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Abstract
The interaction of low-energy electrons (LEEs) with neutral molecules plays an im-
portant role in various applications. In focused electron beam induced deposition
(FEBID), a direct-write 3D nanofabrication technique, a high-energy focused electron
beam is used to induce nanostructured deposition from precursor molecules (usually
organometallic complexes) adsorbed onto a surface. At the current stage, this technique
faces some challenges in regard to deposit purity and resolution. These limitations are
mainly attributed to the low-energy secondary electrons generated by the impact of the
primary electron beam on the surface. They are emitted with a large spatial distribution
and can initiate electron-induced reactions that lead to incomplete fragmentation of the
precursor molecules.
Low-energy electron interactions are expected to play an important role also in chemora-
diotherapy, i.e., concomitant chemotherapy and radiotherapy. In this cancer treatment,
radiosensitizing agents are used to sensitize cancer cells to radiation. It has been shown
that LEEs, generated by the interaction of ionizing radiation with biological tissues, can
interact with a radiosensitizer producing radicals that can induce DNA damage.
In order to improve the performance of FEBID precursors and radiosensitizers, it is
important to study the energy dependence of the electron-induced processes.
Low-energy electrons (LEEs) can induce fragmentation through four distinct processes:
dissociative electron attachment (DEA), dissociative ionization (DI), dipolar dissociation
(DD) and neutral dissociation (ND). Low-energy electron interactions are commonly
investigated in gas phase experiments, under single electron-molecule collision condi-
tions, with crossed molecular/electron beam instruments.
In this Ph.D. project, the LEE-induced decomposition of FEBID precursors and some
model compounds for application in chemoradiotherapy was investigated in the gas-
phase, specifically focusing on DEA and DI processes.
The FEBID precursors that have been selected for this work are (h3-C3H5)Ru(CO)3Br
and cis-Pt(CO)2Br2. For (h3-C3H5)Ru(CO)3Br , an extensive DI study was conducted
as a follow-up of previous studies of this compound. For cis-Pt(CO)2Br2, both DEA
and DI were investigated, with more emphasis on DEA, and the results were compared
with previous gas-phase DEA studies on cis-Pt(CO)2Cl2 and cis-Pt(NH3)2Cl2, with
surface studies on cis-Pt(CO)2Cl2 and with FEBID experiments on cis-Pt(CO)2Br2 and
cis-Pt(CO)2Cl2.
With the aim of enhancing the susceptibility of radiosensitizers towards LEEs, extensive
DEA studies on the model compounds pentafluorothiophenol, 2-fluorothiophenol and
pentafluorobenzoic acid, were conducted, where we explored the perfluorination and
neutral HF formation as potential means to promote DEA reactions. The results were
compared with previous work on DEA to pentafluorophenol and benzoic acid.
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Útdráttur
Vixverkun lagorkurafeinda (LEEs) við óhlaðnar sameindir er mikilvæg á mörgum
sviðum. Örprentun með skörpum rafeindageisla (en: focused electron beam induced
deposition (FEBID)) er eitt slíkt, en það eru útbúnir strúktúrar á nanómetraskala úr
undanfarasameindum, sem eru yfirleitt á formi lífrænna málmkomplexa, sem eru að-
sogaðir á yfirborð. A núverandi stigi stendur þessi tækni frammi fyrir áskorunum
hvað varðar hreinleika og upplausn. Þessar áskoranir eru aðallega raktar til óæskilegra
lagorkurafeinda sem myndast þegar háorku rafeindageisli fellur á yfirborð. Óæskilegu
rafeindirnar dreifast vítt og breytt og geta framkallað óæskileg hliðarhvorf og niðurbrots
undanfarasameindanna.
Víxlverkun lágorkurafeinda getur einnig gegnt mikilvægu hlutverki í geyslalyfjameðferð
krabbameins, en þá eru geislanæmisefni notuð til þess að gera krabbameinsfrumur næ-
mari fyrir geislun. Sýnt hefur verið fram a að víxlverkun lágorkurafeinda, sem myndast
við samspil jonandi geislunar við líkamsvefi, við geislanæmisefni getur mynað sin-
durefni sem aftur geta valdið DNA skemmdum.
Til þess að bæta FEBID undanfarasameinda og geislanæmisefna er mikilvægt að
rannsaka hverning fareinda drifin sundrun þeirra er háð orku. Lagorkurafeindir geta
framkallað sundrun með fjorum mismunandi ferlum: Rjúfandi rafeindaralagningu (en:
dissociative electronc attachment (DEA)), rjúfandi jónun (en: dissociative ionization
(DI)) , tviskautsrof (en: dipolar dissociation (DD)) eða hlutlausu rofi (en: neutral
dissocation (ND)). Lagorkurafeinda vixlverkanir hafa oft verið rannsakaðar i gasfasatil-
raunum við arekstra stakra rafeinda og sameinda, með tækjum þar sem sameinda-og
rafeindageislar eru látnir skarast.
I þessu doktorsverkefni er lágorkurafeinda framkallað niðurbrot FEBID undanfarasameind
og nokkurra efnasambanda sem nýst gætu í frekari þróun geislalyfjameðferðar, skoðuð
á gasformi. Sérstök áherslu rjúfandi rafeindaálagningu (DEA) og júfandi jónun (DI).
FEBID forverarasameindir sem hafa verið valdir fyrir þetta verkefni eru (h3-C3H5)Ru-
(CO)3Br og cis-Pt(CO)2Br2. Fyrir (h3-C3H5)Ru(CO)3Br var gerð umfangsmikil
rannsókn á sundrandi jónun i framhaldi af fyrri rannsóknum a þessu efnasambandi. Fyrir
cis-Pt(CO)2Br2 voru bæði sundrandi rafeindaálagning og sundrandi jónun skoðuð, með
meiri áherslu á sundrandi rafeindaálagningu. Niðurstöðurnar bornar saman við fyrri
gasfasa rannsóknir á cis-Pt(CO)2Cl2 og cis-Pt(NH3)2Cl2, rannsóknir á refeindadrifnu
niðurbroti á cis-Pt(CO)2Cl2 á yfirborði fastefnis og FEBID þar sem cis-Pt(CO)2Br2 og
cis-Pt(CO)2Cl2 voru notuð sem undanfarasameindir.
Með það að markmiði að auka næmni geislanæmisefna gagnvart lágorku rafeindum voru
gerðar rannsóknir á efnasamböndunum pentafluorothiophenol, 2-fluorothiophenol og
pentafluorobenzoic acid, þar sem könnuð notkun flúors og HF myndun sem hugsanlegar
leiðir til að stuðla að sundrandi rafeindaálagningu. Niðurstöðurnar voru bornar saman
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við fyrri rannsóknir á rafeindaálagningu á pentaflúorfenól og bensósýru.
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To my family and to the love of my life.





"You wanna know how I did it?
This is how I did it Anton. I never saved anything

for the swim back"

Gattaca. Directed by Andrew Niccol, Columbia Pictures, 1997

"To live, to err, to fall, to triumph,
to recreate life out of life."

James Joyce, A Portrait of the Artist as a Young Man

"My hand tore at the snake and tore in vain;
it did not tear the snake out of his throat.

Then it cried out of me: "Bite! Bite its head off! Bite!" "

Friedrich Nietzsche, Thus Spoke Zarathustra: A Book for All and None
Translated by Walter Kaufmann

ix





Contents

Abstract iii

Útdráttur v

Dedication vii

Contents ix

List of Figures xiii

List of Tables xv

List of Original Publications xvii

Abbreviations xix

Acknowledgments xxi

1 Introduction 1

2 Theoretical Overview 5
2.1 Negative Ions: formation and decay . . . . . . . . . . . . . . . . . . 5

2.1.1 Autodetachment . . . . . . . . . . . . . . . . . . . . . . . . 8
2.1.2 Dissociative Electron Attachment . . . . . . . . . . . . . . . 9

2.2 Classifications of Negative Ion resonances . . . . . . . . . . . . . . . 10
2.2.1 Shape Resonances . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.2 Core-excited Feshbach resonances . . . . . . . . . . . . . . . 11
2.2.3 Vibrational Feshbach resonances . . . . . . . . . . . . . . . . 12

2.3 Positive ions formation through Electron Impact . . . . . . . . . . . . 12
2.3.1 Ionization and appearance energy determination . . . . . . . 13

3 Methods 15
3.1 Experimental setup . . . . . . . . . . . . . . . . . . . . . . . . . . . 15

3.1.1 Normalization and appearance energies determination . . . . 17
3.2 Computational Methods . . . . . . . . . . . . . . . . . . . . . . . . . 18

3.2.1 Hatree Fock (HF) method . . . . . . . . . . . . . . . . . . . 19
3.2.2 Density Functional Theory . . . . . . . . . . . . . . . . . . . 21
3.2.3 Time dependent density functional theory . . . . . . . . . . . 21

xi



Contents

3.2.4 Equation-of-motion coupled cluster theory . . . . . . . . . . 22
3.2.5 Thermochemical Threshold Calculations . . . . . . . . . . . 22
3.2.6 Reaction path calculations . . . . . . . . . . . . . . . . . . . 23

4 Results and Discussion 25
4.1 Low-energy interaction with focused electron beam induced deposition

precursors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 25
4.1.1 Motivation and Previous Work . . . . . . . . . . . . . . . . . 25
4.1.2 Dissociative ionization of (h3-C3H5 )Ru(CO)3Br . . . . . . . 27
4.1.3 cis-Pt(CO)2Br2: dissociative electron attachment and dissocia-

tive ionization . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.2 Dissociative electron attachment to model compounds for application

in chemoradiotherapy . . . . . . . . . . . . . . . . . . . . . . . . . . 36
4.2.1 Motivation and previous work . . . . . . . . . . . . . . . . . 36
4.2.2 Comparison between Pt(CO)2Br2 and Pt(NH3)2Cl2 in DEA . 38
4.2.3 HF formation from pentafluorothiophenol and 2-fluorothiophenol

upon dissociative electron attachment . . . . . . . . . . . . . 39
4.2.4 Dissociative electron attachment to pentafluorobenzoic acid . 46

5 Summary and outlook 51

References 52

Article I 65

Article II 73

Article III 87

Article IV 107

xii



List of Figures
2.1 DEA quasi-diatomic model . . . . . . . . . . . . . . . . . . . . . . 7
3.1 Schematic of SIGMA . . . . . . . . . . . . . . . . . . . . . . . . . . 16
3.2 [RuCO2Br]+ formation ion yield fit . . . . . . . . . . . . . . . . . . 18
4.1 (h3-C3H5 )Ru(CO)3Br . . . . . . . . . . . . . . . . . . . . . . . . . 27
4.2 Positive mass spectrum of h3-C3H5 )Ru(CO)3Br . . . . . . . . . . . 27
4.3 Positive ion yield curves from (h3-C3H5 ) Ru(CO)3Br . . . . . . . . 28
4.4 Pt(CO)2Br2 . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
4.5 Negative ion yield for [Pt(CO)Br2]� and [PtBr2]� . . . . . . . . . . . 32
4.6 Fit of two Gaussian to [Pt(CO)Br2]� and [PtBr2]�ion yield curves . . 33
4.7 SOMO and SOMO+1 of [Pt(CO)2Br2] . . . . . . . . . . . . . . . . 33
4.8 Positive ion mass spectrum of Pt(CO)2Br2 . . . . . . . . . . . . . . . 34
4.9 PFTP and 2-FTP . . . . . . . . . . . . . . . . . . . . . . . . . . . . 39
4.10 Negative ion yields from PFTP . . . . . . . . . . . . . . . . . . . . . 40
4.11 Negative ion yields from 2-FTP . . . . . . . . . . . . . . . . . . . . 41
4.12 PFTP rearrangement . . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.13 LUMO and LUMO+1 of PFTP . . . . . . . . . . . . . . . . . . . . . 44
4.14 Combined fit of a Gaussian and skewed Gaussian to the ion yield curve

of [M � HF]� from DEA to PFTP . . . . . . . . . . . . . . . . . . . 44
4.15 LUMO and LUMO+1 of 2-FTP . . . . . . . . . . . . . . . . . . . . 45
4.16 PFBA . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 46
4.17 Negative ion yields from PFBA . . . . . . . . . . . . . . . . . . . . . 47
4.18 Combined fit of a Gaussian and skewed Gaussian to the ion yield curve

for [M � HF� CO2]�formed upon DEA to PFBA . . . . . . . . . . . 48
4.19 SOMO and SOMO+1 of PFBA . . . . . . . . . . . . . . . . . . . . . 49
4.20 Optimized pentagonal structure of PFBA after HF loss upon DEA . . 49

xiii





List of Tables
4.1 Experimental AEs and the calculated threshold values for the DI of

h3-C3H5 )Ru(CO)3Br . . . . . . . . . . . . . . . . . . . . . . . . . 29
4.2 VAEs for Pt(CO)2X2 (X=F,Cl,Br,I). . . . . . . . . . . . . . . . . . . 34
4.3 Relative fragment contributions in DI and DEA to Pt(CO)2Br2 . . . . 35
4.4 Calculated thresholds in DEA to PFTP and 2-FTP . . . . . . . . . . . 42
4.5 Calculated thresholds for DEA to PFBA . . . . . . . . . . . . . . . . 49

xv





List of Original Publications

Article I: Dissociative ionization of the potential focused electron beam
induced deposition precursor p-allyl ruthenium(II) tricar-
bonyl bromide, a combined theoretical and experimental
study

Maicol Cipriani, Rachel M. Thorman, Christopher R. Brewer,
Lisa McElwee-White and Oddur Ingólfsson
The European Physical Journal D, 2019, 73, 227

Article II: The Role of Low-Energy Electron Interactions in cis-
Pt(CO)2Br2 Fragmentation

Maicol Cipriani, Styrmir Svavarsson, Filipe Ferreira da Silva,
Hang Lu, Lisa McElwee-White and Oddur Ingólfsson
International Journal of Molecular Sciences, 2021, 22(16),
89984

Article III: HF Formation through Dissociative Electron Attachment—A
Combined Experimental and Theoretical Study on Pentaflu-
orothiophenol and 2-Fluorothiophenol

Maicol Cipriani and Oddur Ingólfsson
International Journal of Molecular Sciences, 2022, 23(5),
2430

Article IV: HF and CO2 loss from pentafluorobenzoic acid upon Disso-
ciative Electron Attachment.

