation originated from the
N1 and C2 positions on the parent, and the resulting neutral
kept the imidazole, not the pyrimidine, ring intact (see Fig. 6
for the structure of the C4H3N4 neutral from adenine). Another
simple mechanism from hypoxanthine that has been discussed
in the literature31 could involve the formation of CO+, accord-
ing to the two following possible reactions:

e� + C5H4N4O - CO+ + 4HCN + 2e� (12c)

e� + C5H4N4O - CO+ + C4H4N4 + 2e� (12d)

where the calculations show that CO+ originates from C6 and
the oxygen in the parent hypoxanthine as expected, and in the
C4H4N4 neutral, the imidazole ring stays intact and another
ring forms from the N3, C2, and N1 (see Fig. 8 for structure).
However, both reactions (12c) and (12d) are less favorable
thermodynamically than reactions (12a) and (12b) above.
In fact, reaction (12c) starting from the hypoxanthine cation
has the highest enthalpy of all four possibilities, and reaction
(12d) from the hypoxanthine cation is only 12 kcal mol�1

higher in enthalpy than reaction (12b). Since the reaction
enthalpy of (12d) is similar to reaction (12b) and they are the
most favorable of the four possibilities, formation of an intact
neutral seems preferential to formation of multiple HCN
groups for the lower mass cations.
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V. Conclusions

This is a detailed electron ionization investigation of both
adenine and hypoxanthine that reports AEs for the most
abundant fragment cations, calculated enthalpies for the
possible reactions, and optimized structures of the most stable
cations and their corresponding neutral species. Experimen-
tally, we have measured the mass spectra at 70 eV and the ion
efficiency curves near the threshold region for the parent
cations and five most abundant ion fragments from adenine
and hypoxanthine produced upon low energy electron ioniza-
tion (o18 eV) using a high-resolution HEM. The AEs for each
cation were determined by fitting a Wannier-type fitting func-
tion to the experimental ion efficiency curves. The AEs of the
parent cations of adenine and hypoxanthine were determined
to be 8.70 � 0.3 eV and 8.88 � 0.5 eV, respectively, which agree
well with prior studies and our own calculated adiabatic and
vertical transition IEs for the parent cations.

Adenine’s most abundant fragment cations include C4H4N4
+,

C3H3N3
+, C2H2N2

+, C2HN2
+, and HCNH+, as determined from

experiment and calculations of the most stable cations. The
most thermodynamically-favored pathway for adenine dissocia-
tion due to electron ionization is initial loss of one HCN
molecule to form C4H4N4

+, which involves pyrimidine ring
breakage while the imidazole ring is kept intact. The loss
of two HCN molecules to form C3H3N3

+ is the second most
favorable reaction, and again our calculations show that the
imidazole ring is kept intact in the cation. Of note, several
other studies have suggested that the primary pathway for
electron ionization of adenine involves successive loss of HCN
groups.20,25,63 From our calculated enthalpies, we cannot suggest
whether successive HCN loss or reactions directly from the
parent cations are more favorable. However, upon formation of
the C2H2N2

+ cation, a pathway involving an intact neutral
remnant of the parent molecule is competitive with loss of three
HCN molecules. From our experimental AEs, fragmentation that
could occur from m/z 81 to m/z 54 is shown to be less favorable
than loss of the initial two HCN groups. Interestingly, the
reactions from adenine to form both the C2HN2

+ and HCNH+

cations are more favorable thermodynamically when an intact
neutral remnant is lost instead of neutral HCN molecules.
The loss of hydrogen from C2H2N2

+ to form C2HN2
+ is not

competitive with direct fragmentation of the parent adenine.
For HCNH+, the determined AE agrees very well with photoioni-
zation studies, suggesting similar bond dissociation to form this
cation upon electron ionization compared to photoionization.

Hypoxanthine’s most stable fragment cations include
C4H2N3O+, C3H3N3

+, C2H2N2
+/C2NO+, C2HN2

+, and HCNH+/
CO+, and because of the presence of the carbonyl group on
the 6-membered pyrimidine ring that replaces the amino group
of adenine, the available fragmentation pathways are more
varied. The three most favorable fragmentation pathways
include loss of neutral CO to form C4H4N4

+, loss of neutral
HCN and CO to form C3H3N3

+, and loss of an intact neutral
remnant to form C2HN2

+. For m/z 108 from hypoxanthine, the
C4H2N3O+ ion is the most stable cation, but due to the loss of a

stable CO molecule, the reaction to form the C4H4N4
+ has a

lower enthalpy. In contrast to adenine, the weak intensity of the
m/z 108 in the hypoxanthine mass spectrum suggests that this
cation quickly dissociates to smaller mass fragments. When
C3H3N3

+ is formed from hypoxanthine, the imidazole ring
again remains intact, similar to the same cation from adenine.
For m/z 54, two possibilities for the cation were considered,
C2H2N2

+ and C2NO+, and both are competitive thermodynami-
cally. Regardless of the cation structure, similar to adenine, for
this low mass cation, the loss of an intact neutral remnant from
the parent is competitive or even preferential to the loss of HCN
molecules. This trend continues in the formation of both
C2HN2

+ and HCNH+ from hypoxanthine, similar to adenine.
We also show computationally that formation of C2HN2

+ from
higher mass cations (instead of directly from the parent) is
unlikely energetically. For m/z 28, the reaction pathway leading
to CO+ and an intact neutral remnant is competitive with the
formation of HCNH+. Overall, our study contributes to under-
standing the effects of radiation on nucleobases, which are
building blocks in several biochemical processes, and such
studies are useful to the radiation therapy and biochemical
modeling communities.
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CHAPTER 5. RESULTS AND DISCUSSION

5.1.3.2 Additional Experimental Results

Several ion efficiency curves that have been obtained for adenine and hypoxanthine have not been shown in

the presented publication [22] or its supplementary information [259] and are therefore presented here. In

Table 5.1 a complete listing of all the AEs obtained for adenine can be found together with its corresponding

fragments in hypoxanthine.

Mass

(m/z)

Cation Adenine Experimental

AE for Ade-

nine (eV)

Cation Hypo-

xanthine

Experimental

AE for Hypo-

xanthine (eV)

135/136 C5H5N +
5 8.70 ± 0.3 C5H4N4O+ 8.88 ± 0.5

109 C4H5N +
4 11.72 ± 0.3 C4H3N3O+ 12.34 ± 0.3

108 C4H4N +
4 11.70 ± 0.2 C4H4N +

4 /

C4H2N3O+
12.22 ± 0.2

107 C4H3N +
4 /

C5H5N +
3

13.94 ± 0.3

82 C3H2N2O+ 13.40 ± 0.2

81 C3H3N +
3 14.14 ± 0.5 C3H3N +

3 /

C3HN2O+
12.61 ± 0.3

80 C3H2N +
3 15.12 ± 0.5 C3H2N +

3 14.35 ± 0.5

70 C2H4N +
3 14.89 ± 0.2

67 C3H3N +
2 /

C2HN +
3

15.59 ± 0.3

66 C3H2N +
2 /C2N +

3 14.16 ± 0.3

65 C3HN +
2 17.88 ± 0.4

56 C2H4N +
2 13.98 ± 0.15

54 C2H2N +
2 14.55 ± 0.3 C2H2N +

2 /C2NO+ 14.10 ± 0.3

53 C2HN +
2 16.72 ± 0.5 C2HN +

2 15.58 ± 0.5

44 NH2CNH +
2 13.04 ± 0.3

43 NH2CNH+/
C2H5N+

14.01 ± 0.3

40 NCN+ 15.67 ± 0.3
18.52 ± 0.4

39 HCCN+ 18.13 ± 0.2

29 NH2CH+ 15.15 ± 0.15

28 HCNH+ 13.05 ± 0.5 HCNH+/CO+ 13.79 ± 0.4

27 HCN+ 13.48 ± 0.2

Table 5.1: Comparison of the experimental AEs obtained via electron ionization to adenine and hypo-
xanthine (partially found in [22] and [259]).
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5.1. ELECTRON INTERACTION WITH THE NUCLEOBASES ADENINE AND HYPOXANTHINE

5.1.3.3 Conclusions & Outlook

In this study, electron ionization experiments to adenine and hypoxanthine were performed at a high reso-

lution mass spectrometric device. The recorded ion efficiency curves were analyzed with a self-developed

evaluation software. Additionally, enthalpies for some of the reactions were calculated as well as optimized

structures of the most stable cations and their corresponding neutral species.

The appearance energies (AEs) of the parent cations of both adenine and hypoxanthine were determined

and agree well with previously determined values by both electron ionization and photoionization studies,

as well as our calculated values. A comparison of our obtained AEs with values found in the literature is

displayed in Table 5.2 for adenine and in Table 5.3 for hypoxanthine.

For adenine, among the largest fragment cations found were C4H4N +
4 , C3H3N +

3 , C2H2N +
2 , C2HN +

2 ,

and HCNH+, which were also determined to be the most stable cations by the calculations. Additional

abundant cations were C3H2N +
2 , C2N +

3 , CH2CNH+, and C2H5NH+. The most favorable pathway accord-

ing to our calculations for the fragmentation of adenine is the loss of a neutral HCN molecule from the

parent molecule, which yield the fragment cation C4H4N +
4 via cleavage of the pyrimidine ring, while the

imidazole ring is left unharmed. The loss of two HCN molecules from the parent can lead to the forma-

tion of C3H3N +
3 . This process is the second most favorable reaction in adenine upon electron ionization.

However, when looking at the formation of C2H2N +
2 , our calculations suggest that the reaction yielding an

intact neutral molecule can compete with the loss of three neutral HCN molecules. This continues when

looking at smaller fragment anions such as C2HN +
2 and HCNH+, where the loss of an intact neutral rem-

nant is thermodynamically more favorable than the loss of single HCN molecules. Generally, one should

remark that keeping the imidazole ring intact, will almost all the time lead to thermodynamically favored

reactions or, more specifically, to reduced AEs, which can be seen very well in the case of the two onsets

of NCN+.

Mass

(m/z)

Cation Experimental

AE (eV)

AE in Litera-

ture (eV)

Method Source

135 C5H5N +
5 8.7 ± 0.3 8.91 ± 0.1 EI Lifschitz et al. [302]

8.8 ± 0.2 EI Minaev et al. [305]
8.3 ± 0.1 EI Verkin et al. [303]
8.48 PES Lin et al. [328]
∼ 8.5 PES Peng et al. [329]
8.44 ± 0.03 PES Hush and Cheung [306]
8.2 ± PI Bravaya et al. [310]
8.20 ± 0.03 PI Jochims et al. [307]
8.267 ± 0.005 PI Touboul et al. [309]
8.07 B3LYP Dawley et al. [22]
7.98 B3LYP Minaev et al. [305]
8.44 RHF Champion [315]
7.92 QM Lifschitz et al. [302]
8.13 DFT Bravaya et al. [310]
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Mass

(m/z)

Cation Experimental

AE (eV)

AE in Litera-

ture (eV)

Method Source

109 C4H5N +
4 11.72 ± 0.3

108 C4H4N +
4 11.7 ± 0.2 11.56 ± 0.05 PI Jochims et al. [307]

12.3 ± 0.1 PEPICO Pilling et al. [308]
12.4 ± 0.2 B3LYP Dawley et al. [22]

107 C4H3N +
4 /

C5H5N +
3

13.94 ± 0.3

81 C3H3N +
3 14.14 ± 0.5 12.8 ± 0.05 PI Jochims et al. [307]

12.4 ± 0.2 PEPICO Pilling et al. [308]
13.5 B3LYP Dawley et al. [22]

80 C3H2N +
3 15.12 ± 0.5

70 C2H4N +
3 14.89 ± 0.2 13.1 ± 0.1 PI Jochims et al. [307]

67 C3N3N +
2 /

C2HN +
3

15.59 ± 0.3

66 C3H2N +
2 /

C2N +
3

14.16 ± 0.3 13.2 ± 0.1 PI Jochims et al. [307]

65 C3HN +
2 17.88 ± 0.4

56 C2H4N +
2 13.98 ± 0.15

54 C2H2N +
2 14.55 ± 0.3 13.7 ± PI Jochims et al. [307]

14.4 ± 0.3 PEPICO Pilling et al. [308]

53 C2HN +
2 16.72 ± 0.5

44 NH2CNH +
2 13.04 ± 0.3

43 NH2CNH+/
C2H5N+

14.01 ± 0.3 13.0 ± 0.1 PI Jochims et al. [307]

40 NCN+ 15.67 ± 0.3
18.52 ± 0.4

39 HCCN+ 18.13 ± 0.2

29 NH2CH+ 15.15 ± 0.15 14.0 ± 0.1 PI Jochims et al. [307]

28 HCNH+ 13.05 ± 0.5 13.1 ± 0.1 PI Jochims et al. [307]
12.9 ± 0.3 PEPICO Pilling et al. [308]

27 HCN+ 13.48 ± 0.2

Table 5.2: Experimental AEs of Adenine compared with values found in the literature (Experimental AEs
can partially be found in [22, 259]). Methods include electron ionization (EI), photoelectron
spectroscopy (PES), photoionization (PI), Photoelectron-Photoion-Coincidence (PEPICO), and
theoretical calculations (B3LYP, RHF QM, DFT).

For hypoxanthine, the most stable fragment cations that were found were C4H2N3O+, C3H3N +
3 , C2NO+,

C2HN+, and CO+. The most favorable dissociation paths in the case of hypoxanthine were determined to

be the loss of a neutral CO molecule to form C4H4N +
4 , the loss of neutral CO and HCN molecules yielding
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5.1. ELECTRON INTERACTION WITH THE NUCLEOBASES ADENINE AND HYPOXANTHINE

C3H3N +
3 , and the loss of an intact neutral remnant to form C2HN +

2 . This shows already that generally,

electron ionization to adenine and hypoxanthine yields similar fragments, even though the larger fragment

cations of hypoxanthine tend to dissociate quicker into smaller fragments. In the case of hypoxanthine, as

for adenine, leaving the structure of the imidazole ring intact is usually the most preferable pathway. If this

is not possible, as for example in the case of HCNH+, the AE will be shifted to higher energies.

Mass

(m/z)

Cation Experimental

AE (eV)

AE in Literature

(eV)

Method Source

136 C5H4N4O+ 8.88 ± 0.5 9.17 ± 0.1 EI Lifschitz et al. [302]
8.89 PES Hush and Cheung [306]
8.88 PES Lin et al. [328]
8.36 (adiabatic) B3LYP Dawley et al. [22]
8.51 (vertical) B3LYP Dawley et al. [22]

109 C4H3N3O+ 12.34 ± 0.3

108 C4H4N +
4 /

C4H2N3O+
12.22 ± 0.2

82 C3H2N2O+ 13.40 ± 0.2

81 C3H3N +
3 12.61 ± 0.3

80 C3H2N +
3 14.35 ± 0.5

54 C2H2N +
2 /

C2NO+
14.10 ± 0.3

53 C2HN +
2 15.58 ± 0.5

28 HCNH+/
CO+

13.79 ± 0.4

Table 5.3: Experimental AEs of Hypoxanthine compared with values found in the literature (Experimental
AE can partially be found in [22, 259]). Methods include electron ionization (EI), photoelectron
spectroscopy (PES), and theoretical calculations (B3LYP).

The goal of this study to achieve insight into the chemistry of these molecules upon electron ionization

was achieved by determining that most of the fragment cations can be formed at electron energies of 12 -

14 eV and upwards. The formation of almost all of the fragment cations requires the cleavage of at least

one of the two rings, which could lead to substantial damage of the DNA if this would happen inside

the human body. It was found that adenine and hypoxanthine yield the same fragments upon electron

ionization, although hypoxanthine tends to dissociate quicker into smaller fragments, which would suggest

that hypoxanthine will be affected more upon contact with ionizing radiation. The next step would be to

perform a similar study with the nucleobase xanthine, which can be created via oxidative deamination of

guanine [11], and which has not been studied in electron collision experiments to this point.
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CHAPTER 5. RESULTS AND DISCUSSION

5.1.4 Dissociative Electron Attachment to Hypoxanthine

Additional to our electron ionization study with adenine and hypoxanthine, experiments with dissociative

electron attachment (DEA) were undertaken to investigate the interaction of low-energy electrons (0 - 9 eV)

with the nucleobase hypoxanthine. As already discussed in Section 2.3.2.2, substantial damage can be

induced in components of the DNA when low-energy electrons attach to these molecules to form a transient

negative ion (TNI). This TNI can dissociate via DEA and in that way induce damages in the DNA, including

even single and double strand breaks [21, 107]. It is believed that dissociative electron attachment is the

dominant process in the damage of the DNA when irradiated with ionizing radiation [301], so it is inevitable

to study DEA with the essential components of the DNA to gain information about the mutagenic effects

of ionizing radiation on the human body.