Maicol Cipriani and Oddur Ingólfsson
Submitted to International Journal of Molecular Sciences for
possible open access publication

Publications not included in the thesis:

Article V: The role of the dihedral angle and excited cation states in
ionization and dissociation of mono-halogenated biphenyls; a
combined experimental and theoretical coupled cluster study

xvii



Abbreviations

Michael Barclay, Ragnar Björnsson, Maicol Cipriani, An-
dreas Terfort, D. Howard Fairbrother and Oddur Ingólfsson
Physical Chemistry Chemical Physics, 2019, 21, 4556-4567

Article VI: Relative cross sections and appearance energies in elec-
tron impact ionization and dissociation of mono-halogenated
biphenyls

Maicol Cipriani, Ragnar Björnsson, Michael Barclay, An-
dreas Terfortd, D. Howard Fairbrother and OddurIngólfsson
International Journal of Mass Spectrometry, 2021, 459,
116452

Article VII: Extreme Ultraviolet-Printability and Mechanistic Studies of
Engineered Hydrogen Silsesquioxane Photoresist Systems

Ashish Rathore„ Ivan Pollentier, Maicol Cipriani, Harpreet
Singh, Danilo De Simone, Oddur Ingólfsson, and Stefan De
Gendt
CS Applied Polymer Mateerials, 2021, 3, 4, 1964–1972

Article VIII: Electron-induced fragmentation mechanisms in organic
monomers and their implications on photoresist optimization
for EUV Lithography

Ashish Rathore, Maicol Cipriani, Ching-Chung Huang, Li-
onel Amiaud, Céline Dablemont, Anne Lafosse, Oddur In-
gólfsson, Danilo De Simone and Stefan De Gendt
Physical Chemistry Chemical Physics, 2021, 23, 9228-9234

Article IX: Low-energy electron interaction and focused electron beam-
induced deposition of molybdenum hexacarbonyl (Mo(CO)6)

Po-Yuan Shih‡, Maicol Cipriani‡, Christian Felix Hermanns,
Jens Oster, Klaus Edinger, Armin Gölzhäuser and Oddur
Ingólfsson
Beilstein Journal of Nanotechnoly. 2022, 13, 182–19
‡ Equal contributors

Article X: Dissociative ionization and electron beam induced deposition
of Tetrakis(dimethylamino)silane, a precursor for silicon ni-
tride deposition

Po-Yuan Shih, Reza Tafrishi, Maicol Cipriani, Christian Felix
Hermanns, Jens Oster, Armin Gölzhäuser, Klaus Edinger and
Oddur Ingólfsson
Physical Chemistry Chemical Physics, 2022, 24, 9564-9575

xviii



Abbreviations
2-FTP 2-flurothiophenol
AD Autodetachment
AE Appearance energy
BA Benzoic acid
DD Dipolar dissociation
DEA Dissociative electron attachment
DFT Density functional theory
DI Dissociative ionization
DLPNO-CCSD(T) Domain-based local pair natural orbital coupled cluster theory

with perturbative triple excitations
EA Electron affinity
EOM-EA-CCSD Electron attachment equation of motion coupled cluster
EOM-CC Equation of motion coupled cluster
FCF Frank-Condon factor
FEBID Focused electron beam induced deposition
FWHM Full width at half maximum
HF Hartree Fock
IE Ionization energy
IVR Intramolecular vibrational energy distribution
LEE Low-energy electron
LUMO Lowest-unoccupied molecular orbital
MO Molecular orbital
ND Neutral dissociation
NEB-TS Nudged elastic band method with transition state optimization
NI Negative ion
PFBA Pentafluorobenzoic acid
PFP Pentafluorophenol
PFTP Pentafluorothiophenol
SOMO Single occupied molecular orbital
TDDFT Time-dependent density functional theory
TNI Transient negative ion
VFR Vibrational Feshbach resonance
ZPVE Zero-point vibrational energy

xix





Acknowledgments
I sincerely thank my family and friends for their continuous support . (Ringrazio viva-
mente la mia famiglia e i miei amici per il continuo supporto).
I would like to thank the University of Iceland Research Fund (IRC) and the Icelandic
Center of Research (RANNIS), grants no. 13049305(1–3) and 185346-05, for my
stipend and project related funding. I would additionally like to thank COST Action
CM1301 - 38713 (CELINA) for funding my short-term scientific mission (STMS) to
Bielefeld University.
I would like to thank my supervisor, Prof. Oddur Ingólfsson, for giving me the opportu-
nity to work on several projects, also in collaboration with IMEC and Zeiss within the
framework of ELENA (a Marie Skłodowska-Curie, Innovative Training Network), to
attend the ELENA training schools and conferences and to work on the ELENA website,
even though I wasn’t ELENA early stage researcher. Additionaly, I would like to thank
him for paying me the univesity fee for the first year as a welcome gesture and as well
for his feedback and editing on all my writing.
I would also like thank Prof. Janina Kopyra and Prof. Márcio Teixeira do Nascimento
Varella for taking on the role of opponents during the doctoral defense.
For my STSM visit to Bielefeld University, I would like to thank Prof. Armin Gölzhäuser
for his hospitality and guidance. I also thank him for being on my PhD committee
I would like to thank Ragesh Kumar and Styrmir Svavarsson for giving me an insight
into the instrumentation in the lab and for the very good times. I would also like to thank
Ragnar Björnsson for helpful discussions on quantum chemical calculations and for
being on my PhD committee. Additionaly, I would like to thank all my colleagues and
all the staff in VR III, in Raunvísindastofnun and Tæknigarður for the very good times.
Special thanks to Þuríður Ósk Sigurjónsdóttir, Erla María Gísladóttir, Anna Kristín
Árnadóttir and Íris Davíðsdóttir. I would like to thank Pernille Jensen, Hákon Valur,
Hákon Örn Árnason and Barði Benediktsson for translating my abstract in Icelandic. I
would like to thank Marian Ivanov Siarov for his help in fixing the instruments.
I would also like to thank Tolga Karsili and Barbara Marchetti for their reference letters.
I would like to thank Svana Hafdís Stefánsdóttir, Oskar Rudolf Kettler and Agust Kvaran
for giving me the possibilty to teach several laboratory courses. I had very nice students.
In this context, I would like to thank the University for Iceland for the teaching grant
I would like to thank all the editors of the student paper (stúdentablaðið) that I met for
giving me the possibilty to write several articles.
I would also like to thank Einar Arnason and Helmut Neukirchen for provinding me an
excellent LATEXtemplate for this Ph.D. thesis and as well for their technical support.
Special thanks to my sweetheart Rut Malmberg for her love and support. Ég elska þig
svo mikið ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

xxi



Acknowledgments

xxii



1 Introduction
I remember that in my youth I had a book entitled “ Chemistry, the nature changes itself”.
That title suggests chemistry investigates the transformations of matter, its structure and
composition. Historically, chemistry has seen a lot of evolutions. Modern chemistry
endeavors to understand the structure and transformations of matter at the atomic and
molecular levels. To this end, the study of the electron-molecule interactions is a matter
of great importance. In fact, low energy electrons (LEEs) can cause significant structural
changes and transformations in molecules [1; 2]. In my thesis, I focus on the role of
LEEs in focused electron beam induced deposition (FEBID) and chemoradiotherapy.
These two apparently different fields have in common the LEEs generated by irradiation.
In FEBID, precursor molecules (usually organometallic complexes), physisorbed onto a
surface, are exposed to a focused high energy electron beam [3–5]. Electron-molecule
interactions induce their fragmentation, leading to nanostructured deposition. In an
ideal case, this technique can give pure deposits of the target metal with high spatial
resolution [6]. In practice, the depositions are limited in purity and resolution. These
limitations have been attributed to the dissociation of precursor molecules induced by
the interactions with LEEs generated by the inelastic scattering of primary electrons
(PEs) [7]. Therefore, in order to improve the performance of FEBID precursors, it
is crucial to investigate the physical chemistry behind LEE interactions with these
compounds through gas-phase experiments in comparison with surface science studies
[7].
In chemoradiotherapy, i.e. the concomitant administration of chemical radiosensitizers
and radiotherapy, LEEs are expected to play an important role in sensitizing cancer
cells to radiation through their reactions with the respective radiosensitizers. Similar to
FEBID, the interaction of ionizing radiation with biological tissues generates a lot of
LEEs with energy distribution peaking at or below 10 eV and with appreciable contri-
bution close to 0 eV [8]. Before solvatation, LEEs may interact with radiosensitizers
generating radical species that can damage DNA.
Over the last few years, several studies have been conducted on LEE interactions with
DNA and radiosensitizers [9–15]. In particular, it has been found that LEEs interactions
with halogenated radiosensitizers play a central role in enhancing the cancer-killing
effect of radiotherapy. Therefore, a radiosensitizer designed in such a way to be more
susceptible to electron-induced reactions may be more efficient.
Other than in FEBID and chemoradiotherapy, LEEs interactions with molecules are
of central importance also in many other fields, such as astrochemistry [16], plasma
processing [17] and cancer treatment [18]. LEEs can induce fragmentation through four
distinct processes: dissociative electron attachment (DEA), dissociative ionization (DI),
neutral dissociation (ND) and dipolar dissociation (DD) [1].
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1 Introduction

In the first place, the nature of these interactions depends on the energy of the incoming
electron. DEA is generally active at low electron energies (< 20 eV), below the ioniza-
tion limit of the target molecule. In this process, an electron attaches to the molecules
producing a transient negative ion (TNI). TNIs are unstable and may decay through
autodetachment (AD), i.e., by reemitting the attached electron, or by dissociating into
an anionic fragment and one or more neutral species.
Generally, DEA processes have the highest cross-sections at electron energies close
to 0 eV, where the electron attachment is most efficient. However, for DEA reactions
involving a single bond rupture, the prerequisite for this process to occur close to 0 eV
incident electron energy, is that the electron affinity of the charge retaining fragment
must exceed the dissociation energy of the bond that is ruptured.
Dissociative electron attachment reactions can also involve molecular rearrangements
and formation of new bonds. These processes may promote DEA reaction channels,
otherwise inaccessible, by feeding additional energy to the system.
Dissociative ionization, on the other hand, takes place at electron energies at or above
the ionization limit of molecules. At these energies, the impacting electron ionizes the
molecule. If the collision occurs with sufficient energy, the ionized molecule dissociates
into a cation and one or more neutral fragments.
An incoming electron, with energy above the first excitation energy of the molecule,
can also induce an electronic excitation. The resulting excited molecule can dissociate
into neutral fragments through ND or positive and negative ion fragments through DD.
The current work investigated LEE interactions with FEBID precursors and model
compounds for application in chemoradiotherapy.
In regard to LEE interactions with FEBID precursors, DI of the potential FEBID precur-
sor h3 -allyl ruthenium tricarbonyl bromide ((h3-C3H5 )Ru(CO)3Br) and DEA and DI
of Pt(CO)2Br2 were investigated.
The DI study on (h3-C3H5 )Ru(CO)3Br is an extension of previous studies where DEA
to this compound was studied in the details [19; 20] and compared with surface data
[21]. In the current study, the appearance energies (AEs) are determined by fitting the
DI relative cross section with a Wannier type function. These are then compared to
theoretical values obtained from quantum chemical calculations. In chapter 4.1, the
results of this study are presented and compared with previous work on this compound.
For the study on Pt(CO)2Br2, the relative DEA cross sections for the observed negative
ion fragments and the positive ion mass spectrum at 70 eV incident electron energy
were recorded. To aid the interpretation of the experimental data, the threshold en-
ergies were calculated and the nature of the SOMOs involved in the DEA processes
was investigated. Additionally, the DEA and DI contributions were calculated for the
individual fragmentation channels and the average CO and Br loss upon DEA and DI
was estimated.