Dissociative electron attachment studies to adenine (Ade) [330–335], guanine (Gua) [330, 335], cytosine

(Cyt) [335, 336], thymine (Thy) [333, 335–338], and uracil [118, 323, 338] have been conducted previously

and it has been found that the nucleobases are fragile molecules that can dissociate even at electron energies

below 1 eV [339].

5.1.4.1 Results

The experimental results obtained in this DEA study to hypoxanthine were published in The Journal

of Chemical Physics together with quantum chemical calculations performed at the University of Notre

Dame [261]. Anion mass spectra at different energies as well as anion efficiency curves for eight different

fragments were recorded and compared to earlier measurements of adenine [331, 333, 334].
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Dissociative electron attachment to the gas-phase
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We present high-resolution measurements of the dissociative electron attachment (DEA) to isolated
gas-phase hypoxanthine (C5H4N4O, Hyp), a tRNA purine base. The anion mass spectra and individual
ion efficiency curves from Hyp were measured as a function of electron energy below 9 eV. The mass
spectra at 1 and 6 eV exhibit the highest anion yields, indicating possible common precursor ions that
decay into the detectable anionic fragments. The (Hyp − H) anion (C5H3N4O−) exhibits a sharp reso-
nant peak at 1 eV, which we tentatively assign to a dipole-bound state of the keto-N1H,N9H tautomer
in which dehydrogenation occurs at either the N1 or N9 position based upon our quantum chemical
computations (B3LYP/6-311+G(d,p) and U(MP2-aug-cc-pVDZ+)) and prior studies with adenine.
This closed-shell dehydrogenated anion is the dominant fragment formed upon electron attach-
ment, as with other nucleobases. Seven other anions were also observed including (Hyp − NH)−,
C4H3N4

−/C4HN3O−, C4H2N3
−, C3NO−/HC(HCN)CN−, OCN−, CN−, and O−. Most of these anions

exhibit broad but weak resonances between 4 and 8 eV similar to many analogous anions from
adenine. The DEA to Hyp involves significant fragmentation, which is relevant to understanding radi-
ation damage of biomolecules. C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4921388]

I. INTRODUCTION

The fields of radiation chemistry and biophysics are gener-
ally interested in low-energy electron interactions with biolog-
ical molecules because such electrons are the most abundant
secondary particles arising from ionizing radiation. Secondary
particles, and specifically low-energy electrons, from ionizing
radiation are responsible for many of the lethal or mutagenic
effects on genetic information in living cells.1 Dissociative
electron attachment (DEA) is the only resonant process that
can result in selective bond cleavage of biomolecules2–5 at low
electron energies (<10 eV) and is thought to be the dominant
process responsible for the mutagenic effects in cells.6 The
DEA mechanism has been extensively discussed previously
regarding gas-phase studies of biomolecules.4,7–9 Briefly, DEA
involves the low-energy electron capture by a molecule (AB) to
produce a transient negative ion (TNI) state that can then disso-
ciate into an anion (A−) and a neutral radical (B•), according
to the following general scheme:

e− + AB↔ (AB)−#→ A− + B•. (1)

Sanche et al. demonstrated that low-energy electrons (3-
20 eV), via the DEA process, can effectively induce single-
and double-strand breaks in DNA, which is composed of

a)M. M. Dawley and K. Tanzer contributed equally to this work.
b)Authors to whom correspondence should be addressed. Electronic ad-

dresses: Stephan.Denifl@uibk.ac.at, Telephone: +43 512 507 52662 and
Sylwia.Ptasinska.1@nd.edu, Telephone: +1 574 631 4506.

nitrogenous bases, deoxyribose sugar moieties, and phos-
phate groups surrounded by water.10 It has been suggested
that DNA damage can be due to the decay of TNIs of the
sugar-phosphate backbone or of the nucleobases into more
basic molecular components.1,10,11 Furthermore, low-energy
electrons have been shown to specifically damage nucleic
acids and nucleobases.2,12 Several gas-phase studies over the
last decade have reported that electrons with energies well
below the ionization energies of the nucleobases can induce
DEA. The DEA processes of adenine (Ade),2,5,12–15 guanine
(Gua),2,15,16 cytosine (Cyt),15,17 thymine (Thy),3,13,15,17,18 and
uracil (Ura)18,19 have all been investigated extensively, and
they have demonstrated that these molecules are quite fragile
and susceptible to fragmentation even at electron energies of
∼1 eV.11 Many of these studies have shown that precise control
of the electron energy can induce chemical reactions selec-
tively. Interestingly, the DEA process of the purine derivative,
hypoxanthine (Hyp), has been overlooked until now. The two
dominant tautomeric structures of Hyp are shown in Fig. 1,
along with the structure of the most stable tautomer of Ade in
the gas phase for comparison. Hyp serves as the nucleobase
that is attached to the ribose sugar in inosine (I), which is an
important nucleoside involved in the genetic code translation
in cells. Hyp is also a versatile component of the wobble base
pairs in the RNA secondary structure because three of the
four wobble base pairs that bond two nucleotides in RNA
contain Hyp: Hyp-Ura, Hyp-Ade, and Hyp-Cyt.20 Because
Hyp has the ability to bind to several other nucleobases, it is

0021-9606/2015/142(21)/215101/8/$30.00 142, 215101-1 © 2015 AIP Publishing LLC
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FIG. 1. Chemical structures of the two most stable tautomers of hypox-
anthine in the gas phase: (a) keto-N1H,N7H hypoxanthine and (b) keto-
N1H,N9H hypoxanthine. For comparison, the most stable tautomer of ade-
nine in the gas phase is also provided, (c) N9H adenine.

considered to be a universal nucleobase.21 The resulting tRNA
molecules that can contain Hyp link DNA and RNA sequences
with amino acids of a growing peptide chain during protein
synthesis. Thus, Hyp has an important role in protein synthesis
and is likely damaged similarly to the DNA nucleobases upon
ionizing radiation. Additionally, Hyp can also result from the
deamination of Ade in DNA via mutagenic processes.

In this work, we investigate the DEA to Hyp for the
first time using a high-resolution electron energy monochro-
mator coupled to a quadrupole mass spectrometer (QMS). The
prior DEA studies of Ade2,5,16 and other nucleobases,2,3,19,22,23

including Gua, which have similar chemical structures to Hyp,
will be discussed and compared with the present results. The
pyrimidine bases, Cyt and Thy, will also be discussed in rela-
tion to some fragments. Quantum chemical calculations of the
various tautomers of Hyp were also performed to assist with the
interpretation of the (Hyp − H)− formation.

II. METHODS

A. Experimental details

The DEA to Hyp was investigated in a high vacuum cham-
ber (base pressure ∼8 × 10−8 mbar) at the Nano-Bio-Physics
laboratory in Innsbruck. We have described this instrument in
detail in several previous publications.24–27 Hyp (C5H4N4O,
M = 136 g/mol), a white crystalline powder, was purchased
from Sigma-Aldrich (Vienna, Austria) and had a stated purity
of ≥99%. Briefly, inside the vacuum chamber, a molecular
beam of Hyp was formed from a capillary that is attached
to a copper oven. The molecular beam was crossed at a 90◦

angle in the collision region with an electron beam produced
by a high-resolution hemispherical electron monochromator
(HEM). During these experiments, the energy resolution of
the electron beam was typically 100-140 meV (full width
at half maximum (FWHM)), and the electron beam had an
electron current of ∼10 nA. Within the vacuum chamber, the
Hyp powder was heated to 453 ± 3 K inside the copper oven
to sufficiently sublimate the sample to produce the neutral
molecular beam at a working pressure of ∼2 × 10−7 mbar.
The sample was heated with care to avoid its melting point
(∼573 K) and also to prevent thermal decomposition (see our
previous publication for details26). During the measurements,
the chamber was heated to approximately 350 K by using
internal lamps to prevent molecular condensation on the lenses
of the HEM. The QMS extracted and detected the anions that
were formed upon the interaction of Hyp with the electrons in
the collision region of the HEM.

The experiments were performed as follows. Cation mass
spectra (70 eV) were obtained as a function of increasing
temperature until the Hyp parent cation was observed with a
relatively high signal. Then, the oven was kept constant at that
temperature (∼453 K). Anion mass spectra were then obtained
to determine the anions formed at each electron energy from
0 to 10 eV at 1 eV intervals. For each anion observed in
the mass spectra, ion efficiency curves were recorded while
scanning the electron energy from 0 to 9 eV. Typically, for each
anion observed, ∼30 energy scans were obtained and averaged
depending upon the ion yield. The electron-energy scale was
calibrated by introducing CCl4 to a pressure of∼2 × 10−6 mbar
into the chamber and measuring the ion efficiency curves of
m/z 35 for Cl− before and after each Hyp measurement. The
anion, Cl−, is formed from CCl4 according to the following
well-known DEA reaction,

e− + CCl4↔ (CCl4)−#→ Cl− + CCl3•. (2)

The Cl− has a distinct resonant peak at 0 eV that was used to
calibrate the energy scale.28

B. Computational details

Quantum chemical calculations were performed to under-
stand the formation of the (Hyp − H) anion in which hydrogen
loss can occur from different positions of the molecule de-
pending upon the tautomer. Hyp is known to exist as several
distinct keto and enol tautomers in different states (gas phase
vs. aqueous phase) in which the base structure is the same
but a hydrogen can be in different locations, as shown by
prior computations.21,29,30 Although our gas-phase experi-
ments could not differentiate between the tautomers, prior
computations have shown that the keto-N1H,N7H tautomer
of Hyp (in which the hydrogen is on N7 rather than N9 in
the imidazole ring, see Fig. 1) has the lowest relative energy
and represents 81% of the population in the gas phase at room
temperature.21,29,31 An experimental ultraviolet photoelectron
spectroscopy (UPS) study reported results that also support
those theoretical studies.32 It has been previously shown that
the keto-N1H,N9H tautomer, also shown in Fig. 1, is only
∼0.92 kcal/mol (0.04 eV) higher in energy and represents
18% of the population in the gas phase at room temperature.
However, all the enol tautomers were found to be less stable.21

Thus, the keto forms of Hyp have been found to be dominant in
the gas phase. Our present calculations are in agreement with
the previous results obtained regarding the relative stability of
the neutral Hyp tautomers at room temperature.33 We note that
the Hyp sample in our experiment was at 453 K, and this higher
temperature may result in an increase in the keto-N1H,N9H
tautomer population. Prior calculations of the tautomeric equi-
librium constants in the gas phase at 298 K vs. 480 K have
suggested that the initially unfavorable population of the keto-
N1H,N9H tautomer increased significantly in relative contri-
bution when the temperature was increased to 480 K (from
0.285 to 0.464, respectively).33 In our computations, we have
also determined the dipole moments of the neutral tautomers
of Hyp, searched for dipole-bound anions, computed bond
dissociation energies, and determined the reaction enthalpies
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for the dissociation of hydrogen atoms from the neutral Hyp
tautomers.

The computations were performed as follows. The tauto-
mers were labeled through the location of the nitrogen and/or
oxygen bound hydrogens. There are six keto-forms and eight
enol-forms with the OH pointing either away from (enol-
1) or towards (enol-2) the five-membered ring. All struc-
tures were optimized using Density Functional Theory (DFT),
and the calculations were conducted within Gaussian0934

using Becke’s standard three-parameter functional, denoted
B3LYP,35 together with analytic energy gradients. Calculations
completed with previous versions of the Gaussian software
were rerun to ensure consistency through the use of identical
functional numerical integration grids. A Pople-style basis set
of valence triple-zeta quality, denoted 6-311+G(d,p),36 was
used, which includes a set of diffuse s- and p-functions on
each non-hydrogen atom and polarization d- and p-functions,
the latter on each hydrogen atom. The nature of the station-
ary points obtained was checked by calculating the analytic
Hessians to ensure the absence of imaginary frequencies,
indicating that at least local minima had been reached. All of
these local minima proved to be planar except for the enol-1,
NH1 structure where steric repulsions induced non-planarity.
Enthalpies for the dissociation of hydrogen atoms from the
electron-attached Hyp were constructed by first calculating the
appropriate bond dissociation energies in the neutral mole-
cule, then subtracting the computed electron affinity of the
resulting radical species, and finally making the relevant ther-
mochemical corrections to account for both zero-point vibra-
tional motions and state populations. Because the experimental
conditions were at 453 K, we determined the temperature
effects on the computed enthalpies. As an example, for the
keto-N1H,N9H dissociation, we found a change in enthalpy of
approximately 0.8 eV from 300 to 500 K for both reactants and
products. Exploratory calculations to determine the propensity
for formation of dipole-bound anion states in the various
tautomers were conducted roughly following the protocol
outlined by Desfrancois et al.37 using second-order Møller-
Plesset perturbation theory (U(MP2-aug-cc-pVDZ+)) but em-
ploying atom-centered basis functions from the augmented
correlation consistent sets of Dunning and coworkers38 and
suitably located off-molecule diffuse s,p-sets.

III. RESULTS AND DISCUSSION

A. Anion mass spectra

Figure 2 presents the anion mass spectra for Hyp at elect-
ron energies of 1 and 6 eV. At 1 eV, the only anion from the
sample is m/z 135, which we assign to the principal anion
C5H3N4O− or (Hyp − H)−. The two peaks at m/z 35 and m/z

37 are due to Cl− from the residual CCl4 calibration gas, which
always remained in the chamber, and these peaks are present in
all mass spectra. In contrast to the mass spectrum at 1 eV, the
mass spectrum recorded at 6 eV shows the fragmentation of
Hyp, comparable to that previously reported for Ade.5 Several
of the most abundant fragment anions observed in this work
have corresponding masses found in the Ade anion mass spec-
trum,5 which is not surprising, considering their similar purine

FIG. 2. Anion mass spectra of hypoxanthine measured at incident electron
energies of 1 and 6 eV taken at an oven temperature of 453 ± 3 K. The
peaks at m/z 35 and m/z 37 are due to the calibration gas, CCl4. The
pressure, ion yields, and mass resolution slightly varied depending upon the
experiment (2×10−6–2×10−7 mbar), and the mass scales were calibrated
after each experiment.

structures. We have assigned some of the observed Hyp anions
based upon analogous anions observed in the Ade DEA study.5

At 6 eV, the anions observed from Hyp include m/z 16 assigned
to O−, m/z 26 assigned to CN−, m/z 42 assigned to OCN−,
m/z 66 assigned to C3NO−/HC(HCN)CN−, m/z 92 assigned
to C4H2N3

−, and m/z 107 assigned to C4H3N4
−/C4HN3O−. The

anions at m/z 92 and m/z 26 are the most intense above 5 eV.
Additionally, at 6 eV, (Hyp − 2H)− is observed, although in a
very low abundance. Table I includes the peak positions of the
resonances and most likely anion molecular formulas for all the
anions observed from Hyp in this study compared to those from
the Ade DEA study reported by Huber et al.5 The assignments
proposed here could be clarified using future detailed quantum
chemical calculations.

B. (Hypoxanthine − H) anion

Figure 3 presents the ion efficiency curve of m/z 135
for (Hyp − H)−, which is formed according to the following
reaction, in which a hydrogen radical is produced:

e− + C5H4N4O↔ (C5H4N4O)−#→ C5H3N4O− + H•. (3)

The ion efficiency curve for (Hyp − H)− is compared in Fig. 3
to m/z 134 for (Ade − H)− produced upon electron attach-
ment to Ade at a similar 110 meV resolution (previously
unpublished), with both exhibiting resonances from 0.7 to
3 eV. Dehydrogenation could occur from different locations
on the parent Hyp molecule depending upon which tautomer
is dominant under our experimental conditions. For the keto-
N1H,N7H tautomer, hydrogen loss could occur from N1, C2,
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TABLE I. Anionic species, relative abundances to (Hyp−H)−, masses, and the resonant peak positions for fragments formed upon DEA to hypoxanthine listed
from the largest to smallest mass. Comparable fragments from the DEA to adenine from Ref. 5 are also provided.