In the context of enhancing the susceptibility of radiosensitizers to DEA towards very
low energy electrons, the effects of perfluorination and neutral HF formation in lower-
ing the thermochemical DEA threshold to three model compounds were investigated:
2-fluorothiophenol (2-FTP), pentafluorothiophenol (PFTP) and pentafluorobenzoic acid
(PFBA). In these studies, the relative DEA cross sections for the observed fragmentation
channels were recorded and the thermochemical thresholds were calculated. In addition,
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the nature of the molecular orbitals involved in the DEA processes was investigated.
For 2-FTP and PFTP, the minimum energy path for the HF formation upon DEA was
computed. The thesis is organized as follow. In chapter II, a detailed overview of the
fundamental principles behind these electron-molecule interactions in the gas phase is
given. In Chapter 3, the experimental setup and the main computational methods used
for quantum chemical calculations are discussed. In Chapter 4.1, the results of the DI
study on (h3-C3H5 )Ru(CO)3Br are presented. These are compared with surface data
[21] and a DEA and DI study on Pt(CO)2Br2 as well as with previous surface science,
FEBID studies on Pt(CO)2Br2 and Pt(CO)2Cl2 [22; 23] and with a previous study on
DEA to Pt(CO)2Cl2 [24]. In Chapter 4.2, the results of the studies on PFTP, 2-FTP and
PFBA are presented and compared with previous studies on HF formation upon DEA to
pentafluorophenol (PFP) [25; 26] and DEA to benzoic acid (BA) [27].
In this chapter, a comparison with DEA to cisplatin ( cis-Pt(NH3)2Cl2) [28] is also
offered,- widely used chemotherapeutic agent also in the concomitant administration of
radiotherapy.
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2 Theoretical Overview

2.1 Negative Ions: formation and decay

Gas-phase negative ions (NIs) commonly occur during the interaction of low energy
electrons (LEE, energy <15 eV) with gas-phase molecules. The formation of negative
ions and their chemical reactions are relevant in a wide area of science and technologies,
including fundamental atomic molecular processes (such as thermonuclear reaction
[29; 30], plasma generation [31]), nanofabrication [7], cancer research/radiation damage
studies [32; 33] and controlled tandem accelerators [34].
When a LEE attaches to an isolated molecule (MX) in the gas-phase, it forms a Transient
Negative Ion (TNI), also called resonance because this is not a continuous process but
occurs only within certain electron energy ranges [35; 36; 2]; i.e., a transition from a
continuum state to a discrete state of the TNI.
An important parameter that determines the formation of a thermodynamically stable
negative ion (MX�) is the electron affinity (EA) of its neutral parent molecule. It is
defined as the energy difference between the ground state of a neutral molecule and the
ground state of its corresponding anion.
In order to form a thermodynamically stable negative ion (through non-dissociative
electron attachment), the EA of the neutral molecule must be positive. However, a
TNI is generally formed in an excited state (vibrational or electronic); therefore, the
formation of a stable negative ion is only realized after the excess energy is released
through radiation or by collision with a third body. In the interstellar medium negative
molecular ions are generally formed through radiative attachment. In this process, the
excess energy is released as radiation:

MX + e�!MX��!MX�+ hv (1)

where MX�� is the TNI formed in a vibrational or electronic excited state. The longest
wavelength of the emitted radiation is given by:

l =
hc
EA

(2)

This process occurs with very low probability and on a timescale in the ranges of 10�9

to 10�8 s [37].
Because of the very small cross sections of radiative attachment, in absence of a third
body that removes some of the internal energy, a TNI (MX��) is more likely to relax by
releasing the attached electron through Auto-Detachment (AD) or by breaking into a
thermodynamically stable anion and a neutral counter fragment through dissociation
(DEA). These processes are shown in the Equations 3 and 4, respectively.
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MX + e�!MX��!MX + e� (3)

MX + e�!MX��!M + X� (4)

In some cases, if a parent molecule with positive EA has suitable size and symmetry,
a TNI can also be stabilized through intramolecular vibrational energy redistribution
(IVR). Examples of molecules that form long-lived metastable negative ions through
IVR are SF6 [38], C6F6 [39] and C60[40]. In such cases, the electron attachment
proceeds through s-wave electron capture [38; 41], where the angular momentum l of
the incoming electron is zero. According to the Vogt-Wannier (VW) model [42], the
cross section for this process close to electron energy of 0 eV can be written as:

s
E!0

= 4p(
a

2E
)1=2 (5)

where E is the energy of the incident electron and a is the polarizability of the molecule.
Due to the inverse proportion to the electron energy, the cross section rises sharply at
electron energies close to 0 eV.
In the presence of a third-body, for example in clusters, the TNI can transfer some
of its internal energy through collisional stabilization, the so-called Bloch-Bradbury
mechanism, forming a stable molecular anion, as shown in equation 6.

MX��(v1 > v2)+ MX(v2 = 0)!MX�(v3 < v1)+ MX�(v2 > 0) (6)

In dense gasses or plasma, ternary collisions between electrons and molecules are the
most efficient in producing negative ions at low electron energies. These processes are
shown in Equations 7 and 8.

MX + MX + e�!MX�+ MX� (7)

MX + 2e�!MX�+ e� (8)

If the molecule has negative EA, the electron attachment occurs above the parent ground
state, and the TNI can only relax through AD or DEA.
The electron trapping mechanisms are in general classified into two categories (see
section 2.2): shape resonance, if the electron is constrained by a centrifugal potential
barrier, and Feschbach resonance if the electron is trapped in an induced electronic
or vibrational excited state. To reduce the complexity of the LEEs interactions with
molecules, the electron attachment is often described using quasi-diatomic molecules,
the so called quasi-diatomic model. Within this simplification, the electron capture
process is generally represented as a vertical transition from the respective neutral
ground state of the molecule to an accessible anionic state within the Franck-Condon
region of overlap.
This process occurs with transition probability proportional to the Franck-Condon factor
(FCF), i.e. the square of the vibrationsl overlap integral:

Ptrans µ jhYnjYaij2 (9)
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2.1 Negative Ions: formation and decay

where (Yn) is the vibrational wavefunction for the neutral ground state and (Ya) that
for the respective state of the TNI. Because the geometry of the ground state of the
neutral molecule and that of the respective negative ion are often quite different, TNIs
are generally formed in vibrationally excited states. In addition, it is also possible to
populate electronically excited states.
The so formed TNIs must then dispose of the excess energy in various ways, as men-
tioned above. Figure 2.1 shows a schematic representation of the DEA process in a
simplified 2-D potential energy diagram for a quasi-diatomic molecule AB. The electron
capture leading to the formation of a TNI is depicted with a vertical arrow extending
from the neutral ground state AB to the repulsive potential curve of the excited anionic
state AB��. Dissociative electron attachment occurs along this anionic repulsive poten-
tial and leads to the fragmentation of AB into A and B�. The autotetachment process in
competition with DEA is shown with vertical arrows from the (AB��) potential curve
to the vibrational levels of the neutral electronic ground state. The approximated energy
dependence of the attachment cross section (sEA) and the appearance energy (AE) of
B� are shown using the reflection principle [2]. In the figure, the thermochemical thresh-
old for the B� formation upon DEA, indicated with Eth (B�), is substantially lower
than the respective appearance energy (AE) settled by the Franck–Condon overlap.

Figure 2.1. Simplified 2-D potential energy diagram for the DEA process according to
the quasi-diatomic model. The potential energy curves AB, AB� and AB�� refer to the
neutral ground state,anionic ground state and anionic excited state of a quasi-diatomic
molecule AB. The thermochemical threshold for the B� formation upon DEA is
indicated with Eth (B�). The electron capture is depicted with a vertical arrow.
Copyright © 2015 Thorman et al; licensee Beilstein-Institut. Reprinted from ref [7]
under the terms of the Creative Commons Attribution License (CC BY 2.0)
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2.1.1 Autodetachment

The AD process is described by terms in the Schrodinger equation that couple the
bound-state of the TNI to the continuum (MX + e � [43]). The transition rate to the
continuum can be calculated using the Fermi’s golden rule [43; 44]:

rautodetachment =
2p

h̄
j


f f
��Q
��fi
�
j2r (10)

Where f f and fi are the wavefuctions for the final state (MX + e�) and the initial state
(TNI), respectively, Q is the coupling operator and r is the density of states in the
continnum. The form assumed by Q, depends on the mechanism that couples the bound
state to the continuum.
The breakdown of the Born-Oppenheimer approximation allows the rotational and
vibrational AD [43; 44]. Both mechanisms are described by the nuclear kinetic energy
operator, which is given by the sum of a radial term, responsible for the vibronic
coupling, and an angular term responsible for the rotational-electronic coupling [43; 44].
It can be shown that the autodetachment rate for processes that are mostly driven by the
vibronic coupling term, is proportional to the square of the inverse of the nuclear energy
[44]. If the electronic ground state of the neutral molecule lies below the anionic state,
the driving force for AD can be given by the electron-electron repulsion (configuration-
interaction). Another possible mechanism is the spin-orbit autodetachment [43; 44].
After the detachment, if the molecule retains some quanta of the electron’s initial energy,
in the form of vibrational or rotational energy, the electron is inelastically scattered. This
is representatively shown in Figure 2.1, with vertical arrows going from the repulsive
potential (MX��) to several vibrational states of the neutral molecule.
The width of the resonance (G) is finite, so the audetachment lifetime (tAD) is given by
Heisenberg’s uncertainty principle [37]:

tAD =
h̄

G(r)
(11)

This relationship between tAD and (G) implies that resonances with long lifetimes (e.g.,
Feshbach resonances) will appear in a very narrow incident electron energy range, while
resonances with a short lifetime (e.g., shape resonances) will appear in a broad energy
range.
If the lifetime of the TNI is on the order of the vibrational period, then the TNI is stable
against autodetachment and can relax into a metastable NI through IVR. In the case of
small molecules like N�2 , the lifetime of TNIs is in the order of 10�14 s [45]. However,
in the case of large symmetric molecules like SF6 the lifetime can be on the order of
micro or milliseconds [46].
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2.1 Negative Ions: formation and decay

2.1.2 Dissociative Electron Attachment

When the TNI is formed, the extra electron can be located in a previously unoccupied
molecular orbital (LUMO) with M�X anti-bonding character. Due to the repulsive
nature of the LUMO orbital, during the lifetime of the TNI, the [M�X]� bond length
will begin to stretch. As can be seen in Figure 2.1, during the relaxation of the TNI
along the repulsive curve, if the separation between the nuclei (r) exceeds the crossing
of anionic and neutral curves (rc), AD will no longer be available, and the TNI will
dissociate into a neutral atom (M) and a negative ion (X�) fragments through the DEA
process. The excess energy after dissociation could be redistributed into the kinetic
energy of the fragments. In the case of a quasi-diatomic molecule, the kinetic energy of
the charge retaining fragment (X�) after DEA is given by [2]:

KX = (1� mX

mMX
)[E + EA(X)�BDE(MX)�Eexc] (12)

where mX and mMX are the masses of the anion and the parent molecule, E is the energy
of the captured electron, EA(X) is the electron affinity of X, BDE(MX) is the bond
dissociation energy of MX and Eexc is the excitation energy of the fragments. When
available, the DEA channel strongly competes with AD and, in general, occurs in the
timescale of 10 �14 to 10�12 s [47]. The DEA cross section is given by the product
between the electron attachment cross section (sEA) and the probability of the TNI
surviving past the crossing point rc, which is given by the autodetachment lifetime (tAD)
and the time (t) necessary for the internuclear separation to exceed rc [48]:

s
DEA = s

EAe�t=tAD (13)

Towards higher energies the cross section for DEA will drop quickly as the attachment
cross section decreases and the probability of AD increases. As a result, the DEA ion
yield curves exhibit a non-Gaussian profile and their maximum is shifted toward lower
energies as compared to the underlying resonance. This is shown in Figure 2.1, where
the attachment and DEA cross sections are compared on the right-hand axis.
Vibrational Feshbach resonances, characterized by a very high cross section, are ob-
served at very low incident electron energies (see section 2.2). However, in order to
have fragmentation by DEA, the respective channels must be energetically accessible.
The thermochemical threshold for DEA is given by the reaction enthalpy (DHr ), which
for a single bond rupture can be estimated by subtracting the EA of the charge retaining
fragment (X) from the bond dissociation energy (BDE(M�X)):

DHr = BDE(M�X)�EA(X) (14)

In order to have fragmentation at 0 eV incident electron energy, the electron affinity of
the charge retaining fragment must thus exceed the energy required to break the M�X
bond; i.e., the asymptotic limit M + X� must lie below the vibrational ground state of
the neutral molecule (see Figure 2.1). If this condition is met, DEA is exothermic and
generally occurs through s-wave attachment (l = 0) with very high cross (see section
2.2). Examples of molecules with exothermic DEA channels are CCl4 [49; 50], CHCl3
[49; 50] and HI [51].
If the asymptotic limit M + X� lies above the vibrational ground state of the neutral
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molecule, the dissociative channel is not accessible at electron energies close to 0 eV.
In these conditions, single diatomic molecules will autodetach the electron, unless
a collision with a third body stabilizes the TNI by removing the excess energy. For
example, O2 has a positive electron affinity of 0.44 eV [52], however, the asymptotic
limit O + O� lies above the vibrational ground state of the neutral molecule and therefore
DEA is a not energetically accessible at electron energies close to 0 eV. In this molecule,
the DEA channel O + O� occurs through a higher lying shape resonance with an
onset at about 4.4 eV and peak intensity at 6.7 eV [53]. It’s worth mentioning that
if a DEA channel proceeds through a reaction barrier that lies above the respective
thermochemical threshold, the resulting ion yield curve will be shifted towards higher
energies.
Some DEA reactions in polyatomic molecules don’t proceed directly via single bond
dissociation along the repulsive potential. They can involve multiple bonds rupture and
bond formation(s). In case of such DEA reactions, it’s necessary to sum over all the
broken and new formed bonds:

DHr =
N

åBDE(broken)�
M

åBDE( f ormed)�EA(X) (15)

The formation of new bonds feeds additional energy to the system and the thermochem-
ical threshold will be shifted to lower values. This can be exploited to promote DEA
reaction channels at low electron energies, otherwise inaccessible. An example is given
by the exothermic HF formation [25; 26; 54; 55]

2.2 Classifications of Negative Ion resonances

Negative Ion resonances (NIR) are classified according to the trapping mechanism by
which the incident electron attaches to the molecule.
In a simplified model, the electron attachment process can be seen as a temporary
occupation of one of the previously unoccupied molecular orbitals (MO) and according
to Koopmans’ theorem [56], the electron attachment energy is given by the energy of
the occupied virtual MO. In this case, the resulting resonance is named single-particle
resonance [57].
At electron energies equal to or above the lowest electronic excitation, the electron
capture can induce an electronic excitation and create a hole in one of the previously
occupied MOs. Since two electrons are involved in this electron capture process, the
resultant resonance is called two-particle resonance. It is also called core-excited
resonance [57]. The deeper physical understanding of the trapping mechanisms behind
electron attachment is more complicated [2; 58]. Further details are discussed below.