Hypoxanthine (C5H4N4O—m/z 136) Adenine (C5H5N5—m/z 135)5

Anion Relative abundance Mass (m/z) Peak position (eV) Anion Mass (m/z) Peak position (eV)

(Hyp−H)− 100 135 0.03, 0.9, 1.1, 1.5, 2.2 (Ade−H)− 134 a0.08, 0.9, 1.1, 1.4, 2.2
(Hyp−NH)− 0.9 121 1.5, 2.0 (Ade−NH2)

− 119 0, 1.1, 5.7
C4H3N4

−/C4HN3O− 1.9 107 5.0, 5.7 C4H3N4
− 107 5.7, 10

C4H2N3
− 24 92 5.0, 6.0 C4H2N3

− 92 5.6, 6.7
C3NO−/HC(HCN)CN− 20 66 6.3 HC(CN)2

− 65 5.8, 6.6, 10.6
OCN− 0.9 42 6.4 CHN2

−/C2H3N− 41 5.7, 6.7, 11.4
CN− 17 26 5.3, 6.2 CN− 26 5.8, 6.7, 11.5
O− 5 16 6.6 . . . . . . . . .

aPositions given are for the 110 meV resolution data shown in Fig. 3.

C8, or N7. For the keto-N1H,N9H tautomer, hydrogen loss
could occur from N1, C2, C8, or N9. These two tautomers,
as mentioned above, comprise the majority of the population
in the gas phase. Experiments with other nucleobases have
all shown a characteristic sharp resonance at ∼1 eV and
broader structures at higher energies14 for the (Parent − H)

FIG. 3. Ion efficiency curve of m/z 135 for (Hyp−H)− induced by elec-
tron attachment to hypoxanthine (bottom) taken at an oven temperature of
453 ± 3 K compared with m/z 134 for (Ade−H)− induced by electron
attachment to adenine (top) both as a function of electron energy below 4 eV
and at a resolution of ∼110 meV.

anion, which have been attributed to the exclusive loss of
hydrogen from nitrogen sites of the nucleobases.3,15,23 Consid-
ering the structural similarities between nucleobases, dehy-
drogenation at a nitrogen site of Hyp to form the closed-shell
anion, (C5H3N4O)−, is also likely and may suggest site and
bond selectivity for this reaction. Isotopic studies with Ade
concluded that dehydrogenation at the C2 position did not
occur14 and thus further supports loss from the nitrogen sites.
For Thy, isotopic studies15 and methylated Thy studies23 also
confirmed that at low-electron energies, the N—H bonds selec-
tively dissociate. Thus, we will primarily discuss hydrogen loss
from the nitrogen sites of Hyp.

The ion efficiency curves for the principal (Parent − H)−

fragments from Ade and Hyp both exhibit sharp peaks at
∼1.1 eV and other weaker features below 3 eV; however, the
relative abundances of these features differ between the two
molecules. The molecular formulas of the (Parent − H) anions
of Ade and Hyp are quite different (C5H4N5

− vs. C5H3N4O−,
respectively), and the parent molecules have different domi-
nant tautomers in the gas phase (the N1H,N9H tautomer for
Ade vs. the keto-N1H,N7H for Hyp39) at 298 K, as mentioned
above, which may result in hydrogen loss from different posi-
tions on the parent molecule. The sharp ∼1 eV structure
has been assigned as dipole-supported vibrational Feshbach
resonances in the case of Thy and Ura.14,40,41 However, recent
time-resolved photoelectron imaging experiments of Ura have
explored the electron attachment mechanism for the reso-
nances observed near 1 eV and showed that the electron can
attach directly to the valence bound state, rather than needing
a doorway dipole-bound anion.42 Gohlke et al. attributed the
resonance to formation of (Ade)−# via electron capture on
the lowest π∗ antibonding orbital of the Ade neutral mole-
cule before dissociation into (Ade − H)−.12 However, Denifl
et al. suggested that this sharp resonant peak in the case
of Ade is due to crossing of the potential energy curves of
the lowest σ excited state and the dipole-bound state14 and
due to loss of H from the N9 position. Furthermore, when
the N9 position was methylated in the Ade experiments, the
large sharp resonance just above 1 eV disappeared, supporting
the proposal that this peak is due to hydrogen loss from the
N9 position.14 Hydrogen loss from the N9 position in Hyp
may occur if our sample is a mixture of the two dominant
tautomeric forms. To further determine which reaction is more
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favorable, we calculated the reaction enthalpies for hydrogen
loss from the two different Hyp tautomers. For the keto-
N1H,N7H tautomer, hydrogen loss from the N7 position re-
sults in an enthalpy of 0.80 eV. Whereas for the keto-N1H,N9H
tautomer, hydrogen loss from the N9 position is only slightly
lower with an enthalpy of 0.77 eV, indicating that the two
tautomers are approximately isoenergetic. However, the bond
dissociation energy (BDE) for N9-H cleavage in the keto-
N1H,N9H tautomer was found to be 4.49 eV, while the BDE
for N7-H cleavage in the keto-N1H,N7H tautomer was found
to be slightly higher at 4.52 eV, indicating that the N9-H bond
is weaker in the keto-N1H,N9H Hyp tautomer. Computations
of the bond lengths, which could correlate with the bond
strengths, showed that the N7-H and the N9-H bonds in the
respective tautomers both had very similar lengths of 1.009 Å.
Furthermore, we also calculated the dipole moments to be 1.6
D for the keto-N1H,N7H and 5.3 D for the keto-N1H,N9H
tautomer. The very low dipole moment of the keto-N1H,N7H
tautomer suggests that an electron would not easily become
trapped in a diffuse bound state of this tautomer form, even if
it is dominant in our gas-phase experiments. In prior works,
the dipole moment of the keto-N1H,N7H Hyp tautomer has
also been calculated to be lower (at 1.21-1.88 D)31 than that
of the keto-N1H,N9H Ade tautomer (2.36-2.53 D14,31), and
the critical dipole moment is 2–2.5 D to form dipole-bound
anion states that can then give rise to vibrational Feshbach
resonances.40 Our calculations resulted in a dipole moment
of 2.45 D (B3LYP) or 2.51 D (MP2) for the keto-N1H,N9H
Ade tautomer. Also, preliminary computational searches for
dipole–bound anions revealed a weakly attached electron in
the keto-N1H,N9H Hyp tautomer (see Fig. 4) and, as expected
from the computed dipole moment of Hyp, we failed to locate
such a state in the keto–N1H,N7H form of Hyp. The electron
affinity for this dipole-bound anion (somo) was calculated to
be 17 meV using the U(MP2-aug-cc-pVDZ+) method. Thus,
we tentatively propose that the resonance at 1.1 eV for the
(Hyp − H)− arises from a dipole-bound state, as suggested
previously for Ade by Denifl et al.,14 in which hydrogen
loss occurs at either the N9 or N1 position of the keto-N1N,
N9H tautomer population. Of note, the reaction enthalpies for

FIG. 4. Molecular orbital spin density plot of the keto-N1H,N9H highest oc-
cupied orbital in the dipole-bound anion (somo) of hypoxanthine, calculated
using the U(MP2-aug-cc-pVDZ+) method.

hydrogen loss from the N1 position were both higher at 0.95 eV
and 1.05 eV for the keto-N1H,N7H and keto-N1H,N9H tauto-
mers, respectively, suggesting that hydrogen loss from the N1
position in either tautomer is slightly less favored although
still possible within this threshold. We also observed in our
calculations that the lowest relative energy radical is the keto-
N1H (hydrogen atom loss at the N1H) radical from Hyp, while
the keto-N7H and the keto-N9H radicals were both slightly
higher in energy at 13 kJ/mol (0.14 eV). The Hyp deprotonated
anions also had energies of 15 and 27 kJ/mol (0.16 and 0.28 eV)
for the keto-N7H and the keto-N9H tautomers, respectively,
relative to the keto-N1H tautomer. Therefore, we cannot rule
out cleavage at the N1 position with our present experiments
and calculations.

The ion efficiency curve for (Ade − H)− in Fig. 3 shows
additional features at 0.9 eV and a shoulder at 1.4 eV; however,
although present, these features are not clearly resolved for
(Hyp − H)− possibly due to a slightly lower electron energy
resolution in our study. Denifl et al. demonstrated clearly using
methylated Ade that the shoulder near 1.5 eV is due to H
loss from the N9 position in Ade.14 Additionally, as shown in
Fig. 3, the (Ade − H)− has a much larger ion yield than the
(Hyp − H)−, which could be partially due to the fact that the
N9-H keto tautomer makes up 100% of the population of Ade
in the gas phase at room temperature.43 If the dominant Hyp
tautomer in the gas phase is the keto-N1H,N7H tautomer but its
low dipole moment precludes the formation of a dipole-bound
state, then the features near 1 eV for the (Hyp − H) anion would
be expected to have a much lower ion yield if they primarily
arise from the minor keto-N1H,N9H tautomer. We do observe
this, and it may support the argument that the anion results from
hydrogen loss from the N9 position of the Hyp keto-N1H,N9H
tautomer.

Minaev et al. suggested that the 2.2 eV peak for Ade is
correlated to the N—H bond cleavage in the amino group.16

However, in the case of Hyp, we observe this broad peak in
weak abundance, and in the case of Ade, prior experiments
with 6-dimethyladenine, in which the N—Hs were replaced
with N—CH3 groups, also still showed this peak.14 This sug-
gests that this resonance does not arise from N—H bond cleav-
age but instead due to dehydrogenation from a location on the
ring structure itself.

Additionally, a low-intensity peak at 0.03 eV was observed
for (Hyp − H)−, similar to the low-intensity 0.08 eV peak for
(Ade − H)−. In the case of Ade, Huber et al. suggested this peak
near 0 eV may arise from the endothermic DEA reaction to vi-
brationally excited Ade or a hot band transition.5,12 They ruled
out ion-molecule reactions with SF6

−,12 as do we, because SF6

was not used as the calibration gas. An alternative assignment
was given for the DEA to Thy, where it was concluded that
such a weak resonance near 0 eV was due to H2 loss from Thy
that contains 13C.3,17

C. Other anions

Figure 5 presents the ion efficiency curve for m/z 121,
which is assigned to (Hyp − NH)−. This anion is the only other
anion besides the (Hyp − H)− that has resonant peaks below
3 eV, and it has a lower intensity than most of the other major
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FIG. 5. Ion efficiency curve of m/z 121 for (Hyp−NH)− induced by electron
attachment to hypoxanthine as a function of electron energy, taken at an oven
temperature of 453 ± 3 K. Red line is provided only to guide the eye.

anions. The ion efficiency curve of (Hyp − NH)− has a broad
structure with two overlapping resonant peaks with maxima
at 1.5 and 2.0 eV. (Hyp − NH)− is formed according to the
following reaction:

e− + C5H4N4O↔ (C5H4N4O)−#

→ (C5H3N3O)− + NH•. (4)

However, unlike the DEA to Ade, we did not observe the loss
of a NH2 group or a NH3 molecule from Hyp (m/z 119 or 118,
respectively). This is expected because in Hyp the NH2 group
is replaced with oxygen (==O) bonded to C6.

Figure 6 presents the ion efficiency curves for the anions
produced upon electron attachment to Hyp with peak max-
ima between 5 and 7 eV that most likely arise from core-
excited resonances. These fragment anions include m/z 107
(C4H3N4

−/C4HN3O−), m/z 92 (C4H2N3
−), m/z 66 (C3NO−/

HC(HCN)CN−), m/z 42 (OCN−), m/z 26 (CN−), and m/z

16 (O−). Several other nucleobases have also shown complex
decomposition in the energy range from 4 to 9 eV.5,19 The anion

FIG. 6. Ion efficiency curves of m/z 107, m/z 92, m/z 66, m/z 42, m/z 26, and m/z 16 induced by electron attachment to hypoxanthine as a function of
electron energy below 9 eV taken at an oven temperature of 453 ± 3 K. Red lines are provided only to guide the eye.
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at m/z 107 exhibits two overlapping resonances at 5.0 and
5.7 eV. C4H3N4

− from Ade at m/z 107 also exhibits at peak at
5.7 eV.5 In the case of Hyp, the following two reactions could
form the anion at m/z 107:

e− + C5H4N4O ↔ (C5H4N4O)−#

→ (C4H3N4)
− + HCO, (5)

e− + C5H4N4O ↔ (C5H4N4O)−#

→ (C4HN3O)− + HCN + H2. (6)

The anion at m/z 107 that was observed in the DEA to Ade
was suggested to form via HCN and H loss because it is the
most energetically favorable pathway.5 In the case of Hyp,
an additional H atom would be lost to exothermically form
H2, as in reaction (6). However, other neutral-loss possibilities
include the ejection of a CN radical + 3H or HCN + 2H, but
these reaction pathways are less favorable thermodynamically.

The anion at m/z 92 assigned to C4H2N3
− also exhibits

two overlapping broad resonances at 5.0 and 6.0 eV similar
to those observed for the same anion at m/z 92 from Ade in
which two resonances (at 5.6 eV and 6.7 eV) were identified.
Likewise, the anion at m/z 66 from Hyp, which we assign
to C3NO−/HC(HCN)CN−, exhibits a broad resonance with a
peak maximum at 6.3 eV. The HC(HCN)CN− could arise from
the cleavage of the intact imidazole ring of Hyp. The shape and
position of its resonant peak are similar to those of Ade’s m/z

65, which was assigned to HCN(CN)2
− by Huber et al.5

The anion at m/z 42 assigned to OCN− has been exten-
sively observed in several other nucleobase DEA studies.2,5,18,19

The OCN− is formed due to the high electron affinity of OCN
(3.61 eV)44,45 and can result from complex dissociation (mul-
tiple bond breakage) of the 6-membered ring of Hyp. Here,
in contrast to many other studies, we observe a very weak,
broad resonance (0.9 relative abundance to the (Hyp − H)−) at
6.4 eV, and we note that OCN−was not observed in the DEA to
Ade because it lacks oxygen.5 This anion was observed in the
case of Gua, which has a similar purine structure as Hyp, but it
exhibited several resonances below 5 eV.2 Additionally, OCN−

was observed in the DEA to Thy with a resonance at 6.81 eV,
and it was also observed in the DEA to Cyt with a resonance
at 5.98 eV.17

CN− from Hyp also has a broad resonant structure with
two overlapping peaks at 5.3 and 6.2 eV, and this anion is
also often observed in measurements of electron attachment
to nucleobases2 because of the high electron affinity of CN
(3.86 eV).46 The CN− is formed due to complex excision via the
breaking of multiple bonds in Hyp. The CN− from Ade, which
should be comparable, also exhibited two broad overlapping
peaks at 5.8 and 6.7 eV in the study of Huber et al.5 The CN−

resonances from both Hyp and Ade near 6 eV are similar but
have different shaped leading edges. The CN− is the dominant
peak above 5 eV in the DEA to Ade; however, m/z 92 is slightly
more intense above 5 eV in the DEA to Hyp. In the cases of the
pyrimidine bases, Thy and Cyt, resonances due to CN− were
observed at 6.94 and 6.77 eV, respectively, among several other
peaks.17

Finally, as shown in Fig. 6, O− is observed at m/z 16 with
a broad resonance at 6.6 eV. To compare to other purines, for

Gua, the O−/NH2
− observed by Abdoul-Carime et al. showed

a resonance at ∼6.2 eV, and a resonance at ∼2 eV was assigned
to NH2

−. Taking now the direct comparison of the present
O− with the same m/z for Gua from Ref. 2, the ∼6.2 eV
resonance in their ion yield was likely due to O−. Although Ade
does not contain oxygen and thus O− would not be expected,
NH2

− would be expected similar to Gua. However, the NH2
−

resonance was not reported in the studies of the DEA to Ade.2,5

The O− from the pyrimidine, Thy, which does not contain NH2

functionalities, exhibited resonances at 9.8 and 12.36 eV.17

Also in the DEA to Cyt, a sharp resonance was observed at
5.74 eV for m/z 16, but because Cyt also contains the amino
functional group, it could have resulted from either NH2

− or
O−.17

IV. CONCLUSIONS

We have measured the anions resulting from the DEA to
gas-phase Hyp as a function of electron energy below 9 eV.
Hyp is sensitive to dissociation at sub-ionization electron ener-
gies, involving cleavage of simple bonds as well as complex
cleavage of the parent ring structure. The Hyp parent anion is
not formed in the present DEA experiments in any measurable
quantity above the 13C contribution to (Hyp − H)− at m/z 136.
The dominant anion observed in this study is the closed-shell
dehydrogenated anion, (Hyp − H)−, which exhibits a sharp
resonance at 1.1 eV. For many nucleobases, including now
Hyp, the dehydrogenated anions are the dominant fragments
formed upon DEA, which has been suggested to be driven by
the high electron affinities of their (Parent − H) radicals.5,19 A
relatively high electron affinity for the corresponding (Hyp −
H) radicals was also obtained in our computations. Hydrogen
loss from either the N1 or the N9 site of the keto-N1H,N9H
Hyp tautomer is most probable based on DEA experiments of
similarly structured nucleobases and our present calculations.
The low dipole moment and lack of a dipole-bound anion for
the dominant keto-N1H,N7H tautomer suggests that the keto-
N1H,N9H tautomer is primarily responsible for the (Hyp − H)

anion signal observed in our experiments at 453 K. The 1.1 eV
resonance for (Hyp−H)− is in a similar position to the (Parent −
H) anion resonances observed for other nucleobases, includ-
ing Ade5 and Thy,3,17 and it may occur via a dipole-bound
anion state of the keto-N1H,N9H Hyp that could be coupled
to a vibrational Feshbach resonance. The (Parent − H)− ap-
pears to be a fingerprint characteristic of most nucleobases.
Future isotopically labeled or methylated-Hyp experiments
may further clarify the positional origin of the (Hyp − H)

anion. Also, unlike Ade, we do not observe the loss of NH2 or
NH3. However, the abstraction of neutral NH to form m/z 121
is observed at low-electron energies, although in very small
abundance. A variety of anions are observed from Hyp between
5 and 7 eV, including O−, CN−, OCN−, C3NO−/HC(HCN)CN−,
C4H2N3

−, and C4H3N4
−/C4HN3O−, with CN− and C4H2N3

−

dominating at these energies. These anions form due to com-
plex dissociation reactions or simple bond cleavage from the
ring structures of Hyp. Interestingly, the intact imidazole ring
(m/z 66) can fragment from the parent structure. The formation
of anions from the DEA to Hyp is relevant to the radiation
damage community because of the many possible pathways of
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decomposition of the Hyp ring structure, which could effec-
tively prevent the participation of Hyp in wobble base pairing
in tRNA.

ACKNOWLEDGMENTS

M.M.D., I.C., and S.P. would like to thank the U.S. De-
partment of Energy Office of Science, Office of Basic Energy
Sciences under Award No. DE-FC02-04ER15533 for support
and funds for M.M.D.’s travel to the Innsbruck lab to perform
the experiments. This is Radiation Laboratory Document No.
NDRL-5059. This work was also supported by the Fonds zur
Förderung der wissenschaftlichen Forschung (Austrian Sci-
ence Fund (FWF) No. P22665).

1L. Sanche, Mass Spectrom. Rev. 21, 349 (2002).
2H. Abdoul-Carime, J. Langer, M. A. Huels, and E. Illenberger, Eur. Phys. J.
D 35, 399 (2005).
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CHAPTER 5. RESULTS AND DISCUSSION

5.1.4.2 Conclusions & Outlook

In addition to our electron ionization study, where we saw that the ring structure of hypoxanthine can be

efficiently decomposed at electron energies between 12 and 18 eV, we found in this DEA study to hypo-

xanthine that the ring structures can be broken even at sub-ionization electron energies. No parent anion

was observed in this study, but the closed-shell dehydrogenated anion (Hyp−H)– is the most abundant

fragment anion. Calculations done for this study suggest that the hydrogen loss forming this fragment most

commonly occurs from the N9 position keto-N1H,N9H tautomer, and would be also possible from the N1

position of both tautomers. Thermodynamically the loss of the hydrogen from the N7 position of the keto-

N1H,N7H tautomer is not favorable since the formation of a dipole-bound state upon electron attachment

is not possible because of the low dipole moment of this molecule. This is essential for the formation of

this dehydrogenated parent anion since it was proposed that it could be formed by the coupling of a dipole-

bound anion state to a vibrational Feshbach resonance. The ion efficiency curve for (Hyp−H)– exhibits a

sharp resonance at 1.1 eV, which is similar to other nucleobases such as adenine [331], thymine [323, 337],

guanine [335], and uracil [118].

When comparing the results of our DEA study to hypoxanthine to prior measurements of adenine [331,

333, 334], we found that unlike for adenine, no loss of NH2 and NH3 is visible in our case - most possible

due to the lack of an amino group in hypoxanthine - but we could observe the loss of NH at m/z 121 at low

energies of about 1.5 eV. Interestingly, we also do not observe a fragment anion (Hyp−O)– , but we indeed

observe O– .

Several fragment ions can be observed in hypoxanthine, for which the cleavage of at least one ring

structure is necessary such as CN– , OCN– , C3NO– , HC(HCN)CN– , C4H2N –
3 , and C4H3N –

4 . These

anions are formed via complex dissociation reactions and all exhibit resonances at energies above 5 eV.

The radiobiological relevance of this study is shown by the similarity of the hypoxanthine fragmentation

reaction to the other nucleobases, which all exhibit a sensitivity towards the loss of a hydrogen and the

formation of fragment anions such as CN– , which can only be produced by ring cleavage and can therefore

induce serious damage in the DNA. To get further insight into the dissociation reactions for hypoxanthine

upon electron interaction at low energies, experiments with methylated hypoxanthine molecules should

be performed to further investigate the reactions induced by H loss of the parent molecule. Also, further

investigation studying the two main tautomers of hypoxanthine, the keto-N1H,N7H and the keto-N1H,N9H

tautomer, should be undertaken since our combined experimental and theoretical study showed that the

formation of a dehydrogenated parent anion is inhibited for the keto-N1H,N7H tautomer, which could

subsequently also have consequences on the further fragmentation of the molecule. For radiation biology

this could mean that the keto-N1H,N79H tautomer would be less stable upon radiation damage.
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5.2. LOW-ENERGY ELECTRON INTERACTIONS WITH NITROIMIDAZOLE

5.2 Low-Energy Electron Interactions with Nitroimidazole

In this chapter an experimental study on electron attachment to the gas phase nitroimidazole compounds

4-nitroimidazole (4NI; C3H3N3O2; m/z 113), and two methylated compounds, 1-methyl-4-nitroimidazole

(Me4NI; C4H5N3O2; m/z 127) and 1-methyl-5-nitroimidazole (Me5NI; C4H5N3O2; m/z 127), is presented.

Their structures are displayed in Figure 5.3. The interactions of low-energy electrons with energies between

0 and 8 eV with the compounds of interest were studied with the high-resolution mass spectrometric de-

vice presented in Chapter 3. Nitroimidazolic compounds can be used as radiosensitizers [27, 154, 163],

which should enhance radiation damage in tumor cells in radiotherapy (see Section 2.3.3.1). Since the

mechanism of radiosensitizers at a molecular level are not fully understood yet, but most possibly involve

reactions induced by low-energy electrons (LEEs) via dissociative electron attachment [340], understanding

the interaction of these LEEs with radiosensitizing compounds is key for the development of new radiother-

apeutic drugs and therapies. The results of this study were published in a communication in Angewandte

Chemie International Edition [341] and recently in a more detailed publication in The Journal of Physical

Chemistry A [342].

Figure 5.3: Molecular structures of (a) 4-nitroimidazole (4NI), (b) 1-methyl-4-nitroimidazole (Me4NI), and
(c) 1-methyl-5-nitroimidazole (Me5NI).

5.2.1 Introduction

Nitroimidazolic compounds are currently investigated as potential radiosensitizers, some of which, i.a.

misonidazole and nimorazole, have been already tested in clinical trials [27, 154, 158, 159, 163]. The

clinical trials with nimorazole have been especially successful and as a result it is currently used during

radiotherapy of head and neck cancers as part of the standard treatment schedule in Denmark [27]. However,

the search for alternatives to nimorazole with low neurotoxicity but high sensitizing abilities is still ongoing

and therefore other possible radiosensitizers are being investigated.

Nitroimidazolic compounds are radiosensitizers that are used for hypoxic tumors [163, 343], which are

oxygen-deprived tumors that have outgrown their blood supply and are therefore nutrient and oxygen defi-

cient [147, 150]. Hypoxic radiosensitizers should enhance radiation damage in the tumors, but should not

affect the healthy cells since they are well oxygenated [27]. Although the exact physico-chemical processes

195



CHAPTER 5. RESULTS AND DISCUSSION

of these hypoxic radiosensitizers are not well understood yet, most probably low-energy electrons are re-

sponsible in a way by inducing DEA processes in molecules inside or close to the DNA, as was shown for

brominated nucleobases by Park et al. [340]. Dissociative electron attachment (DEA) can very efficiently

break bonds of molecules, which means that via this process radicals can already be generated at energies

that lie significantly below the bond dissociation energy [49, 108]. Similar studies to ours have already been

conducted with 5-bromouracil (BrU). Bromouracil is formed by replacing the methyl group of a thymine

molecule by a bromine atom and for which it was already demonstrated in the late 1950s that DNA damage

and cell death are enhanced if thymine is replaced in the DNA by BrU, which suggests a possible use of

BrU as a radiosensitizer [344–346]. The traditional model to explain this effect was that the secondary

electrons that are produced along the radiation tracks are thermalized within a ps [347] where they create

BrU– in the following which then further dissociates into Br– and the corresponding reactive uracil radical.

This uracil radical was thought be a precursor for DNA damage [346, 348]. However, Abdoul-Carime et

al. showed in a DEA study to gas phase 5-bromouracil and other halouracils that these molecules fragment

extensively at the biologically relevant energies between 0 and 3 eV. These resonant mechanisms lead to

the formation of anionic and radical fragments, which can react with the DNA and in that way induce lethal

clustered damage in addition to the direct damage that is already induced by the secondary electrons [346,

349]. Similar results are expected for the nitroimidazolic compounds, since they show effective radiosensi-

tizing abilities, and it is therefore indispensable to know their response towards low-energy electrons.

4NI Me4NI Me5NI Miso Nimo

AEA (eV) 0.73 0.69 1.17 1.33 1.31

VDE (eV) 1.13 1.08 1.51 1.81 1.73

VEA (eV) 0.28 0.25 0.78 0.79 0.82

Table 5.4: Summary of calculated adiabatic electron affinities (AEA), vertical detachment energies (VDE),
and vertical electron affinities (VEA) for 4-nitroimidazole (4NI), 1-methyl-4-nitroimidazole
(Me4NI), 1-methyl-5-nitroimidazole (Me5NI), Misonidazole (Miso), and Nimorazole (Nimo).
Adapted from [350].

To extend the search for new radiosensitizers we chose to investigate a new potential radiation enhancing

compound, i.e. 4-nitroimidazole (4NI), and two of its methylated compounds, 1-methyl-4-nitroimidazole

(Me4NI) and 1-methyl-5-nitroimidazole (Me5NI). These compounds were chosen because it was found

that the efficiency of sensitization and the electron affinity are related [350, 351]. It was proposed by Strat-

ford et al. that the electron affinity is also a predominant factor that determines the cytotoxicity of the

molecule [352], however this is not necessarily true for all molecules as in the case of misonidazole and

nimorazole, for example. In Table 5.4 the calculated electron affinities, vertical detachment energies, and

vertical electron affinities are displayed. One can clearly see, that our compounds of interest have a sub-

stantially lower electron affinity than misonidazole and nimorazole, but in return they also possess a lower

cytotoxicity. This makes them interesting for the application as radiosensitizers since they can be given in

higher doses and therefore studying their behavior towards ionizing radiation is of great importance. As
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mentioned before, the exact mechanism of radiosensitizers is still unknown, but in the case of nitroimi-

dazoles it was suggested that they can bind selectively to hypoxic cells as well as anaerobic bacteria via

complex redox reactions [350, 353]. In a high resolution mass spectrometry study by Feketeová et al. it

was found that radical anions of nimorazole and misonidazole can be formed directly upon electrospray

ionization [350]. Despite their importance in medical applications, few gas phase studies of nitroimida-

zoles have been conducted so far. Among them is a photoelectron spectroscopy study by Kajfez̆ et al. on

4- and 5-nitroimidazole and methyl-nitroimidazoles, where it was found that the addition of a nitro group

to an imidazole ring strongly stabilizes the molecule upon low-energy π-ionizations, similar as in the case

of benzene and nitrobenzene, respectively [354]. Moreover, a study using PES and mass analyzed kinetic

energy spectra (MIKE) study of 4- and 5-nitroimidazole [355] as well as nanosecond energy resolved spec-

troscopy studies to 2-, 4-nitroimidazole, and Me5NI [356], as well as imidazolic compounds with two or

three nitro groups [357] were conducted. It was found that 2NI, 4NI, and Me5NI all form NO as an initial

decomposition product and that different positions of the NO2 group on the imidazole ring apparently do

not change the dissociation dynamics of these compounds [356]. In a very recent study of 2NI, 4NI, and

5NI by Feketeová et al. using low- and high-energy Collision-Induced Dissociation (CID) and Electron-

Induced Dissociation (EID) it was discovered that the decomposition of these nitroimidazolic compounds

in all cases involves the nitro group via inital loss of NO •
2 or NO• [358].

Furthermore, besides their possible use as radiosensitizers, nitroimidazoles can also be used as antibac-

terial drugs [359] and have been studied according to their potential use in imaging hypoxia in tumors by

positron emission tomography (PET) [360–363] and as energetic materials [356, 357, 364].

5.2.2 Experimental Considerations

The experiments discussed in Section 5.2.3 were performed on the high-resolution mass spectrometric

device that is presented in Chapter 3. The presented measurements were performed in three seperate ex-

periments. The measurements for 4NI were performed by Benjamin Puschnigg in October 2012, while the

measurements for Me5NI and Me4NI were done by myself in March 2013 and June 2014, respectively.

The samples for 4NI (CAS-Number: 3034-38-6) and Me5NI (CAS-Number: 3034-42-2) were obtained

from Sigma-Aldrich with stated purities of 97% and the sample of Me4NI (CAS-Number: 3034-41-1) was

purchased from BOC Sciences with a stated purity of 98%. The monochromator was optimized before each

measurement to yield a compromise between electron energy resolution and signal intensity. The energy

resolution was between 110 and 140 meV (FWHM) at electron currents between 20 and 30 nA and the

background pressure in the chamber was 1 − 2 · 10−7 mbar.

4NI was evaporated in a copper oven and inserted into the collision region with a small capillary with

a diameter of 1 mm, while Me5NI and Me4NI were heated in an external gas inlet and then introduced

into the vacuum chamber also via a small 1 mm capillary. This was necessary because the inside of the

chamber is usually heated to about 353 K to prevent condensation of samples onto the monochromator.

When Me5NI was first introduced into the chamber in the copper oven, the lights were turned off. When

the halogen lights inside the chamber were turned on to heat the chamber to a temperature of 330 K, the

pressure rose very quickly from 1 · 10−7 mbar to a pressure of 9 · 10−5 mbar, which was too high to perform
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measurements. Therefore, the sample was put into a gas capillary outside of the chamber, where the inlet

pressure could be controlled via two needle valves.

The samples were heated up while their cation mass spectra were recorded until a satisfying ion intensity

was reached. 4NI was heated up to 373 K and both methylated compounds to 333 K. Afterwards anion

mass spectra were recorded and anion efficiency curves for the most abundant fragment anion observed in

the mass spectra were taken. Here, one curious thing could be observed. Under comparable experimental

conditions the intensity of the ions arising from 4NI and Me5NI was on a comparable scale, but the in-

tensity of Me4NI was more than one order of magnitude lower. This could be verified by recording ion

efficiency curves with Me4NI and Me5NI directly after each other with the same experimental conditions.

The measurements of the methylated compounds could be compared with the 4NI measurements by com-

paring the intensity of the measurement of the ion efficiency curve of Cl– of the calibration gas CCl4 for

all three compounds [71, 118, 203, 300].