2.2.1 Shape Resonances

In shape resonances, the incident electron is trapped by a potential barrier. When
the electron approaches a non-polar neutral molecule that is polarizable, i.e., it has
non-zero polarizability (a), a temporary dipole will be induced in the molecule. The
charged-induced dipole weakly attracts the electron through a polarization potential,
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Va(r) = �a=2r4. However, a particle in motion in a central potential experiences
also a repulsive centrifugal potential given by the angular momentum of the particle.
Considering a free electron as a wave-packet with contributions of individual partial
waves with angular momentum, l, this centrifugal potential is given by:

Vl(r) =
l(l + 1)

2r2 (16)

Thus, the sum of the two potentials gives the effective potential:

Ve f f (r) = Va(r) +Vl(r) =� a

2r4 +
l(l + 1)

2r2 (17)

In addition, at very short electron-molecule distances, when the electron gets closer to
the valence electrons of the molecule, a strong repulsive potential arises between the
molecule’s electron cloud and the trapped electron due to the Pauli repulsion. The sum
of this repulsion and the effective potential results in a potential well. For l 6= 0, Ve f f (r)

estimated from equation 17 results in a potential barrier that can trap the incoming
electron. Some of the incident electrons with l 6= 0 will be reflected by the centrifugal
barrier; however, one electron may tunnel through the barrier and get trapped by its
potential. If the electron has angular momentum components that “fit” the symmetry
of an energetically accessible unoccupied orbital, then a shape resonance is formed
[35; 36; 59]. For example, in the case of the shape resonance 2Pg in N2, the incident
electron tunnels through a d-wave centrifugal barrier [36; 45].
Shape resonances are quasi-bound states formed energetically above their corresponding
parent state; thus, the decay through AD is an open channel. In order to detach
the trapped electron must tunnel back through the potential barrier. However, shape
resonances may also decay via dissociation (DEA). Typical lifetimes of shape resonances
are on the order of 10�15 – 10�10 s [2; 60], thus, the width of these resonances is
generally broad, see Equation 11. Single particle shape resonances usually occur in the
energy range 0 - 4 eV [36; 60]. In the case of s-wave electrons, the centrifugal potential
is zero and there is no potential barrier, so the electron attachment does not proceed
through the shape resonance. If the incident electron has enough energy to induce an
electronic excitation, i.e. two electrons will occupy previously unoccupied MOs, and
the extra electron is trapped by the shape of the potential, the resultant resonance is
called core excited shape resonances.

2.2.2 Core-excited Feshbach resonances

Core-excited Feshbach resonances occur when the captured electron simultaneously
induces an electronic excitation in the parent molecule with positive electron affinity
[58; 60]. They commonly occur at energies 0 - 0.5 eV below their parent states [60], so
AD is a closed channel and the electron-molecule system can be considered as a bound
state. In this case, the reemission of the captured electron is only possible by gaining
some energy from the system or by undergoing electronic configuration change in the
resonance. Therefore, such resonances have considerable lifetimes and they present
narrow features.
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2.2.3 Vibrational Feshbach resonances

Vibrational Feshbach resonances (VFRs), also called nuclear-excited Feshbach reso-
nances, are formed when the kinetic energy of the incident electron is transferred into
the vibrational modes of the parent neutral molecule [58; 60]. This is possible due to
the breakdown of the Born-Oppenheimer approximation. These resonances lie below
their parent states and decay through AD is thus a closed channel [60; 61]. Conse-
quently, VFRs are expected to have a considerable lifetime and usually occur at very
low energies with narrow features [61]. These resonances predominantly occur through
s-wave attachment and are commonly observed in molecules possessing permanent
dipole moment, such as HF [62] and HCl [63], or sufficient polarizability, such as CO2
[64].

2.3 Positive ions formation through Electron Impact

Positive ionization occurs when the energy of the incident electron is equal to or greater
than the ionization potential of the molecule (IE) [65]. If the incoming electron directly
ejects a bound electron from the molecule and both electrons leave the molecule, the
ionization process is called direct ionization and is shown in Equation 18.

MX + e�!MX�+ + 2e� (18)

Here, (�) indicates that the fragment may be in a vibrationally and/or electronically
excited state.
If the impacting electron has sufficient energy to eject more than one electron, multiple
ionization will occur from the molecule:

MX + e�!MXn�+ +(n + 1)e� (19)

Since the ionization process occurs on a timescale faster than the nuclear motion,
according to the Franck-Condon principle the ejection of an electron can be described
as a vertical transition from the ground state of the neutral parent molecule to one
of its cationic state. Similar to negative ion formation, the transition probability is
proportional to the Franck-Condon factor (FCF). In general, the removal of an electron
from a molecule results in weaker and longer bonds as compared to the neutral parent
molecule. Therefore, it is very unlikely that after ionization a molecular cation is formed
in its vibrational ground state. If the impacting electron transfers sufficient energy , the
ionized molecule can dissociate into a positive ion and one or more neutral fragments:

MX + e�!MX+�+ 2e�!M+�+ X�+ 2e� (20)

This process is called dissociative ionization (DI). The energetic threshold for the
formation of a positive ion, Eth(M+) , via DI can be obtained by the following equation:

Eth(M+) = BDE(MX)+ IE(M) (21)

where BDE(MX) is the bond dissociation energy of MX and IE(M) is the ionization
energy of M.
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Other competing channels are autoionization AI, neutral dissociation (ND) and dipolar
dissociation (DD):

MX + e�(e1)!MX�+ e� (e2 < e1)!

8
><
>:

MX+�+ 2e� (AI)
M:�+ X :� (ND)

M+�+ X��+ e� (DD)

(22)

AI is a resonant process, while ND and DD are non-resonant processes. Also in these
processes, the products may be formed in vibrational or electronic excited states.

2.3.1 Ionization and appearance energy determination

The ionization cross section (sion) increases above the ionization threshold and has a
maximum at around 70 eV. For the H atom, Wannier [66] found out that, the ionization
cross section, at energies close to the threshold, rises according to an exponential law
(Wanier law):

sion = E1:127 (23)

Where E is the energy above the ionization energy. At higher energies above the
threshold, the cross section is affected by the formation of excited states. In addition,
the competitive reaction channels mentioned above may also affect the behavior of the
cross section. The Wannier law can be extended to molecules and DI processes. In that
case, the exponent is treated as an additional variable and the value is obtained by fitting
the experimental data with the Wannier-like function [67]:

f (E) =

(
b E < E1

b + c(E�E1)p E � E1
(24)

Where E1 is the IE of the parent molecule or the appearance energy (AE) of the DI
process, b is the constant background, p is the poly-atomic Wannier exponent and c is a
coefficient. The parameters E1, b, c and p are obtained through a weighted nonlinear
least-squares fitting of the experimental data, usually using the Marquart–Levenberg
algorithm (MLA)[68]. Typical values of the exponent p are in the range 1.1 – 4.0 [67].
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3 Methods

3.1 Experimental setup

All the DEA and DI measurements presented in this work were carried out on a crossed
electron-molecule beam apparatus, SIGMA, at the University of Iceland (UI). Figure 3.1
shows a schematic of SIGMA. An exhaustive description of SIGMA and its operative
principles is given in Bjarnason et al.[69].
The instrument consists of a trochoidal electron monochromator (TEM), a stainless
steel effusive gas inlet system and a HIDEN EPIC 1000 quadrupole mass spectrometer.
The TEM is used to generate a quasi mono-energetic electron beam. The electrons
are emitted from a tungsten filament, labeled as M1 in Figure 3.1, and guided to the
deflection region (M5 and M6) by the electric field generated by the electrostatic lens
components M2 – M4. In the deflection region, the electrons experience a crossed
electric field between M5 and M6 and a uniform magnetic field of about 50 Gauss,
generated by the Helmholtz coils located outside the vacuum chamber. The magnetic
field is orthogonal to the crossed electric field. As a result, an electron traveling in this
region will drift in the x-direction on a trochoidal trajectory with constant drift velocity
vx given by:

�!vx =

�!
E ��!B
j�!B j2

(25)

Since
�!
E and

�!
B are orthogonal, the equation can be rewritten as:

�!vx =
E
B

(26)

As the drift velocity is constant, the displacement of the electrons depends on their
residence time in the deflection region. Slower electrons will be displaced more than
faster electrons.
At the end of the deflection region, the electrons exit through the aperture of M7, which
is offset by 2.4 mm from the aperture on M4 that defines the entrance to the deflection
region.
Consequently, only the electrons with a certain initial velocity along the z-direction
and a narrow energy spread will exit through M7. After the deflection region, the
selected electrons are guided towards the collision region, where they cross the effu-
sive molecular beam of the target gas. The ions generated from the electron-molecule
interactions are then extracted by applying a weak electric field (�1V/cm) between
the plate-electrodes C2 and C3 and subsequently focused into the quadrupole mass
spectrometer with an Einzel lens configuration of three electrodes (F1-F3).
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Figure 3.1. Simplified schematic of SIGMA, the crossed electron-molecule beam
apparatus used for the DI and DEA measurements in this work. The electron beam is
represented with a green line. The magnetic and electric field point along the z�axis
and y�axis, respectively. As a result, in the deflection region, the electrons drift in the
x� direction.
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To avoid back-scattering of the electrons into the collision region, the excess electrons
are guided towards a Faraday cup using the C4 and C5 electrodes. The current in
the Faraday cup is monitored with a model 6485 Pico-Ammeter (Keithley Instrument,
Cleveland, OH, US). The monochromator is heated to 120 �C by two fluorescent lamps
to minimize the condensation of target gas on the electrostatic lenses components.
The background pressure of the instrument is approximately 1 � 10�8 mbar, and the
sample gas pressures in the conducted experiments were in the range 0.2�4 � 10�6

mbar.
With this instrument, it is possible to conduct both DEA and DI measurements. DEA
or DI ion yield curves are recorded by ramping the electron energy at a fixed mass
(m/z). Mass spectra are obtained through a mass (m/z) scan at fixed energies. The
electron energy scale is calibrated using the 0 eV resonance of SF�6 formation from
SF6 [70; 71]as a reference. It has been reported that the full width at half maximum
(FWHM) of this resonance is less than 1 meV [71], therefore the energy resolution of
the electron beam can be estimated from the FWHM of the SF�6 resonance at 0 eV. For
the DI measurements, the energy scale is re-calibrated using the appearance energy
(AE) of Ar+ from Ar (i.e., the first ionization of Ar) [72].

3.1.1 Normalization and appearance energies determination

To allow better comparison between measurements recorded on different days at dif-
ferent pressures, the intensities of the ion yields (Im=z) are normalized to the respective
target gas pressures pm=z and, in the case of DEA measurements, to the intensity of SF�6
formation (ISF�6

) at 0 eV electron energy, divided by the SF6 pressure (pSF6 ). In the case
of DI measurements the reference used is the intensity of Ar+ formation (IAr+) at 70
eV incident electron energy divided by the pressure of Ar (pAr). This normalization is
shown in Equation 27.

INorm: =

 
Im=z

ISF�6 (Ar+)

!�
pSF6(Ar)

pm=z

�
(27)

In this work, the AEs of positive ion formation in the DI process was obtained by fitting
the onset of the DI ion yield curves with the Wannier-like function shown in (Equation
24) in the previous Chapter. An example of this procedure is shown in Figure 3.2.
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Figure 3.2. Example of appearance energy determination (AE) through a fit with the
Wannier-like function (Equation 24) to the onset of the DI ion yield curve for
[RuCO2Br]+ formation from the parent molecule (h3-C3H5)Ru(CO)3Br. The intensity
was normalized according to equation 27.In the figure, M is the parent molecule. The
fitting is shown with the red line.