5.2.3 Results

In this section the results for our DEA study to the nitroimidazolic compounds 4-nitroimidazole (4NI),

1-methyl-4-nitroimidazole (Me4NI), and 1-methyl-5-nitroimidazole (Me5NI) are presented. These results

have been published in a communication in Angewandte Chemie International Edition [341], which was

also translated into German and published in Angewandte Chemie [365]. A second, more detailed pub-

lication showing previously unpublished results was published in the The Journal of Physical Chemistry

A [342]. All of these publications are presented in the following.
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Katrin Tanzer a, Linda Feketeová b, Benjamin Puschnigg a, Paul Scheier a, Eugen Illenberger c, and Stephan

Denifl a

a Institut für Ionenphysik und Angewandte Physik and Center of Molecular Biosciences, Leopold-Franzens-

Universität Innsbruck, Technikerstr. 25, 6020 Innsbruck, Austria

b ARC Centre of Excellence for Free Radical Chemistry and Biotechnology, School of Chemistry and

Bio21 Institute of Molecular Science and Biotechnology, The University of Melbourne, 30 Flemington

Road, Victoria 3010, Australia

c Institut für Chemie und Biochemie - Physikalische und Theoretische Chemie, Freie Universität Berlin,

Takustrasse 3, 14195 Berlin, Germany

‡The author of this thesis performed the experiments on Me4NI, analyzed and prepared the data, and compiled the figures. B.P.
performed the experiments on 4NI.

199

10.1002/anie.201407452


CHAPTER 5. RESULTS AND DISCUSSION

5.2.3.2 Publication: Reaktionen in Nitroimidazol, ausgelöst durch niederenergetische (0-2 eV)
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5.2.4 Conclusions & Outlook

In this DEA study to the nitroimidazolic compounds 4-nitroimidazole (4NI), 1-methyl-4-nitroimidazole

(Me4NI), and 1-methyl-5-nitroimidazole (Me5NI) it was discovered that low-energy electrons with energies

below 8 eV can trigger a variety of unimolecular reactions via DEA. Among them are simple bond cleavages

such as the formation of NO –
2 and the loss of H• but also much more complex reactions involving the entire

target molecule by forming new molecules such as as loss of OH•, the loss of HNO2, or the formation of

CN– . For most compounds, the intensity of the detected ions for 4NI and Me5NI is on a comparable

scale, while Me4NI exhibits an ion yield that is at least an order of magnitude lower than for the other two

compounds, which we ascribed to the substantially different dipole moments of Me4NI and Me5NI (4.37 D

and 8.50 D, respectively), which would alter the lifetime of the TNI and therefore influence the intensity of

the produced fragment anions.

For most of the fragments it was found that methylation of the N1 position of 4NI completely blocks

the DEA reactions in the energy range below 2 eV. This is remarkable, considering that methylation does

not only blocks reactions that involve the cleavage of the N1−CH3 bond, but also inhibits reactions that

involve rich chemistry of the entire molecule in the energy range below 2 eV. An example for this is the

formation of (M−NO)– , where the reaction is not only quenched for Me4NI and Me5NI below 2 eV, but

no ion signal is detected for 4NI above 2 eV. Furthermore, metastable parent anions can only be seen for

the methylated compounds, indicating that autodetachment can be delayed into the µs time regime, which

is probably due to the higher number of vibrational degrees of freedom among which the excess energy can

be efficiently redistributed. In case of 4NI, a closed shell dehydrogenated parent anion that shows a series

of sharp resonances that are attributed to vibrational Feshbach resonances can be seen between 0 and 2 eV.

Additionally, we can state that the position of the NO2 group has little influence on the behavior of the

compounds towards low-energy electrons except the reduced sensitivity if the different position of the NO2

group leads to a significantly different dipole moment.

As already mentioned before, studying the behavior of these nitroimidazolic compounds towards low-

energy electrons is essential for understanding the molecular mechanisms of radiosensitizers, as which

nitroimidazolic compounds are used [27, 154, 158, 159, 163]. We have discovered that 4NI is extremely

sensitive towards low-energy electrons, especially at the very low energies below 2 eV where a rich chem-

istry is induced in the molecule leading to a variety of radicals being formed, among them the hydroxyl

radical OH•, which is suspected as being one of the most dangerous radicals concerning DNA damage [10].

The damage induced in the DNA by these radials is called indirect damage and amounts to about two thirds

of the DNA damage induced by ionizing radiation together with the direct damage induced by photons and

electrons [21, 107, 108, 301].

That means, additionally to the direct damage that electrons can induce in the DNA, for example in the

bases of the DNA as was establish in the extensive study of electron interaction with the nucleobases ade-

nine and hypoxanthine in the previous section, LEEs can also trigger the formation of radicals in molecules

surrounding the DNA and therefore enhance the DNA damage even more, as desired in the case of radio-

therapy.
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The next step should be to investigate the behavior of misonidazole and nimorazole towards low-energy

electrons and compare them to the results we have obtained for 4-nitroimidazole to see if their sensitivity

towards electrons is on a similar scale and if similar fragmentation products are produced to established if

4-nitroimidazole would be a good alternative to the already established radiosensitizers and to get more in-

sight into the molecular mechanisms of radiotherapy, which would help the search for new radiosensitizers

immensely.

Furthermore it would be interesting to study not only the influence of low-energy electrons towards these

nitroimidazolic compounds but also their response towards photon irradiation, for example X-rays, that are

also used in radiotherapy [366–368]. A coincidence study in the soft X-ray regime with 4-nitroimidazole

and 1-methyl-5-nitroimidazole was recently undertaken at the MAX II synchrotron facility in Lund, Swe-

den, discovering substantially different fragmentation pathways for these two compounds upon C 1s core

ionization. Further measurements and calculations should be undertaken to fully understand the substan-

tially different chemistry that is induced in these molecules by photons.
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5.3 Low-energy electron attachment to platinum(II) bromide

In the study presented in this section, dissociative electron attachment in the low-electron energy range

below 10 eV with the metal halide platinum(II) bromide (PtBr2) was studied. Until now, we have estab-

lished that low-energy electrons can induce severe damages the DNA, to be more exact we have found the

most important dissociation pathways for the nucleobases adenine and hypoxanthine in the energy range

below 30 eV [22]. Moreover, the radiosensitizing ability of the nitroimidazolic compound 4-nitroimidazole

was investigated [341]. So the next consequent step is to find chemotherapeutic compounds that not only

kill cancer cells by their cytotoxicity, but also show radiosensitizing properties that will increase their

damage when used together with radiation therapy. The molecule that we proposed in this study is plat-

inum(II)bromide (PtBr2), which is suggested to unite the therapeutic properties of both platinum- and

bromide-containing compounds. The results of this study were published in the International Journal

of Mass Spectrometry in January 2014 [369].

5.3.1 Introduction

Platinum-based chemical compounds are widely used as chemotherapeutic agents [28, 80]. The most used

cancer drug is cis-diamminedichloroplatinum (II) (Pt(NH3)2Cl2), which is better known as cisplatin [28].

For this compound it was discovered in the 1980s that when cisplatin is administered at the same time as

radiation is performed, superadditive effects will enhance the damage of the radiation [29]. This effect was

discussed in detail in Section 2.3.3.3, but concluding one can say that cisplatin possesses a cross section

that is magnitudes higher than that of the components of the DNA and can therefore capture electrons that

are produced by the radiation, more efficiently and moreover, it leads to an increase in the abundance of

secondary species created by the radiation and hence increases the DNA damage [29]. However, cisplatin

causes severe side effects and tumors that have been treated with this agent can develop resistance to it and

hence limits its application [370]. Alternatives to cisplatin are the platinum-based compounds carboplatin

and oxaliplatin (Figure 2.78), which are also used as standard chemotherapeutic drugs for the treatment of

different cancers [371, 372]. A recent study with these three compounds confirmed that platinum-based

chemotherapeutic drugs indeed enhance the formation of clustered damage to DNA when irradiated and

that low-energy electrons are mainly responsible for this effect via resonant processes. Furthermore it was

found that both carboplatin and oxaliplatin show higher efficiencies in the radiosensitization of the DNA

than cisplatin [371], which shows how much potential these agents would have as radiosensitizers. Right

now, the search for new potential platinum-based chemotherapeutic drugs that possess different functional

groups is ongoing [372, 373]. Even though the exact molecular mechanisms of both chemotherapy and

radiotherapy are still unknown, several characteristics for possible chemotherapeutic drugs have been pro-

posed: the compound should not be charged, since this makes passive diffusion into biological cells easier

and in the best case it should contain both non-leaving and leaving groups so the compound can attach

directly to the DNA [373].

Another species of compounds that has been found to be effective in radiosensitization are brominated

compounds (see Section 5.2.1) [374, 375]. We therefore proposed that a molecule composed of both plat-
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inum and bromide might exhibit even more efficient properties as a radiosensitizer and conducted studies

with the most basic of these compounds, platinum(II) bromide (PtBr2). This molecule belongs to the group

of metal halides that are also widely used in the industry, mainly as catalysts for many chemical processes

[376] but also in the production of electric discharge lamps [377].

Br

Pt

Br

platinum(II) bromide

H2N

Pt

NH2 Cl

Cl

cisplatin

Figure 5.4: Structures of platinum(II) bromide and cisplatin

In a study by Śmiałek and co-workers such platinum-bromide-complexes, platinum(II) bromide (PtBr2)

and cis-diamminedibromoplatinum(II) (Pt(NH3)2Br2; cis-Br-Pt) were investigated together with cisplatin

[378]. Plasmid DNA was irradiated with X-rays in the presence of these compounds and the effect of the

incubation time and the radiation strength on the DNA was measured. There it was found that for the used

radiation doses of 0 to 8 Grey only for PtBr2 a substantial damage could be observed (Figure 5.5 (left)),

while for cisplatin and cis-Br-Pt the damage that was seen most probably only results from the covalent

bonding of the molecule to the DNA. A similar effect was seen for the formation of double strand breaks

(DSBs), where an increase could only be observed for PtBr2 (Figure 5.5 (right)). However, one has to

note that these experiments were carried out with significantly lower doses of radiation than for previous

experiments for cisplatin, where much higher levels of damage were found [379], so one can speculate that

the increase of damage of cisplatin and cis-Br-Pt in this study was simply under the threshold. Performing

a similar experiment starting from 0 Gy up to higher radiation doses with sufficient data points, would

probably give more unambiguous results. Śmiałek et al. believed that the DNA damage that was observed in

this study for the presence of PtBr2 originates from the bromine atoms rather than the platinum atom [378].

As cis-Pt molecules usually bind covalently to the DNA by losing its chlorine atoms [380], it is possible

that no halogens are present close to the DNA for these compounds including cis-Br-Pt [378].

Śmiałek et al. recently published a follow-up study in which they irradiated plasmid DNA that was

incubated with platinum(II) bromide (PtBr2), hydrogen hexabromoplatinate (IV) (H2PtBr6), hydrogen hex-

ahydroxyplatinate (IV) (H2Pt(OH)6), and sodium hexahydroxyplatinate (IV) (Na2Pt(OH)6). They found

that the DNA damage induced by UV radiation is very small for all the compounds. In case of irradiation

with X-rays the authors observed that the combination of Pt and Br atoms leads to an increased damage in

the DNA, i.e. they are more efficient as radiosensitizers [381]. However, also in this case the doses for the

X-ray radiation were rather low, so it can only be speculated about their behavior at higher doses.

It was proposed that since bromine possesses a high electron affinity of 3.363 eV, electron capture should

be an effective process in PtBr2. However, the exact molecular mechanism of the interaction of this com-

pound with the DNA is unknown [378, 381], so further experiments with low-energy electrons, radical

species, or photons should be carried out to shed more light on this process.
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Figure 5.5: Supercoiled DNA loss (left) and the percentage amount of linear DNA (right) as a function
of the X-ray radiation dose for samples incubated for 12 h with 1 nmole of the corresponding
samples. The drawn curves are guides to the eye. Images taken from [378]

As PtBr2 is a metal halide, a molecule comprised of metal atoms and halogen atoms, looking at previous

electron interaction studies might give us some insight about the properties of platinum(II) bromide. Pre-

vious studies include electron ionization studies, especially SnBr2, where the production of Br+ is directly

associated with the ion pair formation of Br+ and Br– [382–385]. Dissociative electron attachment to metal

halides were performed with PbBr2 in which case the anions Br– and PbBr– were detected, however the

intensity of the latter anion was only 1% of Br– . It should be noted that the intensity of Br– was of the

same order of magnitude as that of Br+, which further confirms the importance of the ion pair formation.

The ion efficiency curve of Br– showed a resonance at 2.0 ± 0.1 eV and another feature at higher energies

associated with ion pair formation. The ion yield of PbBr –
2 is maximized at 1.7 ± 0.1 eV [382]. SnBr4

was also studied with low-energy electrons and SnBr –
3 , SnBr –

2 , Br –
2 , and Br– were observed, all of them

showing one single resonance [386].

5.3.2 Experimental Considerations

All the measurements presented in this chapter were performed on the high-resolution mass spectrometric

device presented in Chapter 3 in April 2013 together with Andrzej Pelc of the Mass Spectrometry Depart-

ment at the Institute of Physics of the Marie Curie-Sklodowka University in Lubin, Poland. The sample

(CAS Number: 13455-12-4) was purchased from Sigma-Aldrich and possesses a stated purity of 98%.

The chamber was cleaned ahead of the experiment to get rid of possible traces of previously studied com-

pounds. The monochromator was optimized to a resolution of about 150 meV (FWHM) at an electron

current between 20 and 30 nA.

The sample was heated in a copper oven and guided through a small capillary with a diameter of 1 mm

directly into the collision region. The inside of the chamber was heated to 360 K with halogen lamps.
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Without the lamps turned on, i.e. room temperature, the pressure in the chamber was 10−7 mbar, with the

lights turned on, the pressure rose to 4 · 10−6 mbar. The sample was heated up to 430 K where the pressure

increased to 1 · 10−5 mbar. During the heating process cation mass spectra were recorded to determine the

right evaporation temperature.

Afterwards positive and negative ion efficiency curves were recorded for the fragment ions that could be

observed. The negative energy scans were calibrated using the sharp resonance of Cl– /CCl4 at 0 eV [71,

118, 203, 300].

5.3.3 Results

The results of this study concerning low-energy electron attachment to platinum(II) bromide were pub-

lished in the International Journal of Mass Spectrometry [369]. The publication mainly focuses on the

temperature dependence of the low-energy resonance of Br– and the study of the molecular mechanisms of

the radiosensitizing ability of platinum(II) bromide.
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5.3.4 Conclusions & Outlook

In this study we investigated electron interactions with platinum(II) bromide which serves as a model

compound for platinum-containing compounds and metal halides that have been found to be effective

chemotherapeutic drugs whose effects might be even more enhanced in combination with radiation [371–

375]. In a recent study it was suggested that PtBr2 has an increased damaging effect on the DNA upon

irradiation with x-rays to cisplatin even at low radiation power [378]. However, this effect could not be

confirmed entirely by our study since a previous DEA study to cisplatin showed a high sensitivity of the

compounds towards low-energy electrons and the formation of a variety of fragment anions [387], while

in our study with PtBr2 only one anion, namely the formation of Br– , could be detected. Nevertheless,

to fully compare the efficiency of the processes for these two compounds studies measuring their absolute

cross sections would have to be performed.

In our DEA study the ion efficiency curve of the Br– anion exhibited two resonances at lower energies

(0.4 and 1.2 eV) and one broad resonance at higher energies. While the resonances at 1.2 and 7 eV were

assigned to the reactions PtBr2+e−→ Br−+PtBr and PtBr2+e−→ Br−+PtBr, respectively, and showed no

temperature dependence other than caused by the increase in the gas density upon heating up, the resonance

at 0.4 eV is exponentially dependent on the temperature and is most possibly formed by DEA to the impurity

HBr that is formed at higher temperatures inside the machine when the sample interacts with water. This

could be relevant for radiation research in the sense that water is always present close to the DNA and could

interact with the compound of interest. However, the temperatures at which this process is observed (410 K

and more) are far too high to be ever present in the human body. For clarification, such an experiment should

be repeated in experimental setups where the sample does not have to be heated to that high temperatures

to evaporate like an electro-spray source or with the sample being embedded in a water matrix to see what

effects the water can have at normal body temperatures
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5.4 Other Publications

In this section I want to include a publication I co-authored, but is no immediate part of this thesis. I

want to highlight my publication on cyanamide [388], which largely bases on a DEA study performed by

me, but since the background and application of this study did not fit thematically that well with the other

papers presented in my thesis, I decided to focus mostly on them, and just give a short introduction here.

In the following section this DEA study to the organic molecule cyanamide that was published in The

Journal of Chemical Physics [388] will be discussed briefly.

5.4.1 Low-energy electron attachment to cyanamide

Cyanamide is a very important organic molecule that has significant applications in industry and agricul-

ture [389–393], but was also observed in the interstellar medium [394]. The interstellar medium (ISM) is

an extremely tenuous medium that contains ordinary matter, cosmic rays, and magnetic fields and in which

all the stars in our galaxy are embedded. It exists in the gas phase in the form of atoms, molecules, ions, and

electrons and also as dust particles. About 10 - 15 % of the mass of our galaxy is attributed to ISM, which

can posses varying temperatures between 100 and 106 K. The first molecules in the interstellar medium have

been discovered in the 1930s and since then many more organic molecules have been observed, using UV

spectroscopy [395]. About 130 compounds have been detected by 2001, most of them simple molecules

containing hydrogen, carbon, oxygen, or nitrogen. Guillemin et al. proposed that organic molecules can or

at least have been easy to form in the universe and that the ISM most possibly could constitute a medium

for organic chemistry. They suggested that the same components found in the ISM could have played a sig-

nificant role in the formation of life on Prebiotic Earth, which is generally argued proceeded from simple

molecules and chemical reactions into more complex species [394]. As electrons are an abundant species in

the ISM [395], it is only consequent to study molecules present in the ISM upon electron interaction since

ion formation can have serious influence on the chemical evolution processes.

Cyanamide was detected in the interstellar medium and is formed by heterogeneous chemistry from the

very unstable methanimine on dust grains and, acting as nucleophile, α-aminonitrile can be formed from

cyanamide in the so-called ”Strecker reaction” [394, 396].

A topic of great interest is also the formation of life on primitive earth. Studies have indicated that most of

the biological monomers such as amino acids, simple sugars, and purines that are crucial for the evolution

of life could have been formed on primitive earth [397–400]. One of the monomers that are believed to

have driven the formation of more complex polymers via dehydration polymerizations is cyanamide, which

is thought of having been produced from electron irradiation of a mixture of methane, ammonia, and water

or by UV irradiation of aqueous NH4CN [401]. It was found that cyanamide can induce polymerization of

glucose and the formation of peptides from diluted amino acid solutions under UV irradiation [402] as well

as producing proteins, nucleosides, nucleic acid bases, hydrocarbon, and organic esters from a mixture of

KNO3 and NH2CN via UV irradiation and electrical discharges. For that reason cyanamide is thought to

be one of the key compounds in the chemical evolution on prebiotic earth [403].

Moreover, cyanamide possesses with carbodiimide a tautomer that is produced by the efficient reaction

H2N−C−−−N −−−→←−−− HN−−C−−NH [404]. Carbodiimide was found of being able to act as a condensing agent for
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the production of peptides from amino acids in liquid water [405]. In water, cyanamide has been observed

to form a dimer, which is active as carbodiimide and is one of the few molecules that can assemble amino

acids into peptide chains. Cyanamide, and consequently also its tautomeric form carbodiimide, is therefore

one of the most essential and important prebiotic molecules that could be a fundamental precursor in the

evolution of life on prebiotic earth [402].

As electrons are one of the most abundant species in the ISM [395] and most possibly were also present

on prebiotic earth, it is important to study the interaction of electrons, and especially low-energy elec-

trons, with this compound. Because of its simple structure that nontheless contains two essential functional

groups, cyanamide could serve its purpose as a model compound for more complex biomolecules.

In our study we found that the ion yield of cyanamide upon low-energy electron interaction is relatively

low compared to effective electron scavengers such as SF6 and its attachment cross section is of the same

magnitude as water. Via DEA reactions a variety of different fragment anions are produced, among which

CN– and NH –
2 are the most abundant. For most fragment anions two resonances, the first between 0.5 and

4.5 eV and the second one between 4.5 and 14 eV, are observed. Thermodynamic thresholds were calculated

and hinted that the tautomer carbodiimide might have been present in our sample, as the threshold for the

DEA processes for this molecule are 0.16 eV lower than for cyanamide [388].
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Cyanamide (NH2CN) is a molecule relevant for interstellar chemistry and the chemical evolution of
life. In the present investigation, dissociative electron attachment to NH2CN has been studied in a
crossed electron–molecular beams experiment in the electron energy range from about 0 eV to 14 eV.
The following anionic species were detected: NHCN−, NCN−, CN−, NH2

−, NH−, and CH2
−. The anion

formation proceeds within two broad electron energy regions, one between about 0.5 and 4.5 eV and
a second between 4.5 and 12 eV. A discussion of possible reaction channels for all measured negative
ions is provided. The experimental results are compared with calculations of the thermochemical
thresholds of the anions observed. For the dehydrogenated parent anion, we explain the deviation
between the experimental appearance energy of the anion with the calculated corresponding reaction
threshold by electron attachment to the isomeric form of NH2CN—carbodiimide. C 2015 AIP

Publishing LLC. [http://dx.doi.org/10.1063/1.4905500]

I. INTRODUCTION

Cyanamide is an important compound with significant
industrial and agricultural applications. It is applied in phar-
maceutical manufactures as well as in other organic compound
production. The most known application of cyanamide and its
derivatives (e.g., calcium cyanamide) is its usage as pesticide
since more than 100 years.1 In fruit crops, NH2CN is used as
a growth inhibitor and stimulator of uniform opening of buds
and also as defoliant for some important agricultural plants.2–4

As a toxic substance used in the food industry, its monitoring
in environment and in food is crucial.5 Besides of its toxic
properties, surprisingly, recently cyanamide was found to be
also a natural product formed in some kinds of plants.4

Additionally, NH2CN is an important astrophysical mole-
cule observed in the gas clouds of the interstellar medium
(ISM) where it is believed to be synthesized by heterogeneous
chemistry on interstellar dust grains.6 It was also suggested that
cyanamide was present on the primitive earth where its produc-
tion was possible by electron irradiation of methane, ammonia,
and water mixture or by the ultraviolet irradiation of aqueous
NH4CN. Furthermore, it is a possible key compound in the
chemical evolution.7,8 For example, in the experiments done by
Wollin and Ryan,9 a mixture of KNO3 and NH2CN was treated
with UV radiation and electrical discharges. After such sample
treatment, the presence of proteins, nucleosides, nucleic acid
bases, hydrocarbons, and organic esters was confirmed as reac-
tion products. Moreover, the tautomerism between cyanamide

a)Electronic addresses: Andrzej.Pelc@poczta.umcs.lublin.pl and
Stephan.Denifl@uibk.ac.at

and its isomer carbodiimide (HNCNH) is very probable,10 and
HNCNH is considered as a condensing agent able to assemble
amino acids into peptides in liquid water.11 Cyanamide is,
therefore, recognized as a fundamental probiotic and an impor-
tant precursor molecule in the study of the origin of life.12 In
addition, cyanamide as one of the simplest organic molecules
comprising important organic groups (cyano and amide) could
also serve as a model molecule for more complex species with
biological relevance.

Metal cyanamides, where one or two atoms of hydrogen
in NH2CN are exchanged with metal atoms, are derivatives
of cyanamide and began to attract attention as a novel class
of functional materials.13–17 For example, silver cyanamide
Ag2NCN is a new n-type semiconductor with a direct band
gap of about 2.3 eV, and therefore can utilize visible light. This
feature of silver cyanamide has placed it as potentially useful
material for solar energy harvesting and optoelectronics.

Due to the reasons mentioned above, it is very interesting
and important to study those mechanisms by which cyanamide
may be dissociated through the interaction with a surface, ions,
photons and like in the present study, electrons. Moreover,
studies of the interactions of NH2CN molecules with electrons
may help in the explanation of processes in which the metal
cyanamides are involved. Although cyanamide seems to be a
very significant compound in many aspects of different pro-
cesses and applications, data rarely exist on the electron impact
and collision induced dissociation leading to the formation
of positive ions18–21 and chemical ionization (CI) leading to
the formation of both, positive and negative ions.18 The ma-
jor peaks in the positive ion mass spectrum were ions with
m/z (mass/charge) equal to 44 and 43 (corresponding to the
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isotope substitution of atoms in the molecule), 42 (parent
ion, NH2CN+), 41, 40, 28, 27, 26, 16, 15, 14, 13, and 12.

To our best knowledge, there is no information and data
available regarding the energetics of the electron attachment to
NH2CN. In the investigations on negative ion formation upon
negative ion chemical ionization (NCI) of cyanamide in an ion
cyclotron resonance trap, three ion species at m/z= 41, 40, and
26 were observed.18 The most abundant anion HN–CN− (m/z
= 41) was suggested to be formed by either dissociative elect-
ron attachment (DEA) or by proton abstraction from NH2CN
which will occur in reaction with other gaseous anions like,
e.g., CH3COO−.18

In Ref. 18, only relative abundances in the negative ion
mass spectrum were reported and hence the data regarding
the energetics of the resonant electron capture by cyanamide
were lacking. This additionally encouraged us to perform
studies of low energy electron attachment and to determine
ion efficiency curves as well as resonance energies for the
most abundant fragment anions formed in free electron capture
by cyanamide. The experimental results are compared with
computed threshold energies using well-established extrapo-
lation methods.

II. EXPERIMENTAL

The electron attachment spectrometer used in the present
study comprises a molecular beam system, a high resolution
hemispherical electron monochromator (HEM), and a quadru-
pole mass filter with a pulse counting system for analysing and
detecting the ionic products. The apparatus has been described
previously in detail.22 Briefly, as the cyanamide sample is
solid at room temperature and does not vaporize sufficiently
for generation of a molecular beam (the vapor pressure at
293 K is 0.005 hPa23), the NH2CN sample was heated in a
resistively heated oven. The cyanamide sample with a purity
of 99% was purchased from Sigma Aldrich, Vienna, Austria.
The evaporated NH2CN molecules were then introduced to
the crossing region with the electron beam through a copper
capillary of 1 mm I.D. The anions generated by the electron
attachment process were extracted by a weak electrostatic field
into the quadrupole mass filter where they were analysed and
detected by a channeltron. After crossing the collision region,
the remaining electrons were collected by a Faraday plate; the
electron current was monitored during the experiments using
a pico-amperemeter.

With the present HEM, one is able to achieve an energy
distribution of up to 35 meV at full width half maximum
(FWHM).22 To determine the energy spread and to calibrate
the energy scale, the well-known cross sections for the forma-
tion of Cl− or SF6

− by electron attachment to CCl4 or SF6,24

respectively, can be used. In the present studies, CCl4 was
used for calibration of the energy scale. The formation of
Cl−/CCl4 is characterized by two main resonances at 0 eV and
0.8 eV.25,26 The first one can be used for calibration of the elect-
ron energy scale and to determine the electron energy spread
(the apparent FWHM represents the energy resolution of the
electron beam). In the present experiments, the FWHM and
the electron current were 150 meV and 20 nA, respectively.
This relatively low resolution used represents a reasonable

compromise between the product ion intensity and the energy
spread to resolve resonances in the measured ion yields. The
HEM was constantly heated to the temperature of 340 K in
order to prevent surface charging. Prior to the investigations,
the sample of the cyanamide was heated over several hours at
the temperature of 303 K. During our experiments, the oven
temperature was held at constant temperature of 308 K. At
this sample temperature, the pressure in the main vacuum
chamber of the mass spectrometer was about 10−6 mbar to
ensure collision-free conditions. The sample temperature was
below the melting temperature of cyanamide of 319 K23 and
significantly below its decomposition temperature of 493 K.27

Nevertheless, before the electron capture measurements, the
composition of the molecular beam of NH2CN was checked
for possible traces of its thermal decomposition. For that pur-
pose, the positive ion mass spectrum measured by electron
ionization at the electron energy of 80 eV was recorded at
different temperatures of the sample. These measurements
excluded any thermal decomposition of the studied compound.

III. QUANTUM CHEMICAL CALCULATIONS

To complement and support the analysis and interpreta-
tion of the experimental results, we used several well-esta-
blished high-level extrapolation schemes for the calculation of
(adiabatic) electron affinities (EA) and thermochemical reac-
tion thresholds. In particular, we compared results obtained
with CBS-QB3,28,29 G4,30 and W1BD,31 which are considered
to yield very high (and similar) accuracy. More specifically,
the CBS-QB3, G4, and W1BD methods achieve mean absolute
deviations from experiments of 1.1, 0.83, and 0.48 kcal/mol
for a variety of properties (like atomization energies, electron,
and proton affinities) assembled in the G2/9732,33 (CBS-QB3
and W1BD) and G3/0534 (G4) test sets. A comparison of
different extrapolation schemes is often valuable as they might
achieve worse performance in exceptional cases than could
be reflected by the average accuracy evaluated for selected
systems in the respective test sets. The reaction thresholds
have been obtained as the difference between all ground state
energies of the reaction products (anion and neutral fragments)
and reactants (i.e., here, the parent molecule). The computed
electron affinities and reaction thresholds are summarized in
Tables I and II, respectively. Since W1BD is considered the
most accurate of the used extrapolation schemes and also
agrees best with the experimental values of EAs (Table I), the
results obtained with W1BD were taken into consideration in
the following discussions. All quantum chemical calculations
were carried out using the Gaussian 09 software.35

IV. RESULTS AND DISCUSSION

Electron attachment to cyanamide is a purely dissociative
process with the production of six anionic fragments with
m/z of 41 (NHCN−), 40 (NCN−), 26 (CN−), 16 (NH2

−), 15
(NH−), and 14 (CH2

−). The parent anion NH2CN− was not
observed within the detection limit of the apparatus which
would confirm that in the applied experimental conditions,
the cyanamide dimer was not generated. Such dimerization
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TABLE I. Adiabatic EA for the NH2CN molecule and relevant neutral fragments as obtained with the used
extrapolation schemes.

Electron affinities G4 (eV) CBS-QB3 (eV) W1BD (eV) NIST (eV)20

NH2CN −0.88 −0.82 −0.80 . . .
HNCNH −0.67 −0.83 −0.84 . . .
NHCN 2.63 2.61 2.65 . . .
NCN 2.52 2.47 2.50 2.48
NCH2 0.52 0.50 0.50 0.51
NH2C −0.65 −0.73 −0.71 . . .
NCH −1.17 −1.17 −1.17 Possibly unbound
NHC −1.06 −0.99 −0.96 . . .
CN 3.94 3.90 3.90 3.86
NH2 0.77 0.71 0.75 0.77
NH 0.34 0.27 0.34 0.37
CH2 0.64 0.62 0.64 0.65
HN2 0.72 0.87 0.76 . . .

at certain experimental conditions was previously reported by
Cacace et al.18 The lack of the cyanamide dimer in the NH2CN
vapour in our experiments was additionally verified by the
absence of the dimer ion peak in the electron ionization mass
spectrum which was recorded prior to the measurements of
negative ions.

In Figures 1 and 2, the anion yield curves for all negatively
charged fragments observed from cyanamide in the electron
energy range of about 0 up to 14 eV are presented. The inten-
sities are given in arbitrary but reproducible units, i.e., the ion
signals for all anions are comparable. The ion yields show
that the anion formation by DEA to the presently studied
compound is represented by resonant electron capture within

two broad electron energy ranges, one between about 0.5 and
4.5 eV, whereas the second one extends from 4.5 to 12 eV.
Therefore, the anion yield curves were placed in the specific
figures based on the occurrence of DEA in these two electron
resonance energies ranges. Table III summarizes the present
results concerning the resonance peak positions. In the follow-
ing paragraphs, we will discuss in detail possible production
mechanisms for all fragment anions detected.

A. CN−

The CN− ion is a frequently observed negative ion
species in the ISM;36,37 hence, it is important to study its

TABLE II. Thermochemical reaction thresholds for DEA reactions of cyanamide as obtained with the used
extrapolation schemes.