3.2 Computational Methods

In this thesis, quantum chemical calculations are performed using the computational
chemistry software ORCA [73], on (h3-C3H5)Ru(CO)3Br, Pt(CO)2Br2, pentafluoroth-
iophenol (PFTP), 2-fluorothiophenol (2-FTP) and pentafluorobenzoic acid (PBA).The
quantum chemical calculations were used to calculate the thermochemical thresholds
for DI of (h3-C3H5 )Ru(CO)3Br and DEA to Pt(CO)2Br2, PFTP, 2-FTP and PFBA.
Geometry optimization of all molecules and ions were performed and the relative har-
monic vibrational frequencies were calculated at the density functional theory (DFT)
level using different functionals and basis sets. In particular, the hybrid functionals,
PBE0 [74; 75] for (h3-C3H5 )Ru(CO)3Br and B3LYP [76–78] for PFTP, 2-FTP and
PFBA were used, and the range separated hybrid functional w97X-D3 [79; 80] for
Pt(CO)2Br2 was used. For positive ions, def2-TZVP basis set [81] was used, while for
negative ions ma-def2-TZVP [81; 82] and aug-cc-pVTZ [83; 84] were used. From the
harmonic vibrational frequency calculations, it was assured that the geometry optimiza-
tion had effectively reached a minimum and the zero-point vibrational energy (ZPVE)
and thermal energy corrections were extracted.
For (h3-C3H5 )Ru(CO)3Br and Pt(CO)2Br2, single-point energy (SPE) calculations
were performed on the optimized structures using domain-based local pair natural orbital
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coupled cluster theory with perturbative triple excitations (DLPNO-CCSD(T))[85–88]
with different basis sets. In these calculations, for (h3-C3H5 )Ru(CO)3Br, DZ/TZ
extrapolation (def2-SVP [81] and def2-TZVP) with auxiliary def2-QZVPP/C basis set
[89] was used. For Pt(CO)2Br2, aug-cc-pVQZ [83; 84; 90] and aug-ccpVQZ-PP basis
sets and associated pseudopotential for Pt [91] were used. For PFTP, 2-FTP and PFBA,
SPE calculations were performed at the same level of theory as used for the geometry
optimizations.
In order to understand the nature of anionic resonances in DEA to Pt(CO)2Br2, PFTP,
2-FTP and PFBA, the anionic excited states were calculated through different methods.
For Pt(CO)2Br2 and PFBA, a DSCF approach was used, for Pt(CO)2X2 (X = F, Cl, Br, I
), time-dependent density functional theory (TDDFT), for PFTP and 2-FTP, the electron
attachment equation of motion coupled cluster (EOM-EA-CCSD) method and, finally,
for PFBA a DSCF approach.
To explore the dynamics involved in neutral HF formation upon DEA to PFTP and
2-FTP, the relative minimum energy path was calculated using the nudged elastic band
method with transition state (TS) optimization (NEB-TS) implemented in ORCA [92]
at B3LYP/aug-cc-pVTZ level of theory.
A brief overview of the fundamental principles behind the main calculation methods is
given below.

3.2.1 Hatree Fock (HF) method

A fundamental postulate of quantum mechanics states that there exists a function, called
wavefunction, that contains all the information of a system composed of small particles,
such as atoms and molecules (also larger objects can in principle exhibit quantum
behavior). In order to extract that information, we need to solve the Schrödinger
equation. The time-independent form of the Schrödinger equation is:

HY = EY (28)

where Y is the wavefunction, H is the Hamiltonian operator and E is the energy
eigenvalue For a molecular system the Hamiltonian operator contains the nuclear kinetic
energy (Tn), the kinetic energy of all the electrons (Te), the nuclear-electron coulomb
attraction (Vne), the electron-electron repulsion (Vee) and the nuclear-nuclear repulsion
(Vnn):

Hmolecule = Tn + Te +Vne +Vee +Vnn (29)

Due to the interelectron terms and the interdependency of electrons and nuclei in the
Hamiltonian, the Schrödinger equation is analytically unsolvable. In order to make a
solvable equation, several approximations are used.
Using the Born-Oppenheimer approximation, it is possible to separate electronic and
nuclear motion. This is possible because the mass of the nuclei is significantly higher
than the mass of the electrons, which implies that the electrons follow the nuclear
motion adiabatically
The Hamiltonian operator can be seen as the sum of the kinetic energy of the nuclei and
the electronic Hamiltonian operator He :

Hmolecule = Tn + He (30)
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He = Te +Vne +VEE +Vnn = Te +V (R;r) (31)

Here, R represents the nuclear coordinates and r the electronic coordinates.
Under the Born Oppenheimer approximation, we can neglect the term of the kinetic
energy of the nuclei in the molecular Hamiltonian and solve the problem by focusing
first on the electronic Hamiltonian for a fixed nuclear configuration:

Hef(i)(R;r) = Ei(R)f(i)(R;r) (32)

The potential that appears in He and the electronic eigenfunctions (f(i)(R;r)) depend
parametrically on the nuclear coordinates. We can repeatedly vary the nuclear geome-
tries and solve the electronic Schrödinger equation for each set of nuclear coordinates.
The solutions constitute the potential energy surface (PES) of the molecule.
It can be proved tha tHe is Hermitian and self-adjoint; therefore, its associated eigenfunc-
tions are orthonormal and form a complete set. They represent the molecular electronic
states
The total wavefunction can be expanded as a linear combination of eigenfunctions of
the electronic Hamiltonian:

Y(R;r) =
¥

å
i=1

fni(R)f(R;r) (33)

Here, fni(R) is the nuclear wavefunction. The Born-Oppenheimer approximation sim-
plifies the electron-nuclei and nuclei-nuclei interaction contributions but, unfortunately,
it doesn’t solve the mutual dependency of the electrons in the Vee term. Therefore,
to deal with the electron-electron repulsion we must use another approximation, the
independent electron approximation; ie., the electrons do not interact with each other.
Under this assumption, the electronic wavefunction can be expressed as a product of
independent single-electron wavefunctions:

fi(R;r) =
n

Õ
i=1

fi(R;ri) (34)

This is the so-called Hartree product. However, the Hartree approximation does not
include the antisymmetric nature of electrons. An antisymmetric multi-electron wave-
function can be obtained from a single Slater determinant.
The energy of the system, hYjHjYi , can be obtained by applying the variation prin-
ciple to the antisymmetric wavefunction. This is the Hartree-Fock (HF) method. The
implementation of HF algorithms requires an initial guess for the multi-electron wave-
function. The solution of the HF equations gives a new wavefunction that is used as
a new initial guess. This is done iteratively until the convergence is reached, i.e. the
wavefunction doesn’t change and the energy is minimized according to the variational
principle. The single-electron wavefunctions are approximated with a linear combi-
nation of basis functions (basis set). Common basis functions are Slater-type orbitals
(STO) and Gaussian-type orbitals (GTO).
While the HF method accounts for the exchange energy, the correlation in the motion of
electrons with opposite spins is missing. Post-HF wavefunction-based methods, such as
coupled cluster, have been developed to correct the missing correlation energy. However
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high-level wavefunction-based methods, in general, are computationally expensive. An
alternative approach is the density functional theory (DFT), which describes the poten-
tial as a functional of the electron density. In principle, this approach is computationally
cheaper because it reduces the 3N dimensional problem to the 3-dimensional problem
of the electron density.

3.2.2 Density Functional Theory

The heart of the DFT method resides in the Hohenberg–Kohn (HK) theorems [93; 94].
According to the theorems there exists a functional of the electron density which fully
determines the ground state of an interacting many-particle system in a static potential
and for each electron density is always possible to apply the variational principle.
Therefore, if the functional form of the electron density is known, the minimization of
the functional leads to the full solution of the Schrodinger equation.
However, the exact form of the functional for the electron density is unknown and needs
to be approximated. Kohn-Sham derived a first approximation for an electron gas [94]:

G(r0) = Te(r0)+ Exc(r0) (35)

The energy functional for the kinetic energy term is obtained with molecular orbitals
that are described with basis functions. The exchange-correlation is approximated
with different methods. The most common functional approximations are the local
density approximation (LDA) and the general gradient approximation (GDA). LDA
functionals assume that the electron density is homogeneous and evaluate the density
only in one point. GDA functionals take into account the inhomogeneity of the electron
density introducing a density gradient. These functionals have good accuracy and are
computationally cheap. However, their implementation of the exchange-correlation
fails in describing some systems such as transition metals[95–97], anions [98], and
dissociation limits [99]. This is due to the self-interaction error. In the HF method the
unphysical self-interaction of one electron in the Hartree term (the potential generated
by the distribution of the electrons) is eliminated by the exact exchange term. In hybrid
functionals the exchange-correlation energy is constructed as a linear combination of the
exact HF exchange and the DFT exchange-correlation term. The mixing parameters are
obtained by fitting experimental data sets. However, hybrid functionals do not eliminate
completely the self-interaction error.
A subgroup of hybrid functionals is constituted by the range separated functionals. In
these functionals, the coulomb operator in the HF-DFT exchange-correlation is split
into two parts which account for the short-range (SR) interaction and long-range (LR)
interaction. The exchange energy in SR is handled by the local DFT exchange while
the LR part includes the HF exchange.

3.2.3 Time dependent density functional theory

The HK theorems refer to stationary states. For non-stationary states, time-dependent
density functional theory (TDDFT) has been developed. The heart of TDDFT resides in
the Runge-Gross theorem (RG) [100], which is the time-dependent version of the HK
theorem. The RG theorem states that there is a map between the time-dependent external
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potential of a system and its time-dependent density. In other words, the time-dependent
external potential is uniquely determined by the time-dependent density.
TDDFT is an important tool to obtain stationary excited states. In general, improved
wavefunction-based methods, such as equation-of-motion coupled-cluster theory (EOM-
CCSD), are more accurate than TDDFT. However, they are computationally expensive.
TDDFT is formally exact, however, since it relies on the exchange-correlation function-
als, approximations are unavoidable. It’s worth mentioning that while excited states
are physically observable, it is not possible to directly observe the transition between
stationary states due to the collapse of the wavefunction. The implementation of TDDFT
consists in solving iteratively the Casida eigenvalue equations [101; 102] til the lowest
excitation energies is found. The Casida equations can be simplified by neglecting of
the so-called “B” matrix, according to the Tamm-Dancoff (TDA) approximation [103].

3.2.4 Equation-of-motion coupled cluster theory

In EOM-CC formalism [104] the excited wavefunction can be written as:

jYexci= ReT jf0i (36)

Where R and T are excitation operators and jf0i is a single Slater determinant for the
ground state.
Consequently, the Schroedinger equation for excited states can be formulated as:

HeT R jf0i= EReT jf0i (37)

Since the excitation operators commute and R is a linear parametrized operator, we can
reformulate 3.12 as an eigenvalue problem:

[e�T HeT �E]R jf0i= 0 (38)

The problem of finding the energies and properties of excited states is thus reduced to
diagonalization of the effective Hamiltonian H = e�T HeT . While EOM-CC is formally
exact, the R and T operators need to be truncated.The parameters for the T operator are
obtained from the ground state coupled-cluster calculations (R=1), while the parameters
for the R operator are obtained by diagonalization of the effective Hamiltonian.

3.2.5 Thermochemical Threshold Calculations

The reaction enthalpy at 0 K for a DI or DEA process is given by:

DH0K =
N

å
i=1

(ESPE
i + ZPV Ei)� (ESPE

parent + ZPV Eparent) (39)

In the expression above, ESPE
i and ZPV Ei are the single point energies and zero-point

vibrational energies, respectively, of the resulting fragments from the DI or DEA process;
ESPE

parent and ZPV Eparent are the single point energy and zero-point vibrational energy of
the parent molecule, respectively; N is the number of fragments produced.
However, also the thermal energy of the neutral (Etherm;neut) parent molecule can be
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used up in DEA and DI processes. Therefore, the corrected thermochemical threshold
is given by:

Eth = DH0K + Etherm;neut (40)

As previously discussed, single point energy calculations were conducted on the opti-
mized molecular structures. ZPVEs and thermal energy corrections were obtained from
harmonic vibrational frequency calculations.

3.2.6 Reaction path calculations

In this thesis, in order to further explore the dynamics of HF formation from PFTP and
2-FTP through DEA, the respective reaction paths were computed using the nudged
elastic band method with transition state (TS) optimization (NEB-TS). The NEB method
is a chain-of-states method that is used for finding the minimum energy path and saddle
point between two optimized geometries, i.e., the local minima reactant and product.
The calculation starts by discretizing the reaction path with a chain of images that are
arrays containing the Cartesian coordinates of the system. Usually this is done through
a linear interpolation of the Cartesian coordinates between the initial and final images.
At least 3 images are necessary. The minimum energy path is then found with an
optimization algorithm by iteratively moving the images along the opposite direction of
the gradient of the energy. The shape of the path is modified according to the normal
component of the atomic forces. Harmonic springs between adjacents images are
employed in order to control the distribution the images along the path and prevent them
from sliding down to the initial or final local minima. More specifically, this is done by
replacing the tangential components of the atomic forces with the tangential component
of the spring force. In the climbing image-nudged elastic band (CI-NEB), in order
to drive the reaction path to the saddle point, for the highest energy image the spring
forces are removed and the tangential components of the atomic forces are inverted.
As a result, the image will be forced to climb up along the path and it will converge
to an saddle point. In NEB-TS method, implemented in ORCA package version 4.2.1,
NEB-CI is used to find an approximated saddle point which is then rigorously optimized
through eigenvector-following calculation
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4.1 Low-energy interaction with focused electron
beam induced deposition precursors

4.1.1 Motivation and Previous Work

Focused electron beam induced deposition (FEBID) is a nanofabrication technique that
allows direct-writing of patterns on a substrate by the desired material with a focused,
high-energy electron beam [3; 4; 105]. Deposition occurs due to electron-induced
fragmentation of previously adsorbed precursors, usually organometallic complexes. In
an ideal case, the dissociation of FEBID precursors creates pure deposits under the area
exposed to the electron beam. However, at the current stage, the depositions exceed
the spatial resolution of the electron beam and the metal purity is generally poor. This
is mainly attributed to the interactions of the precursors with scattered electrons and
low-energy SEs generated by the interaction of the primary electron beam with the
surface [7]. The energy distribution of these SEs peaks below 10 eV, has a substantial
contribution close to 0 eV and a high energy tail [106; 107]. Low-energy electrons
(LEEs) can induce fragmentation through four distinct processes, DI, DEA, ND and
DD, and it has been found that these low-energy electron interactions play an important
role in the deposition processes. [7; 108; 109].
Surface science studies do not allow to investigate the energy dependency of the these
LEEs interactions. Therefore, in an effort to develop FEBID precursors with high perfor-
mance, gas-phase studies are conducted with the aim of characterizing the low-energy
electron interactions with FEBID precursors. The comparison of gas-phase studies
on FEBID precursors with their electron- induced decomposition on surfaces allows
to identify the initial electron-induced mechanism of precursor decomposition in FEBID.