Reaction thresholds: e− + NH2CN→ G4 (eV) CBS-QB3 (eV) W1BD (eV)

NHCN− + H 1.49 1.50 1.52
NCN− + H2 0.71 0.69 0.80
NCN− + H + H 5.22 5.24 5.30
NCH2

− + N 5.39 5.42 5.44
CN− + NH2 1.14 1.21 1.20
CN− + NH + H 5.14 5.24 5.23
CN− + N + H2 4.08 4.09 4.15
CN− + N + H + H 8.59 8.64 8.65
NH2

− + CN 4.31 4.41 4.35
NH2

− + C + N 12.03 12.09 12.03
NH− + CHN 3.21 3.36 3.26
NH− + NHC 3.88 3.99 3.92
NH− + CN + H 8.75 8.88 8.80
NH− + NH + C 13.01 13.16 13.07
NH− + CH + N 12.93 13.07 12.99
NH− + C + N + H 16.46 16.56 16.48
CH2

− + N2 1.96 2.06 2.00
CH2

− + N + N 11.75 11.80 11.74
CH− + HN2 6.11 6.17 6.13
CH− + N2 + H 5.74 5.87 5.80
CH− + NH + N 12.08 12.21 12.13
CH− + N + N + H 15.53 15.61 15.54
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FIG. 1. Fragment anions observed in DEA to cyanamide which are domi-
nantly formed at higher energy resonances.

FIG. 2. Fragment anions observed in DEA to cyanamide which appear in low
energy features.

TABLE III. Peak positions of resonances observed in the ion yield of frag-
ment anions obtained in dissociative electron attachment to NH2CN.

Ion Observed resonance maxima in eV (uncertainty ±0.2 eV)

CN− 5.3 and 6.4
NH2

− 6.4
NCN− 1.5, 5.3, 6.1, and 7.9
m/z 28 1.0 and 3.0
m/z 27 5.3 and 6.4
NH− 6.4 and 9.1
CH2

− 1.0, 3.0, and 9.1
NHCN− 1.5, 2.5, 3.0, 5.1, and 9.1

formation routes. The formation of the CN− anion from cyan-
amide, the molecule discovered in the ISM, could provide
some insight on the origin of the cyanide ion in the interstellar
space.

We note that in contrast to a previous NCI study,18 the
most probable fragmentation reaction of the electron–
cyanamide molecule interaction within the studied electron
energy range leads to the formation of CN−. In the earlier
investigations,18 the efficiency of CN− generation was reason-
ably lower in comparison to the most effectively generated
NHCN−. The difference between present and earlier results
arises from the various techniques applied in the negative ion
formation. In Ref. 18, the proton abstraction from cyanamide
by gaseous ions was an important process leading to the
CN− production, whereas in the present experiments direct
interaction between molecules and electrons is involved. Addi-
tionally, previously studied electron capture by other nitriles
(compounds containing the CN nitrile group) like CH3CN,
C2H3CN, C6H5CN, and CF3CN has shown that the CN− anion
was the major or one of the major ions generated by the DEA
processes.38–40 This result is not surprising as the cyano radical
(CN) has a high electron affinity of 3.862± 0.005 eV20 (our
calculated value is 3.90 eV, see Table I) which is even higher
than that for the halogen atoms. However, though we did not
determine absolute cross sections in the present experiments,
the ion counting rates of CN− in the present case are rather
low compared to the halogens anions formed by DEA to
halogenated molecules like CCl4. Using ab initio calculations,
this situation has been explained for previously investigated
nitrile molecules by considering their molecular orbital struc-
tures and energies.39 The highest occupied molecular orbital of
radical anions of the nitriles is π∗ antibonding with virtually all
the additional charge localized at the nitrile group, resulting
in a reduction of C≡≡N bond dissociation energy. The CN−

ion generation is hence associated with the energy transfer
from the C≡≡N bond to R–CN bond where dissociation into
CN− and R radical in their electronic ground state is symmetry
forbidden. For that reason, it can only occur through pre-
dissociation of the parent anion, and thus the cross section
for formation of CN− is relatively low considering the high
electron affinity value of CN. In the present studies, the CN−

ion is formed at two major resonance electron energies peaking
at 5.3 eV and 6.4 eV. The resonance at 3.6 eV is assigned to an
artifact because of DEA to a spurious amount of earlier studied
nitroimidazole present in the vacuum chamber. The possible
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reactions leading to the generation of the CN− anion are

NH2CN+e−→CN−+NH2, (1a)

NH2CN+e−→CN−+N+H2, (1b)

NH2CN+e−→CN−+NH+H, (1c)

NH2CN+e−→CN−+N+2H. (1d)

The calculations (see Table II) show that DEA chan-
nels described by reactions (1a)–(1d) are all endothermic by
1.20 eV (1a), 4.15 eV (1b), 5.23 eV (1c), and 8.65 eV for
(1d). From the opposite side, the appearance energies (AE)
derived from the experimental CN− ion yield curve are 4.0
±0.4 eV (resonance at 5.3 eV) and 4.9±0.4 eV for the reso-
nance at 6.4 eV. The experimentally obtained AEs fit well with
the computational thermochemical thresholds for the reac-
tions (1b) and (1c). Therefore, we may accordingly assign
the resonances to these different reaction channels (1b) and
(1c). However, we cannot exclude that also reaction (1a) may
occur which is energetically open at both resonance energies.
In this case, the fragments released would have a considerable
amount of excess energy. The channels represent single and
multiple bond cleavage reactions which in one case (reaction
(1b)) also includes the formation of the H2 molecule. The
features at energies 5.3 eV and 6.4 eV are probably caused
by Feshbach type core excited resonances. In this case, the
incoming electron induces electronic excitation in the target
molecule and it is concomitantly trapped for some time in the
field of the electronically excited molecule.41 Low signal at
the mass of CN− was also measured at lower electron energies
from 0.5 eV to 3 eV. Since this weak signal monotonically
rises from threshold, we ascribe it to an artifact instead of a
DEA process like reaction (1a). It should be mentioned that
in the case of polar molecules with sufficiently high dipole
moment, dipole bound negative ion states (DBS) formed at
low energies via vibrational Feshbach resonances can serve
as doorway states to DEA via coupling with repulsive valence
states.42,43 Cyanamide has a high dipole moment of 4.32 D,20

which would be sufficient for the formation of DBS. However,
we observe no signature of DBS in the ion yields and hence
rule out relevance of such DBS in the formation of present
ion yields. Another way to form negative ions at appearance
energies below the energetic threshold of the studied molecule
could be also the DEA to the impurities of the sample. This will
be elucidated in the following paragraphs.

B. NH2
−

The NH2
− ion is the second most efficiently formed ion in

the low energy electron interaction with the NH2CN molecule.
The amino radical (NH2) negative ion is complementary to the
CN− and therefore could be formed in the channels

NH2CN+e−→NH2
−+CN, (2a)

NH2CN+e−→NH2
−+C+N. (2b)

The NH2
− ion yield is comparable in intensity with that of

CN−. The ion yield ratio for these ions equals 0.8. The compa-
rable NH−2 and CN− ion signals together with the low electron
affinity of NH2 (0.771 eV)20 confirm the above explanation of
the low signal of CN− ion. The amino radical anion formation

undergoes at a major resonance with the appearance energy of
4.0±0.4 eV and maximum at 6.4±0.2 eV. Closer inspection
of the ion yield curve indicates that also second resonance
peaking at about 9.1±0.2 eV is visible.

Considering the calculated bond dissociation energies
and the electron affinities of fragments involved in reactions
(2a) and (2b), energy thresholds for both channels have been
derived as 4.35 eV and 12.03 eV, respectively (see Table II).
The measured AE of the NH2

− ion is in agreement with
the calculated energy barrier for the first DEA channel (2a)
responsible for NH2

− formation from the cyanamide molecule.

C. NHCN− and NCN−

Cyanamide has distinct acidic properties. The results of
ICR bracketing experiments showed that NH2CN is a stronger
acid than, for example, HF.18 Therefore, the hydrogen atom or
molecule abstraction from the cyanamide molecule should be
a very effective process leading to the formation of the negative
ions NHCN− and NCN−, respectively. Indeed, we can observe
both anions with similar yields in magnitude. Such types of
ions, where the H atom or H2 molecule was separated from
the parent molecule were also previously observed in DEA
to other nitrile molecules.38,39 Moreover, these anion species
were the most abundant generated by the electron capture to
the nitriles. In earlier NCI studies of cyanamide, the singly and
doubly dehydrogenated anions were the two of three anions
observed at all.18 The NHCN− anion is formed only in the
single DEA channel

NH2CN+e−→NHCN−+H. (3)

The calculated threshold energy for reaction (3) is 1.52 eV.
Since in the formation of NHCN− only a single bond to
hydrogen has to be broken, the anion’s AE derived from the
experimental data has the low value of 1.1± 0.2 eV. This is
one of the lowest values of AE in the case of anions generated
from NH2CN. The measured ion NHCN− signal shows that this
anion is formed within a broad energy region between 0.5 and
4.5 eV with three resonances of about 1.5±0.2 eV, 2.5±0.2 eV,
and 3.0± 0.2 eV and additionally at higher energy range at
resonances with maxima of 5.1 ± 0.2 eV and 9.1 ± 0.2 eV.
The plurality of resonance features leading to the NHCN−

anion generation ratifies that this ion formation proceeds also
via electron attachment to the different states of the excited
molecule. Another possibility which could explain the variety
of energies at which the NHCN− is formed and the wealth of
resonance features is DEA to isomeric forms of cyanamide.
Especially the broad and structured energetic feature at low
energies may lead to this assumption as well as the observa-
tion of ion yield below the thermodynamic threshold for this
channel. The previous studies of the properties of NH2CN have
shown that in most cases the purchased or obtained cyanamide
samples were usually contaminated with the isomeric form
of the cyanamide-carbodiimide (HN–C–NH).18,21 IR spectros-
copy of cyanamide in the gas phase also indicates that its
tautomer carbodiimide is present as a minor constituent.44 It
has been reported previously that the cyanamide-carbodiimide
isomerization can occur in the gas phase for temperatures
higher than 293 K.45 In our experimental conditions, the
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vaporisation temperature of the sample was almost 20 K
higher, allowing the HN–C–NH formation. Calculations46

have shown that the equilibration of cyanamide and carbodi-
imide is a bimolecular reaction as the intramolecular tautomer-
ization involves high energetic barrier of∼90 kJ/mol. Recently,
it has been measured that considered isomerization process can
occur in the presence of water.11 Using the FT-IR spectroscopy,
Duvarnay et al.11 have shown that even at very low tempera-
tures (10–140 K) in the water-ice environment the carbodi-
imide could be formed from cyanamide. The study of Tordinii
et al.46 predicts that the cooperative effect of only a few water
molecules leads to a drastic reduction of the tautomerization
barrier, allowing then formation of carbodiiamide. In the
present experiment, cyanamide molecules have the possibility
of interaction with water molecules from the residual moisture
in the vacuum chamber since it is well known that (a low
amount of) residual water molecules are almost always present
in the mass spectrometers. Several effects observed during the
studies of electron attachment to PtBr2 or SF6

47,48 confirm
the possibility of interaction of molecules under study and
residual water molecules. Moreover, for CH2N2, five other
isomeric neutrals identified as stable species in the gas phase
exist (excluding carbodiimide): diazomethane, nitrilimine,
isocyanamide, diazirine, and isodiazerine.21,49 As these five
isomers have low abundance, they have a very weak influence
on the negative ion formation in our experiments. Computa-
tional results have shown that cyanamide is the CH2N2 isomer
of lowest energy and therefore most stable.21 The present
calculations show an energy difference of 0.16 eV between
cyanamide and carbodiimide. If the latter isomer is present in
the beam of neutral molecules before the interaction with the
electron beam, the DEA thresholds will be consequently lower.
In addition, if the energy thresholds for the specific anion
formation from the most stable isomers of CH2N2 will be close
we may observe also in the ion yield the close, overlapping
resonances.

The NCN− anion may be formed by the two following
DEA channels:

NH2CN+e−→NCN−+H2, (4a)

NH2CN+e−→NCN−+2H. (4b)

The present thermochemical calculations for the NCN
fragment anion show that reaction (4a) is possible at electron
energies above 0.80 eV, whereas the channel (4b) is only
accessible for electron energies exceeding 5.30 eV. The exper-
imental NCN− ion yield shows that the formation of this anion
is characterized by one low energy resonance with AE of 1.2
± 0.2 eV and the maximum at 1.5± 0.2 eV and three inter-
fering resonances in a wide energy region of about 4 eV
to 11 eV peaking at 5.3 ± 0.2 eV, 6.1 ± 0.2 eV, and 7.9 ±
0.2 eV. These data show that for the first resonance with
AE= 1.2±0.2 eV, reaction (4a) is energetically accessible and
hence we ascribe the first resonance to this reaction channel.
The weak resonance at 5.3 eV representing a weak shoulder
within a broader structure has an onset slightly below the
computed threshold for reaction (4b) and hence a possible
reason for the NCN− formation at this energy is DEA to
carbodiimide.

D. NH2C− or NCH2
− and NHC−or NCH−

The formation of two other ions (with stoichiometric
structures of NH2C− or NCH−2 and NHC− or NCH−, respec-
tively) possibly formed in DEA to cyanamide would require
the loss of one nitrogen atom from the neutral parent molecule.
Anion yield at the mass of NH2C− (m/z = 28) is observed in
the low electron energies region <4 eV. Concerning NHC−

anion generation, where additional energy is needed for the
H atom separation, we obtained an ion signal at m/z = 27 with
a resonance present in the electron energy region from about 4
to 10 eV (not shown). However, as discussed below, we ascribe
this ion yield to the isotope of CN−.

The heavier anion could be generated in a single channel
reaction

NH2CN+e−→NH2C−+N. (5)

However, the present calculations yield no energetically
stable anion for NH2C (see Table I), and thus we exclude
the formation of this fragment anion. In contrast, the NCH2

turns out to be stable in its anionic form, since the calculated
electron affinity of the neutral is 0.50 eV. The corresponding
threshold energy for NCH2

− formation is 5.43 eV and hence
in energy considerably above the ion yield observed experi-
mentally. Hence, we ascribe the ion yield observed rather to
an impurity. It should be also noted that the ion yield is the
weakest among all mass separated ones observed, i.e., the cross
section for this fragment anion would be extremely low.

In the NHC− anion case, a hydrogen atom has to be lost
from the parent molecule too. In theoretical studies of positive
ion generation,21 it has been predicted that the positive ion with
m/z =27 could have two possible bond structures: HC≡≡N+

and HN≡≡C+. In the present case, the reactions leading to
anion formation could be written as follows:

NH2CN+e−→NHC−+NH, (6a)

NH2CN+e−→NHC−+N+H. (6b)

We observed ion yield on m/z = 27, which resembles that
of CN−. However, the present calculations indicate that the
fragment anion NHC− formed is unstable towards autodetach-
ment (see Table I). We note that this type of calculation is not
able to reproduce very weak dipole bound states. For NCH, a
dipole bound state with an electron affinity between 1.5 and
1.9 meV was reported50 which was experimentally observed
in Rydberg electron transfer spectroscopy. In the present DEA
reaction, this dipole bound state is not accessible and since the
relative abundance of the ion yield at m/z 27 matches with the
isotope of CN−, we obtain agreement with the calculations that
NHC− should not form.

E. NH−

The NH− fragment anion is also observed in the present
studies of the DEA to cyanamide. The ion yield spectrum is
similar to that one for NH2

− suggesting that both ions are
formed in the overlapping resonances. Similarly to NH2

−, the
NH− anion is formed in two resonances, one at 6.4±0.2 eV
and there is also a trace signal recognized with the maximum
at about 9.1±0.2 eV. As in the formation of NH− breaking of
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additional hydrogen bond in comparison to NH−2 is required,
the measured AE for it is higher by about 0.9 eV than the ones
for the NH2

− and is equal of 4.5±0.2 eV. The possible DEA
channels at which NH− is formed are

NH2CN+e−→NH−+NHC (or NCH), (7a)

NH2CN+e−→NH−+CN+H, (7b)

NH2CN+e−→NH−+C+NH, (7c)

NH2CN+e−→NH−+CH+N, (7d)

NH2CN+e−→NH−+C+H+N. (7e)

The energy balances of reactions (7a)–(7e) listed in Ta-
ble II indicate that only reaction (7a) is energetically accessible
for the observed resonances. The energetic thresholds of reac-
tions (7b)–(7e) lie far above the AEs observed in the experi-
ment and range from 8.80 to 16.48 eV. In reaction (7a), two
different neutral fragment structure formations are possible.
Depending on the neutral fragment structure, the reaction (7a)
is endothermic by 3.26 eV for NCH and 3.92 eV in the case of
NHC, respectively. Since these thresholds are relatively close
to each other and the experimental onset is >4 eV, a distinct
identification of the neutral isomer fragment formed in (7a)
is not possible from the experimental data. We only note that
if we compare the structure of the NCH fragment with the
structure of the parent molecule of NH2CN, one can see that
the reaction (7a) with cyanamide as a substrate needs strong
molecule rearrangement (breaking of two bonds and creating
an additional C–H bond). The formation of the NH− anion
from the carbodiimide may be also considered here, as in the
case of the NH− formation from HN–C–NH only a single bond
has to be disrupted.

F. CH2
−

In the present studies of the DEA to cyanamide also the
CH2

− ion was detected. Formation of the positive ion with the
same structure in EI of cyanamide was also predicted previ-
ously by calculations.21 This ion needs the strongest rearrange-
ment of the cyanamide molecule among all anions measured
in the present studies, as two carbon–nitrogen bonds have to
be broken and two carbon–hydrogen bonds have to be formed.
Surprisingly, despite the large changes in the molecular struc-
ture, CH2

− is observed at low electron energies. The AE of
CH2

− is about 0.5 eV ±0.2 eV and its formation is observed
in a broad energy region, between 0.5 and 5.0±0.2 eV. At this
range of energy, two resonances at energies of 1.0± 0.2 eV
and 3.0±0.2 eV could be recognized. The CH2

− anion is also
generated in a resonance at higher electron energies character-
ized by the AE of ∼6.0 ± 0.4 eV and the maximum efficiency
of formation at 9.1±0.2 eV. The DEA channels which could
be responsible for CH2

− formation are

NH2CN+e−→CH2
−+N2, (8a)

NH2CN+e−→CH2
−+2N. (8b)

The calculated thermodynamic threshold for the reaction
(8a) is equal to 2.0 eV and in the case of reaction (8b), 11.74 eV.
Hence, the formation of a nitrogen molecule in the reaction
substantially lowers the threshold, which makes the obser-

vation of reaction channel (8a) possible. However, the first
resonance found at 1.0 eV must be ascribed to an impurity
of the ion yield. In this case, we can exclude DEA from
hydrocarbons present in the vacuum chamber since for these
compounds resonances are only found at substantially higher
electron energies.51

V. CONCLUSIONS

Dissociative electron attachment to cyanamide in the
gas phase using electron attachment spectroscopy was stud-
ied. The resistance of a molecule to ionizing radiation is an
important property with respect to chemical evolution pro-
cesses. In the interaction with low energy electrons, the relative
ion yields turned out to be low in the case of cyanamide
compared to effective electron scavengers and the attachment
cross section can be estimated to be on similar magnitudes
like that for water. However, if an electron is captured, the
formed temporary negative ion decomposes into a variety of
stable fragment anions. Six anionic species were detected in
the electron energy range of about 0 eV to 14 eV. In this energy
region, two major resonance regions at which the anions are
formed are accessible, one between 0.5 eV and 4.5 eV and a
second one in the range from 4.5 eV to 14 eV. The anion gener-
ation from NH2CN hence proceeds via common temporary
negative ion states where CN− and NH2

− are the most abundant
fragment anions observed. In few cases, the comparison with
calculated thermodynamic thresholds and the knowledge of
electron affinities turned out to be essential. For example, the
calculated electron affinities of NHC and NCH are negative
and hence their anions should not be observable on mass
spectrometric timescales. In the case of NHCN, the calculated
threshold value deviates from the experimental appearance
energy of the anion which indicates that not only the DEA
to cyanamide is involved. However, based on the assumption
that an isomeric form of the cyanamide-carbodiimide may
be formed at elevated temperatures or due to the presence of
water, this data incoherency can be explained by the DEA to
carbodiimide.
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6 Conclusion & Outlook

This thesis describes low-energy electron interactions with various biomolecules essential in the human

body or proposed for medical purposes, especially the treatment of cancer. The experiments were per-

formed on an already well-established apparatus [202, 208] that is very well suited for high-resolution

investigation of small biomolecules. Two different processes - electron ionization (EI) and dissociative

electron attachment (DEA) - were used to study the molecules in the range between 0 and 30 eV that is

most important for the simulation of radiation damage in biological tissue [29]. As low-energy secondary

electrons are the most abundant species produced by ionizing radiation in biological cells [107] and can in-

duce substantial damage to essential biomolecules including single strand breaks and double strand breaks

in the DNA [17] that can have severe consequences such as cancer, studying those electrons is essential to

understanding effects of ionizing radiation on the human body [108].

Electron interactions with the nucleobases adenine and hypoxanthine were studied at energies below

30 eV using EI and DEA. It was found that upon electron ionization a variety of fragments are produced

for both compounds, albeit hypoxanthine tends to dissociate into smaller fragments. The most preferable

dissociation pathways include keeping the imidazole ring intact in the majority of cases in contrast to the

pyrimidine ring, which can be fragmented easily.

Electron attachment experiments to hypoxanthine were performed and compared to an earlier DEA study

with adenine [331]. Our results show that hypoxanthine exhibits similar fragmentation reactions as were

found for other nucleobases, such as a substantial efficacy of hydrogen loss and the formation of fragment

anions such as CN– . Most of the anions formed include ring cleavage which would induce severe dam-

age in the DNA and also effectively prevent hypoxanthine from participating in the wobble base pairing in

tRNA [267].

In an electron attachment study at energies between 0 and 8 eV, 4-nitroimidazole and its methylated forms

1-methyl-4-nitroimidazole and 1-methyl-5-nitroimidazole were investigated. Nitroimidazolic compounds

are currently under investigation as potential radiosensitizers [118, 154, 158] and one species, nimorazole,

is already used in the standard treatment of head and neck cancers in Denmark [27]. It was discovered that

4-nitroimidazole is very sensitive towards DEA at very low energies below 2 eV, triggering a variety of

unimolecular reactions that lead to the formation of various radicals that can enhance damage in the DNA.

However, this rich chemistry is completely suppressed in the methylated compounds, which indicates that

even minimal structural changes in 4-nitroimidazole can have substantial consequences effecting the whole

molecule.
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Additionally, platinum(II) bromide, which can be used as a model compound for both platinum-based

and metal halide cancer drugs, was studied via EI and DEA. Since concomitant Chemoradiotherapy has

been proven to be an effective treatment for cancer [29, 166], it is important to study the interaction of

this molecules with radiation [378]. We found that the sample interacts with the water inside of the ap-

paratus, forming HBr that yields a strong sharp resonance for the formation of Br– at very low energies

that increases with the temperature. It is suspected that ion pair formation might play an important role in

platinum(II) bromide upon electron interactions, as has been observed for other metal halides [382–384].

In an additional publication only briefly discussed in this thesis, low-energy electron attachment to the

small organic model compound cyanamide that can be found in the interstellar medium and might have

played an important role in the evolution of life on prebiotic earth was studied [394, 402]. We found that

while cyanamide is not an effective electron scavenger, it produces a variety of different fragment anions

with CN– and NH –
2 being the most abundant. Furthermore, we have reason to believe that its tautomer

carbodiimide which is thought to be an effective condensing agent for the production of peptide chains, was

present in the sample during the measurements.
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6.1 Further Investigations

A lot of investigations on nucleobases and other constituents of the DNA have already been performed

in gas phase [103, 104, 108, 406]. However, the nucleobase xanthine has not yet been in the focus of an

extensive electron interaction study to my knowledge. Since xanthine is formed upon deamination of the

nucleobase guanine and is an essential nucleobase [11], its response to ionizing radiation and consequently

low-energy electrons would be highly interesting to study, especially now that data has been obtained for

hypoxanthine.

Additionally, further studies concerning the two main tautomers of hypoxanthine should be undertaken.

The fact that hydrogen loss leading to the closed-shell dehydrogenated parent anion that was detected in our

study is thermodynamically substantially more favorable in case of the keto-N1H,N9H tautomer suggests

that the ratio of these two tautomers in human DNA and RNA might have an important impact on the effects

of radiation damage in the human body. However, little is known about this ratio in the human body, so

investigating this value would be key to further understanding radiation damage.

Concerning low-energy electron interaction with radiosensitizers, the field of research is still quite new

and therefore there are a lot of possibilities for new investigations. The next compound that should be

studied with DEA is naturally nimorazole, which - as already mentioned - is already part of the stan-

dard treatment of head- and neck cancers in Denmark [103]. As nimorazole is substantially larger than

4-nitroimidazole with a carbon sidechain that contains a hydroxyl group, comparing its results to

4-nitroimidazole would be highly valuable for the understanding of the molecular mechanisms of radiosen-

sitizers. Of course, an investigation of the molecule misonidazole that was tested as a radiosensitizer in

clinical trials but was found to be too toxic for the patients would be equally interesting because misonida-

zole showed high sensitizing abilities [27, 154, 158].

From a chemical point of view it would be interesting to perform DEA studies with isomers or struc-

turally slightly different molecules such as 2-nitroimidazole to maybe shed some light on the processes that

lead to such a difference in chemistry between 4-nitroimidazole and its methylated compounds.

This is similar in the case of our study to platinum(II) bromide, for which I would propose the study

of isolated chemotherapeutic agents such carboplatin at the beginning and then proceed to the study of

studying them together with DNA, especially also for cisplatin, which has already been studied in the

gas phase [387]. Depending on the results, I propose a top-down approach by reducing the complexity

of the investigated substances to simple molecules such as platinum(II) bromide. Studies performed this

way would take a lot of time but would enable to fully understand the response of these drugs to ionizing

radiation.

Additionally, also other chemotherapeutic agents such as 5-fluorouracil and 6-thiopurine should be in-

vestigated attached to the DNA. All of these measurements should be coupled with radiation studies to

determine their response upon radiation.

There is one big issue that has not yet been mentioned and that is the fact that all of the studies presented

in this thesis were performed with gas-phase molecules. Since the human body consists of about 70% the
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chance of these molecules being present close to the DNA in gas-phase is very low. The consequent next

step would be to perform this kind of experiments to solvated molecules, which can be hard to achieve,

so other techniques such as nanosolvation [407] and doped water-clusters could be used. As embedding

biomolecules in matrices has been found to block certain dissociation pathways, such as in the case of

helium nanodroplets [408, 409], first results for the investigation of biomolecules in water matrices have

also shown surprising results concerning their reaction to radiation damage [410] and should be intensified.
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Appendix

Hemispherical Electron Monochromator

Below you find the circuit diagram of all the adjustable voltages of the hemispherical electron monochro-

mator and the quadrupole mass filter.

Figure 6.1: Adjustable voltages of the monochromator and the quadrupole
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Circuit Diagram CP 400

Figure 6.2: Circuit diagram of the electronics inside the CP 400
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WMT-Elektronik GmbH Page 1 of 1 PAD06

Werksstrasse 15

D-45527 Hattingen                 Phone:  (+49) 2324 506764                    Fax:  (+49) 2324 506765                e-mail:  wmt.elektronik@t-online.de

WMT-Elektronik GmbH

Pulse Preamplifier/Discriminator WMT PAD 06

Description:

This preamplifier/discriminator is designed for processing fast output pulses from electron multipliers up to very high

count rates. The dead time is rate-independant, stable, and selectable in six steps in order to suppress multiple pulses

and to allow for a precise dead time correction. The threshold is set with hex-code switches in 256 steps. In addition to

the pulse output a ratemeter output is provided, which may be used for monitoring purposes or triggering protective

circuitry. The PAD 06 is housed in an RF-shielded aluminum case. Each unit is delivered with an individual

measurement report.

Characteristics:

Input: amplitude: - 3 mV to – 200 mV into 50 Ω

safe operating without damage: – 2.0 V to + 2.0 V

pulse width: 5 ns to 30 ns (FWHM)

rate: up to 2 × 10
6
 s

-1
  (Poisson-distributed)

threshold: adjustable with hex-code switches in the range – 3 mV to – 130 mV

in 256 steps (0.5 mV/step)

resistance: 50 Ω, dc-coupled

Dead Time: switch selectable in six steps: 10 – 20 – 30 – 40 - 50 - 60 ns (nominal)

initial accuracy: ± 2 ns or ± 5 %, whichever is greater

stability: ± 2 % over temperature

Note: Dead time cannot be less than 2  × (input pulse width)

Max. Theoretical Count Rate: 1 / (dead time)

Pulse Output: digital pulse, 50 Ω output resistance, 3.2 V open circuit, 1.5 V into 50 Ω,

pulse width  ≈ 0.5 × (dead time)

Ratemeter Output: 0 to full scale for rates 0 to 10
6
 s

-1
, accuracy  ± 5 %

full scale to be specified with order: positive: + 2 V or + 4 V

negative: - 2 V or - 4V

Power Supply: conditions: +25 °C, no signal, no load

+ 6 V (+ 5.4 V to + 8 V), 60 mA typ

- 6 V (-5.4 V to - 8 V), 30 mA typ

Connectors: input and pulse output: BNC

power and ratemeter output: 9-pin D-Sub (male)

1: GND

2: GND

       1      2       3        4       5 3 – 5: n.c.

           6      7        8       9 6: + 6 V

7: - 6 V

8: ratemeter out

9: n.c.

Temperature Range: 10 °C to 40 °C for specified data, 0 °C to 50 °C operating, -20 °C to 70 °C storage

Case: 114 mm × 64 mm × 30 mm, aluminum



Analysis: Convolution of Wannier’s Law with a Gaussian

The analytical convolution of Wannier’s Law with a Gaussian (Equation 4.22) can be solved quite easily,

when treated with the right mathematics. Theoretician Lukas Sieberer performed this calculation for us,

which is shown here in detail.

( f ∗ g)(x) =

∞∫

−∞

dy f (y) g(x − y)

g(x) =
1√
2πσ

exp
(

−1
2

(
x − x0

σ

)2
)

f (x) = b + c(x − EA)αΘ(x − EA)

( f ∗ g)(x) =

∞∫

−∞

dy[b + c(y − EA)α]
1√
2πσ

exp
(
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2σ2

)

= b +
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2πσ

∞∫

EA

dy(y − EA)α exp
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2σ2

)
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c√
2πσ

exp
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− (x − x0)2

2σ2

) ∞∫

EA

dy(y − EA)α exp
(

− y2

2σ2
+

(x − x0)y
σ2

)

Using page 343 from Prudnikov et al. Integrals and Series Volume 1 [411], we get

∞∫

a

dx (x − a)β−1 exp
(

−px2 − qx
)

= Γ(β)(2p)−
β
2 exp

(

q2

8p
− a

2
(q + ap)

)

D−β





2ap + q
√

2p





with the Gamma function Γ(β) and the parabolic cylinderfunction Dν(x) from page 727 of Prudonikov’s

Integrals and Series Volume 2 [412]. This applies to our case as:

a = EA

β = α + 1

p =
1

2σ2

q = − x − x0

σ2
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Forℜβ,ℜp > 0 we have α > −1. If we insert these variables into the equation we get

( f ∗ g)(x) = b +
c√
2πσ

exp
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(x − x0)2

2σ2

)

Γ(α + 1)σα+1 exp
(
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8σ4
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In case of
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e
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with erfc being the complementary error function.
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[15] M Löbrich, B Rydberg, and P K Cooper. “Repair of x-ray-induced DNA double-strand breaks in

specific Not I restriction fragments in human fibroblasts: joining of correct and incorrect ends”. In:

Proceedings of the National Academy of Sciences 92 (1995), pp. 12050–12054. doi: 10.1073/

pnas.92.26.12050.

[16] V.N. Vyjayanti and Kalluri Subba Rao. “DNA double strand break repair in brain: Reduced NHEJ

activity in aging rat neurons”. In: Neuroscience Letters 393 (2006), pp. 18–22. doi: 10.1016/j.

neulet.2005.09.053.

[17] Badia Boudaiffa, Pierre Cloutier, Darel Hunting, Michael A. Huels, and Léon Sanche. “Resonant
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[34] Wolfgang Demtröder. Experimentalphysik 1. Springer-Verlag, 2008.

[35] Earl W. McDaniel. Atomic Collisions Electron and Photon Projectiles. John Wiley & Sons, 1989.

[36] Stephan Denifl. Electron Scattering with Atoms and Molecules. Lecture. 2013.

[37] Andrew R. Leach. Molecular Modelling - Principles and Applications. Prentice Hall, 2001.

[38] K. Takayanagi. “Introduction to Electron-Molecule Collisions”. In: Electron-Molecule Collisions.

Ed. by I. Shimamura and K. Takayanagi. Plenum, 1984.
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