In the context of investigating the energy dependence and the extent of LEE inter-
actions with FEBID precursors, gas-phase studies on DI to (h3-C3H5 )Ru(CO)3Br and
DEA/DI to Pt(CO)2Br2 were conducted.
In EUVL masks repair, ruthenium-based organometallic complexes can be used as
precursors for the deposition of Ru capping layer through FEBID [110]. In fact, due
to its high transparency in the EUV, Ru does not negatively affect the EUV reflectivity
[111]. However, to our knowledge, there is only one commonly used Ru precur-
sor,(ethylcyclopentadienyl)ruthenium(II), and it produces deposits with high carbon
content during its electron-induced decomposition [110]. A further electron-irradiation
of the deposit in the presence of O2 is necessary for the removal of carbon. However,
O2 oxidizes the metal.
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Therefore, in order to obtain pure Ru deposits, it is necessary to explore the electron-
induce chemistry with different ligand architectures. In this context, a number of studies
have been conducted on (h3-C3H5 )Ru(CO)3Br in the gas-phase [19; 20], on surfaces
[21] and in FEBID deposition [112]. The current DI study on (h3-C3H5 )Ru(CO)3Br,
presented in Article I, is a follow up of previous gas-phase studies where DEA to
this compound has been studied [19; 20] and compared with a surface science study
on this compound [21]. In the current study, the electron impact ionization energy
and the appearance energies (AEs) of the DI channels are estimated by fitting the re-
spective ion yield curves with a Wannier type function [67] and comparing them with
the theoretical values obtained from quantum chemical calculations at the PBEO and
DLPNO-CCSD(T) level of theory. In addition, a comparison with the results of the
previous surface science study [21] and FEBID study [112] is offered.
Platinum-based complexes are used as chemotherapeutic anticancer drugs and in syn-
chronous combination with radiation (chemoradiation) [113–115] as well as precursors
for FEBID [116–118]. In both applications, fragmentation induced by LEEs plays
an important role. The role of LEEs in FEBID has been discussed here above and
the relevance of the LEEs interactions in chemoradiation therapy will be discussed in
section 4.2.
In the context of FEBID, LEE interactions with platinum-based organometallic com-
pounds have been investigated in several studies [24; 119–121]. In the previous gas
phase study on LEEs interactions with, Pt(CO)2Cl2 [24], it appeared that single and
double CO loss, observed close to 0 eV, are the most efficient DEA channels. It was also
found that CO loss is the dominant DI process, even though Cl loss and the bare Pt+ ion
were observed with significant intensity. This compound had been subject of a recent
UHV surface study [22], where the authors exposed monolayers of Pt(CO)2Cl2 to 500
eV electrons. They observed a rapid CO loss, during the initial electron irradiation step,
and a PtCl2 deposit. With prolonged electron irradiation, the chlorine was also removed
nearly quantitatively. Therefore, according to the results of the previous gas-phase study,
it appears that in the UHV surface study the rapid CO loss, during the initial electron
irradiation step, is promoted by DEA.
In a very recent comparative deposition study [23] of Pt(CO)2Cl2 and Pt(CO)2Br2, the
authors found a significant amount of halogens in the UHV deposits but little or no
traces of carbon. However, under HV conditions, they found a high carbon content in
the deposits and only small amounts of halogens.
This can be explained following the observations of Rohdenburg et al.[122] in electron-
induced reactions of (h3-C3H5)Ru(CO)3Cl, in the presence of NH3, and in cisplatin
[123], where they suggested that proton transfer from NH3 to Cl� or Cl, assists the
removal of the Cl ligands through the formation of HCl. In the case of the HV study on
Pt(CO)2Cl2, it may be possible that traces of water assists the removal of Cl through
proton transfer leading to formation of HCl.
Motivated by the previous gas-phase study on Pt(CO)2Cl2, gas-phase DEA and DI stud-
ies on Pt(CO)2Br2 were conducted within the framework of this thesis and compared
with previous work on electron-induced decomposition of Pt(CO)2Cl2 and Pt(CO)2Cl2.
Furthermore, a comparison to DEA to cisplatin [28] is also offered. This comparison,
which is relevant for chemoradiotherapy, will be discussed in the next chapter.
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4.1.2 Dissociative ionization of (h3-C3H5 )Ru(CO)3Br

Figure 4.1.2 shows the optimized ground state geometry of (h3-C3H5 )Ru(CO)3Br at
the PBE0 D3BJ/def2-TZVP level of theory.

Figure 4.1. Optimized ground state geometry of (h3-C3H5 )Ru(CO)3Br at the PBE0
D3BJ/def2-TZVP level of theory. The colors of the atoms are assigned as follow: Ru:
Pink, C: Black, H: gray, O: red, Br: dark red

The positive ion mass spectrum of (h3-C3H5 )Ru(CO)3Br at 75 eV incident electron
energy, shown in Figure 4.2, has been reported in the previous gas phase study on this
compound [19] and also in Article I.

Figure 4.2. Positive mass spectrum of h3-C3H5 )Ru(CO)3Br recorded at 75 eV incident
electron energy. The main DI channels are the progressions: [M � nCO]+, [M � nCO
� allyl]+ and [M � nCO � Br]+. Furthermore, also the parent cation and Br+ appear
with significant intensity. Reprinted with permission from refs [19]

As can be seen from the mass spectrum, DI to (h3-C3H5 )Ru(CO)3Br leads to sequential
losses of 1-3 CO ligands, the allyl group and 0-3 CO ligands, and the bromine and 0-3
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CO ligands.
The loss of the CO ligands is the dominant progression. Other fragments, observed with
fair intensity, are [RuCO]+, [RuC]+ and the bare ion [Ru]+.
Figure 4.3 shows the positive ion yield curves recorded in the incident electron energy
range 0-70 eV for (a) the loss of 1-3 CO units and (b) the loss of the allyl group and 0-3
CO units. The respective experimental AEs and the calculated threshold values at the
PBEO D3BJ/def2-TZVP and DLPNO-CCSD(T)/Extrapolate (2/3,def2) def2-TZVP/C
levels of theory are reported in Table 4.1. The AEs were obtained by fitting the onset
of the ion yield curves with the Wannier-like function shown in the methods section
(Equation 24).

Figure 4.3. Positive ion yield curves for (a) the sequential loss of 1-3 CO ligands and
(b) the sequential loss of the allyl group and 1-3 CO ligands from (h3-C3H5
)Ru(CO)3Br. The ion yield curves are normalized to the target gas pressure and Ar+

intensity at 70 eV as described in the methods section (Equation 27). Adapted with
permission from ref [124]
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Table 4.1. Experimental IE and AEs and calculated thresholds at the PBEO
D3BJ/def2-TZVP and DLPNO-CCSD(T)/Extrapolate (2/3,def2) def2-TZVP/C levels of
theory for the main fragments observed. Geometry optimizations were performed at the
PBEO D3BJ/def2-TZVP level of theory. The values are from ref [124].

Fragment m/z AE PBEO DLPNO-CCSD(T)
[(h3-C3H5 )Ru(CO)3Br]+ 306 8.6�0.6 7.99 8.20
[(h3-C3H5 )Ru(CO)2Br]+ 278 9.9�0.5 9.43 9.57
[(h3-C3H5 )Ru(CO)Br]+ 250 10.8�0.5 10.76 10.58
[(h3-C3H5 )RuBr]+ 222 13.3�0.5 12.77 12.34
[Ru(CO)3Br]+ 265 12.9�0.6 10.13 10.40
[Ru(CO)2Br]+ 237 13.4�0.5 12.24 12.29
[Ru(CO)Br]+ 209 15.7�0.5 15.31 15.59
[RuBr]+ 181 16.6�0.6 17.65 17.02
[(h3-C3H5)Ru]+ 143 15.9�0.5 15.15 14.33
[RuC]+ 114 17.4�0.5 18.6 17.11
Ru+ 102 18.8�0.5 18.74 17.81

Taking into account the confidence limit of the experimental values, it can be seen
that there is a good agreement with the theoretical values in the cases of the ionization
energy (m/z 306), loss of 1 and 2 CO units, and loss of the allyl group and 2 CO units.
Also for the formation of [RuCO]+, [RuC]+ and the bare ion [Ru]+ there is a fair
agreement. However, for [RuC]+ assuming that the carbon originates from the allyl
group and that H2 is formed, we derived a threshold of 21.96 eV, at the DFT level,
and 20.44 eV at the coupled cluster (DLPNO-CCSD(T)) level. These values are far
above the experimental AE. Assuming that in this process a dipolar dissociation takes
place, leading to Br� formation, the threshold was found to be 18.6 eV at the DFT level
and 17.11 eV at the coupled cluster level. The latter is in good agreement with the
experimentally determined AE, as is discussed in Article I.
The calculated thresholds for the loss of the allyl group and the loss of the allyl group
and one CO unit, are much lower than the respective experimental values. This can be
due to the excess energy required for the dissociation of the allyl group in order for
these two DI channels to be observed within our experimental time frame. An effect
that is commonly referred to as kinetic shift. As can be seen in the mass spectrum and
in the ion yield curves, in the allyl and CO loss sequence, the intensity progressively
increases with further CO losses and the loss of the allyl group and 3 CO units has the
most intensity. This can be rationalized if the excess energy needed for allyl loss is
channeled into further loss of the CO ligands. This is in line with the p-facial interaction
of the allyl carbons with the central Ru atom. Hence, confirming that this ligand is
a poor leaving group and not suitable as ligand for FEBID precursors for pure metal
deposition.
Previous surface studies have shown that CO ligands in FEBID precursors are very
labile under electron irradiation [21; 125; 126]. In surface experiments on (h3-C3H5
)Ru(CO)3Br, Spencer et al. [21] found that the allyl and bromide ligands are poor
leaving group. This correlates with our observations.
In the previous surface study, a nanometer-thick film of (h3-C3H5 )Ru(CO)3Br was
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absorbed onto amorphous carbon and polycrystalline gold substrates. In order to achieve
molecular adsorption of the precursors, the substrates were cooled to �168 �C. The
films were incrementally electron irradiated, using a 500 eV flood gun, under controlled
UHV conditions.
X-ray photoelectron spectroscopy (XPS) revealed that 80% of the CO is lost already
after an electron irradiation of about 4 � 1016 e� cm�2, while the allyl and bromine
remained on the surface. However, bromine loss was observed with further electron
irradiation of about 5� 1018 e� cm�2, but the carbon from the allyl group remained on
the surface.
In the FEBID study [112], the authors observed the loss of all three CO ligands and a
partial ally loss. However, they did not observe bromine loss. This is understandable
since bromine loss is observed in the surface experiments after prolonged irradiation,
while FEBID experiments are conducted under quasi steady-state conditions.
As mentioned in the previous gas-phase study [19], DI of (h3-C3H5 )Ru(CO)3Br leads
to a weighted average loss per incident of 2.1 for the CO ligands, 0.3 for the Allyl group
and 0.4 for Br. Dissociative electron attachment leads to a weighted average CO loss
per incident of 0.9 and other channels are insignificant.
Comparing the gas-phase average losses per incident with the deposits from the surface
science study and FEBID experiments does not offer a good correlation. However, as is
clear from our study, the allyl group is a poor leaving group in both DEA and DI, which
is reflected in the previous surface and deposition studies.
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4.1.3 cis-Pt(CO)2Br2: dissociative electron attachment and dissociative
ionization

Figure 4.4 shows the optimized ground state geometry of Pt(CO)2Br2 at the wB97X-
D3/ma-def2-TZVP level of theory.

Figure 4.4. Optimized ground state geometry ofPt(CO)2Br2 at the
wB97X-D3/ma-def2-TZVP level of theory.The colors of the atoms are assigned as
follow: Pt: light blue, C: Black, O: red, Br: dark red

The most efficient DEA processes for Pt(CO)2Br2 are the formations of [Pt(CO)Br2]�

and [PtBr2]�, i.e., the loss of one and two CO ligands, respectively. These ion yield
curves are shown in Figure 4.5. The ion yield curve of [Pt(CO)Br2]� has a contribution
peaking at 0 eV, while that for [PtBr2]� shows maximum intensity at about 0.07 eV and
a higher-lying contribution close to 3 eV.
This is consistent with the previous observations on DEA to Pt(CO)2Cl2 [24], where
the ion yield curves for [Pt(CO)Cl2]� and [PtCl2]� have their maximum intensity at
or close to 0 eV and a higher-lying contribution is also present in the [PtCl2]� ion
yield curve. This was attributed to the fact that the loss of a single CO ligand from
Pt(CO)2Cl2 is exothermic, so the excess energy after the first CO loss is channeled into
a further CO loss, making the survival probability of the [Pt(CO)Cl2]� fragment low
above the threshold.
We found that in DEA to [Pt(CO)2Br2]� the single and double losses of the CO ligands
are both exothermic. At the DLPNO-CCSD(T)/aug-cc-pVQZ level of theory, the
threshold for single CO loss was found to be �1.57 eV and that for the double CO
loss was found to be � 0.48 eV. Therefore, already at 0 eV sufficient excess energy is
available in the [Pt(CO)Br2]� fragment to be channeled into the further CO loss and the
survival probability of [Pt(CO)Br2]� drops rapidly above threshold.
As is apparent in Figure 4.5, the low-energy contributions in the [Pt(CO)Br2]� and
[PtBr2]� ion yield curves are asymmetric towards higher energies. We attributed this
to a overlapping higher energy contribution. This is shown with a fit of two Gaussians
to the ion yield curves in Figure 4.6. In the case of [Pt(CO)Br2]�, the higher energy
contribution peaks at 0.18 eV, while for [PtBr2]� it peaks at 0.33 eV.
The anionic ground state of Pt(CO)2Cl2 was found to be formed by electron occupation
of the LUMO of the neutral, which is a mixture of contribution from the p� CO orbitals
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Figure 4.5. Negative ion yields for [Pt(CO)Br2]�, the loss of one CO ligand, and
[PtBr2]�, the loss of two CO ligands. Both the ion yield curves have a low energy
contribution peaking at or close to 0 eV. The ion yield curve for [PtBr2]� presents and
additional higher-lying contribution with much less intensity. Reprinted from ref. [127]
under open access Creative Commons CC BY 4.0 license.

and the Pt 5dxyp
�. The first excited anionic state, on the other hand, is consistent with

electron occupation of the LUMO+1, which is composed of the Pt dx2�y2 orbital and
s� P�L antibonding (L = CO or Br). The contour plot of the corresponding SOMO
and SOMO+1 are shown in Figure 4.7. The vertical attachment energy (VAE) for the
anionic ground state was calculated to be 1.14 eV at the wB97X-D3 level of theory.
With a DSCF approach at the same level of theory, we derived a VAE for the first
excited anionic state of �0.99 eV. Accordingly, the low-energy contributions in the
[Pt(CO)Br2]� and [PtBr2]� ion yield curves can be attributed to electron capture in
to the LUMO, while the higher-lying overlapping contributions can be attributed to
electron occupation of the LUMO+1.
Direct CO loss from the first excited anionic state is in line with the repulsive nature of
the s� SOMO+1. The same process is, however, symmetry forbidden from the SOMO
and requires effective coupling of the CO p� orbital with the respective s� P�L. In the
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4.1 Low-energy interaction with focused electron beam induced deposition precursors

Figure 4.6. Combined fit of two Gaussian functions to the [Pt(CO)Br2]� ion yield (on
the left) and [PtBr2]� ion yield (on the right). The individual Gaussians show the two
underlying resonances in the low energy contribution in these ion yield curves. The first
individual Gaussian represents contributions from dissociation from the anionic ground
state, while the second individual Gaussian represents these from the first excited
anionic state. Reprinted from ref. [127] under open access Creative Commons CC BY
4.0 license.

Figure 4.7. Contour plot of the SOMO and SOMO+1 of [Pt(CO)2Br2]. The SOMO was
calculated at the wB97X-D3/ma-def2-TZVP level of theory. The SOMO+1 was
obtained with a DSCF approach at the same level of theory. Redrawn from the original
source in ref. [127] under open access Creative Commons CC BY 4.0 license

previous study on Pt(CO)2Cl2 [24], it was suggested that this coupling can be provided
by the out-of-plane bending of the CO ligands.
However, we found the dipole moment of Pt(CO)2Br2 to be 5.0 D at the wB97X-D3
level of theory. This value is significantly above the threshold limit for the electron
capture into a dipole bound state [128]. Therefore, for the lower-lying resonances, it
is possible that an initially formed dipole-bound state provides a doorway for DEA by
coupling with the nuclear motion and promoting a vibrational Feashbach resonance.
This process was discussed by Sommerfeld [129] for uracil and cyanoacetylene and by
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Stepanović et al.[130] for ethylene carbonate and ethylene carbonate-d4.
To explore the influence of halogen substitution to the VAE, we calculated vertical
excitation energies SOMO+1  SOMO at the TDDFT wB97X-D3/ma-def2-TZVP
level of theory for Pt(CO)2X2 (X = F,Cl,Br,I). They are reported in Table 4.2. As can
been seen the values decrease according to the trend: [Pt(CO)2F2]� > [Pt(CO)2Cl2]�

> [Pt(CO)2Br2]� > [Pt(CO)2I2]�. This is in line with the increased destabilization of
the s� SOMO+1 with increasing electronegativity of the halogen.
Other observed DEA fragments with much lower intensity are [Pt(CO)Br]�, [PtBr]�

and Br�. All the respective ion yield curves and threshold calculations are reported in
Article II.

Table 4.2. Calculated vertical excitation energies SOMO+1 SOMO at the TDDFT
wB97X-D3/ma-def2-TZVP level of theory for Pt(CO)2X2 (X=F,Cl,Br,I)

Anions Vertical Excitation SOMO+1 SOMO
[Pt(CO)2F2]� 0.58
[Pt(CO)2Cl2]� 0.44
[Pt(CO)2Br2]� 0.27
[Pt(CO)2I2]� 0.13

Dissociative ionization to Pt(CO)2Br2 leads to significantly more fragmentation than
DEA. Figure 4.8 shows the positive ion mass spectrum of Pt(CO)2Br2 recorded at 70
eV electron energy. The parent ion [Pt(CO)2Br2]+ has the highest intensity and also the
bare Pt+ ion is observed with significant intensity. Other fragments with appreaciable
intensity are [Pt(CO)Br2]+, [PtBr2]+, [Pt(CO)2]+ and [PtBr]+.

Figure 4.8. Positive ion mass spectrum of Pt(CO)2Br2 recorded at 70 eV incident
electron energy. The sequential loss of two Br ligands is shown with green lines, while
the sequential loss of two CO ligands is shown with orange lines. Reprinted from ref.
[127] under open access Creative Commons CC BY 4.0 license.

Table 4.3 shows the normalized relative contributions of the individual fragments, in
DEA and DI, and the weighted average loss per incident for bromine and carbonyl. The
relative DEA contributions were calculated by integrating the ion yield curves from
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4.1 Low-energy interaction with focused electron beam induced deposition precursors

about 0 to 10 eV. The relative DI contributions were obtained by integrating over the
isotope distribution of the respective fragment peaks in the positive ion mass spectrum.
In table 4.3, the DEA and DI relative contributions are normalized to the integrated
intensities of [Pt(CO)Br2]� and the parent ion ([Pt(CO)2Br2]+), respectively. The
average CO and Br loss per incident in DEA and DI was calculated by weighting the
respective relative contributions of the CO-loss or Br-loss fragments by the number of
carbonyls or Br ligands lost in the respective incidents.

Table 4.3. Relative fragment contributions in DI and DEA to Pt(CO)2Br2, average
weighted CO loss per DEA and DI incident and average weighted Br loss per DI
incident. The values are taken from ref. [127] under open access Creative Commons
CC BY 4.0 license.

Fragments Relative DI contributions Relative DEA Contributions
[Pt(CO)2Br2]+ 1 -
[Pt(CO)Br2]+=� 0.38 1
[PtBr2]+=� 0.23 0.76
[Pt(CO)2Br]+ 0.10 -
[Pt(CO)Br]+=� 0.07 0.02
[PtBr]+=� 0.25 0.004
[Pt(CO)2]+ 0.01 -
[Pt(CO)]+ 0.02 -
[PtC]+ 0.04 -
[Pt]+ 0.11 -
[Br]+=� 0.01 0.05
Average CO loss 0.7 1.4
Average Br loss 0.3 0.04

From the relative DEA contributions, we estimated an average CO loss of 1.4 and
an average Br loss of only 0.04. From the relative DI contributions, we estimated an
average CO loss of 0.7 and an average Br loss of 0.3. These values are in agreement
with the average CO and Cl losses calculated for Pt(CO)2Cl2 in the previous study.

In the electron-induced decomposition study on Pt(CO)2Cl2 on surfaces [22], it was
found that at low electron doses, CO loss is the dominating process and the average CO
loss was estimated to be around 1-2.
In the comparative deposition study [23] on Pt(CO)2Cl2 and Pt(CO)2Br2, the deposits
in the UHV electron-induced deposition experiments contained 1:2 platinum halogen
ratio. Therefore, it appears that DEA rather than DI is the dominating process in the
initial decomposition step in the surfaces and deposition studies.
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4.2 Dissociative electron attachment to model com-
pounds for application in chemoradiotherapy

4.2.1 Motivation and previous work

In recent years there has been a considerable progress in cancer treatment. However,
hypoxic tumors, i.e., tumors poorly supplied with oxygen, still represent a challange
in anticancer therapy. The low supply of O2 in malignant tissues makes chemotherapy
and radiotherapy less effective [131–133]. Chemoradiotherapy, i.e., the concomitant
administration of radiosensitizers and radiation, is a common way to more effectively
treat hypoxic tumors. Such radiosensitizers are electron-affinic chemotherapeutic agents
that sensitize cancer cells to radiation. In the sensitization process, LEEs are expected
to play an important role [134; 135]. In fact, when ionizing radiation interacts with
biological tissues, a significant amount of LEEs (<20 eV) are generated. The energy
distribution of these LEEs peaks at or below 10 eV and has an appreciable contribution
close to 0 eV and a long high energy tail [8]. Such LEEs, before undergoing solvatation,
which occurs in about 10�12 s [136], can interact with DNA or a radiosensitizer produc-
ing radical fragments that can cause bond ruptures in DNA. In 2000, Boudaiffa et al.
[9] showed that DEA processes can trigger single and double-strand breaks in DNA.
In this context, in the last decade, there have been several studies on LEE interactions
with DNA components [12; 137–140] and radiosensitizers [11; 13–15; 141–143].
It has been found that halogenated nucleobases present high DEA cross-sections at
low electron energies and significantly sensitize DNA to radiation induced damaged
[14; 15; 142; 143]. Rackwitz et al. [143] have shown that substitution of adenine
with 2-fluoro adenine in DNA oligonucleotides significantly enhances the strand-brake
efficiency through DEA. This molecule is the key component in fludarabine, an impor-
tant chemotherapeutic that has also been suggested for use in chemoradiotherapy as
a radiosensitizer [144]. Furthermore, it was found that DEA to the oxygen-mimetic
radiosensitizers 2-nitroimidazole and 4(5)-nitroimidazole effectively fragments these
molecules [141; 142]. Making radiosensitizers more susceptive to DEA is thus an
interesting path to follow to enhance their therapeutic efficiency.
In this context, we conducted DEA studies on pentafluorothiophenol (PFTP), 2-fluoro
thiophenol (2-FTP) and pentafluorobenzoic acid (PFBA), which may serve as model
compounds for rational tailoring of more efficient radiosensitizers.

As has been discussed in the introduction, DEA reactions don’t exclusively proceed via
single bond ruptures. Sometimes, bond ruptures are accompanied by the formation of
new bonds. In such cases, the system can gain energy from the formation of new bonds
and thus new reaction channels, otherwise inaccessible at low electron energies, can
be promoted. An important example of this process is given by the DEA reactions that
lead to neutral HF formation [25; 26; 54; 55; 145]. The formation of this chemical bond
supplies 5.9 eV to the system and can fuel new reaction channels. Such HF formation
was also observed in DEA to 2-fluoro adenine and it was suggested that energy gained
from the HF bond enthalpy may provide the thermochemical prerequisite for this DEA
channel [143].
The first systematic studies on HF formation in DEA was conducted by Ómarsson et al.

36



4.2 Dissociative electron attachment to model compounds for application in chemoradiotherapy

[25; 26] in 2012. In those studies, the authors investigated the HF formation through
DEA to pentafluorotoluene (PFT), pentafluoroaniline (PFA), and pentafluorophenol
(PFP). They suggested that in such systems the HF formation is promoted by the forma-
tion of an intermediate intramolecular hydrogen bond, X–H···F, which is supported by
the polarization of the X–H bond. The HF formation was found to be exothermic in the
case of PFP and endothermic in the case of PFA and PFT. The exothermicity of the HF
formation from PFP was, in this study, partly attributed to the subsequent rearrangement
of the charge retaining fragment into a pentagonal structure.
In the context of promoting DEA reaction channels in radiosensitizers, exothermic HF
formation may be considered as a way to enhance the susceptibility of such compounds
towards low-energy electrons.
This motivated us to investigate the HF formation upon DEA to PFTP and 2-FTP
(Article III). While both the compounds have the prerequisites to form the intermediate
X–H···F., the perfluorination in PFTP significantly influences the thermochemistry of the
process. In fact, the perfluorination increases the electron affinity of the charge-retaining
fragment, [M – HF]-, and this supplies additional energy into the DEA process lowering
the thermochemical thresholds. Furthermore, the perfluorination of aromatic rings
enhances the DEA efficiency by strongly lowering the s� MOs as compared to the p�

MOs. Electron capture in to the s� MO can lead to direct dissociation. However, the
same process from the electron occupation of the p� MOs is symmetrically forbidden
in the C2v point group and requires efficient vibronic coupling.
It’s worth mentioning that in PFTP the HF formation will not be supported by the
polarization of the S�H bond because S is less electronegative than N and O atoms.
However, the S�H bond is much longer and weaker than the O�H bond, so the H atom
in PFTP is more labile than in PFP.
We also extended these investigations to pentafluorobenzoic acid (PFBA), a good candi-
date for HF formation upon DEA (Article IV). In a recent study, Zawadzki et al. [27]
investigated DEA to the native benzoic acid (BA), the aromatic benzene ring with a
carboxylic acid group. They found five main dissociation channels, [M–H]�, C6H�5 ,
OH�, COOH�, and O�, which are related to the fragmentation of the COOH group.
In that study, the authors pointed out that the fragmentation mechanism of an aromatic
ring molecule, under low-energy electron interactions, can be strongly influenced by
binding large molecular structures to the ring.
A comparison between BA and PFBA is very informative because also the perfluorina-
tion could affect the fragmentation mechanism of the molecule.

Furthemore, in this section, a small comparison of the DEA processes in Pt(CO)2X2
(X=Cl,Br) with those in Pt(NH3)Cl2, i.e., cisplatin is offered.
Cisplatin is a FDA approved chemotherapeutic agent which has been widely used
in the treatment of testicular and ovarian cancer [146–149], metastatic breast cancer
[150; 151] and other various types of tumors, such as metastatic melanoma [152] and
carcinoma of the head and neck [153].
The mode of cytotoxic action of cisplatin lies in its ability to form cisplatin–DNA
adducts with the guanine bases blocking DNA replication [154; 155]. Inside the cell,
CDDP loses the two Cl atoms due to hydrolysis and forms a Pt-acqua complex. The
resulting complex, then, binds to the N7 position of guanine bases. Other than directly
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acting as a chemotherapeutic agent, cisplatin also acts as a radiosensitizer. It has been
shown that the concomitant application of radiation and platinum-based chemotherapy
enhances the cell-killing effect of radiation [156; 157]. Zheng et al. [33] showed that
when cisplatin-DNA complexes are irradiated, the single and double-strand breaks in-
duced by the LEEs significantly increase. This sensitization to LEEs has been attributed
to DEA processes.

4.2.2 Comparison between Pt(CO)2Br2 and Pt(NH3)2Cl2 in DEA

In 2009, a DEA study on cisplatin was performed by Kopyra et al. [28]. The authors
found that the dominant DEA channels involve the cleavage of the Pt�halogen bonds,
leading to the formation of [Pt(NH3)2Cl]�, Cl� and [Pt(NH3)2]�. As has been previ-
ously shown, the dominant DEA channels in Pt(CO2)Cl2 and Pt(CO)2Br2 involve the
loss of one and two CO ligands, while the halogen loss is negligible.
The fact that DEA efficiently triggers the loss of both Cl atoms in cisplatin is interesting.
The Pt�NH3 bond, similar to the Pt�CO bond, is much weaker than the PT�Cl bond.
With DFT calculations, Kopyra et al. [28] found the respective bond energies to be 1.5
eV for the Pt�NH3 and 3.3 eV for the Pt�Cl.
At the wB97X-D3/ma-def2-TZVP level of theory, we derived a halogen�Pt bond of
3.3 eV for Pt(CO)2Cl2 and 2.8 eV for Pt(CO)2Br2, while the Pt�CO bond energy was
found to be 1.5 eV.
The authors of the DEA study on cisplatin also found that the LUMO involved in the
electron capture has a repulsive s� character along all the ligands. Therefore, electron
occupation of the LUMO allows direct Pt�Cl dissociation.
As has been previously discussed, the LUMO involved in electron attachment to
Pt(CO)2X2, where X is the halogen ligand, has p� character and therefore, direct
dissociation from the respective anionic ground state is symmetry forbidden and re-
quires effective vibronic coupling. However, our study on Pt(CO)2Br2 also shows that
weakening the Pt�halogen bond by substitution with heavier halogens, increases the
efficiency of the dissociation of the halogens in the DEA process. It may be worth
considering substitution with heavier halogens in further optimization of cisplatin.
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4.2.3 HF formation from pentafluorothiophenol and 2-fluorothiophenol
upon dissociative electron attachment

Figure 4.9 shows the optimized ground state geometry of PFTP (left) and 2-FTP (right)
at the B3LYP D3BJ/aug-cc-pVTZ level of theory.

Figure 4.9. Optimized ground state geometry of PFTP (left) and 2-FTP (right) at the
B3LYP D3BJ/aug-cc-pVTZ level of theory. The colors of the atoms are assigned as
follow: S: Yellow, C: Black, H: gray, F: green

Figure 4.10 shows the DEA ion yield curves for observed anionic fragments from PFTP
and Figure 4.11 shows these from 2–FBT. DEA to PFTP leads to HF formation [M �
HF]�, H loss [M � H]� and SH loss [M � SH]�.
In PFTP, the most dominant DEA channel is the neutral HF formation ([M � HF]�).
The DEA ion yield curve for this process displays a significant contribution at 0 eV,
indicating that this process is exothermic. A less intense contribution peaking at around
4.7 eV is also observed in the [M � HF]� yield curve.
Similar to the [M � HF]� and [M � H]� formations, the ion yield curve for the SH
loss shows a low energy contribution centered at around 0.8 eV, and a less intense
higher-lying contribution centered at around 4 eV.
In DEA to 2-FTP, HF formation, i.e. [M � HF]� and H loss, i.e. [M � H]�, are
also observed. The respective ion yield curves for these processes show the maximum
intensity at around 1.0 eV. Differently from PFTP, HF formation from 2-FTP occurs
with a relative cross-section that is three orders of magnitude lower than that for the H
loss. The relative cross section for [M � HF]� formation from PFTP. is five orders of
magnitude higher than that for [M � HF]� formation from 2-FTP.
The onset of the ion yield curve for the HF formation from 2-FTP is at around 0.5 eV.
Therefore this process is expected to be endothermic.
The ion yield curve for the H loss from 2-FTP presents a low energy shoulder at around
0 eV. We attributed this contribution to "hot band" transitions or I� (m/z = 127) from
some contaminations containing iodine. The other observed DEA channel in 2-FTP
is the formation of S�. The DEA ion yield curve for this process has the maximum
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intensity at around 0.6 eV and is two orders of magnitude lower than that for [M � H]�

formation from this compound.

Figure 4.10. Negative ion yield curves from PFTP for the DEA channels: (a) H loss, (b)
HF loss, and (c) SH loss. The ion yield curves are normalized with respect to the target
gas pressure and the formation of SF�6 from SF6 at 0 eV as described in the method
section 27. Adapted from ref [158] under open access Creative Commons CC BY 4.0
license.
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Figure 4.11. Negative ion yield curves from 2-FTP for the DEA channels: (a) H loss,
(b) HF loss, and (c) S� formation. The ion yield curves are normalized with respect to
the target gas pressure and the formation of SF�6 from SF6 at 0 eV as described in the
method section 27. Adapted from ref [158] under open access Creative Commons CC
BY 4.0 license.

The calculated thermochemical thresholds for the DEA processes in PFTP and 2-
FTP, calculated at the B3LYP D3BJ/aug-cc-pVTZ level of theory, are reported in Table
4.4.
Similarly, exothermic HF loss at 0 eV was observed in DEA experiments to PFP [25; 26].
In those studies, the calculated threshold for direct HF loss from PFP was found to
be endothermic. However, considering a subsequent rearrangement of the anion into
a pentagonal structure, the process was found to be exothermic by 0.19 eV at the
B2PLYP/aug-pc-2 level of theory.
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Following this finding, for the HF formation from PFTP and 2-FTP, we addition-
ally calculated the respective thermochemical thresholds considering the rearrangement
of the aromatic ring into a pentagonal structure as represented in Figure 4.12.

Table 4.4. Calculated thresholds at the B3LYP D3BJ/aug-cc-pVTZ level of theory.
Geometry optimizations were performed at the same level of theory. All values are
taken from ref [158] under open access Creative Commons CC BY 4.0 license.

m/z Fragment DEth
PFTP
199 [M � H]�/C6F5S� 0.13
180 [M � HF]�/C6F4S� -0.29
180 �[M � HF]�/C5F4CS� -0.35
167 [M � SH]�/C6F5

� 0.32
2-FTP
127 [M � H]�/C6H4FS� 0.84
108 [M � H]�/C6H4S� 0.42
108 �[M � H]�/C5H4CS� 0.28
32 S� 0.14

� Calculated threshold considering the
rearrangement of the ring after the HF formation

Figure 4.12. Representation of the rearrangement of the phenyl ring after the neutral
HF loss upon DEA to PFTP and 2-FTP. The figure shows this for PFTP as an example.
After the HF loss, the phenyl ring rearranges into a 5-membered ring with
exocyclic–CS. This rearrangement was hypothesized to occur for PFP in the previous
DEA studies on PFP, PFA and PFT [25; 26]. Reprinted from ref [158] under open
access Creative Commons CC BY 4.0 license.

At the B3LYP D3BJ/aug-cc-pVTZ level of theory, we found that direct HF formation,
i.e., without involving the rearrangement of the ring, is exothermic by 0.29 eV. Con-
sidering the ring rearrangement, we found the threshold to be lowered to -0.35 eV. At
the same level of theory, we also found that direct HF formation from PFP is, in fact,
exothermic by 0.33 eV. Therefore, it appears that exothermic HF formation from these
compounds can occur as a direct process without involving the rearrangement of the
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phenyl ring. Additionally, we calculated the thresholds for HF formation from PFTP and
PFP at higher levels of theory, wB97X-D3/aug-cc-pVTZ, wB97X-D3/aug-cc-pVQZ,
and DLPNO-CCSD(T)/aug-cc-pVQZ, obtaining qualitatively the same results. These
values are reported as supplementary information with Article III.
In the case of 2-FTP, direct HF loss is endothermic by 0.42 eV and considering the ring
rearrangement we found the threshold to be 0.28 eV.
In order to explore the dynamics involved in the HF formation from PFTP and 2-FTP,
we calculated the minimum energy path using the Nudged Elastic Band method with
transition state (TS) optimization (NEB-TS) [92].
The calculated reaction paths are reported in Article III along with a detailed discussion.
They show that the ring rearrangement, after HF formation, proceeds through an energy
barrier of 1.24 eV, in the case of PFTP, and 2.3 eV in the case of 2-FTP.
Similarly, the minimum energy path for the HF formation from PFP shows that the ring
rearrangements must overcome an energy barrier close to 2 e eV [26].
Therefore, according to our thermochemical threshold calculations and rearrangements
barriers estimated from the minimum energy paths, we conclude that HF formation
upon DEA at the 0 eV threshold to PFP, PFTP and 2-FTP can occur as a direct process
without ring rearrangement.
Furthermore, the comparison between PFTP and 2-FTP shows that the perfluorination
in PFTP plays an important role in the exothermic HF formation. This is understandable
since the perfluorination increases the electron affinity of the charge-retaining fragment.
In addition, as previously discussed, it is well known that the perfluorination of aromatic
rings strongly lowers the s� MOs as compared to the p� MOs due to the strong induc-
tive effect of fluorine [159]. The low-lying s� MOs decrease in energy with increasing
fluorination and this is called perfluoro effect [160; 161].
In regard to DEA to these compounds, this is important as while electron occupation
of the s� orbital can lead to direct dissociation, the same process is symmetrically
forbidden from the p� MOs in the C2v point group [162] and requires p��s� coupling
in order to proceed. This is similar to the comparison between cisplatin and Pt(CO)2Cl2,
where, while dissociation from the s� LUMO of cisplatin can occur as a direct process,
dissociation from the p� LUMO of Pt(CO)2Cl2 is symmetrically forbidden and requires
vibronic coupling. In polyfluorinated benzene anions, this coupling can be provided by
the pseudo-Jahn-Teller (pJT) effect [163; 164].
In Article III, the nature of the low-lying LUMOs involved in DEA to PFTP and 2-FTP
is extensively discussed. The ordering of the LUMOs was determined through vertical
electron attachment energy (VAE) calculations using the EOM-EA-CCSD method with
B3LYP orbitals and aug-cc-pVTZ basis set. We noted that the VAEs to these systems
strongly depend on the level of theory that is used to perform the calculations; however,
the order of the LUMOs is reliable. Figure 4.13 shows the LUMO and LUMO+1 of
PFTP.
We found that the LUMO of PFTP has s� character. This MO is antibonding along the
C�F coordinates and, therefore, can support the HF loss upon DEA. The LUMO+1
of PFTP, on the other hand, has p� character and according to Jordan et al. practics
[165] we labeled it b1(p�). While this MO is antibonding along the C�F coordinates,
dissociation from this state is symmetrically forbidden and requires p��s� coupling,
which may be provided by the pJT effect.
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