
 

Electron Transfer Processes in Biologically 
Relevant Molecules 

An Experimental Study of Neutral Alkali Atom-Molecule Collisions  

DEPARTMENT OF PHYSICS 

SARVESH KUMAR 

Master of Science in Physics 

DOCTORATE IN RADIATION BIOLOGY AND BIOPHYSICS 

NOVA University Lisbon 

June 2022 





Adviser: Paulo Manuel Assis Loureiro Limão-Vieira 
Full Professor, NOVA University Lisbon 

 

Examination Committee: 

Chair: José Paulo Barbosa Mota, 
Full Professor, NOVA University Lisbon 

Rapporteurs: Alexander Dorn, 
Lecturer, Department of Quantum Dynamics, and Control, Ultra-

cold dynamics and collisions, Max Planck Institute for Nuclear Physics, 

Germany 
Juraj Fedor,  
Researcher and Director at Dynamics of Molecules and Clusters De-

partment, J. Heyrovsky Institute of Physical Chemistry, Prague, Czech 

Republic. 

Adviser: Paulo Manuel Assis Loureiro Limão-Vieira 
Full Professor, NOVA University Lisbon 

Members: Gustavo García Gomez-Tejedor,  
Full Professor, Institute of Fundamental Physics (IFF), CSIC, Spain. 
Pedro Jorge da Silva Pereira,  
Assistant Professor, Instituto Superior de Engenharia de Lisboa 

Maria Alice Santos Pereira,  

Associate Professor, NOVA University Lisbon 

 

DEPARTMENT OF 

PHYSICS 

Electron Transfer Processes in Biologically Relevant  
Molecules 

An Experimental Study of Neutral Alkali Atom-Molecule Collisions  

SARVESH KUMAR 

Master of Science in Physics 

DOCTORATE IN RADIATION BIOLOGY AND BIOPHYSICS 

NOVA University Lisbon 

June 2022 





 v 

Electron Transfer Processes in Biologically Relevant Molecules 

Copyright © <Sarvesh Kumar>, NOVA School of Science and Technology, NOVA University 

Lisbon. 

The NOVA School of Science and Technology and the NOVA University Lisbon have the right, 

perpetual and without geographical boundaries, to file and publish this dissertation through 

printed copies reproduced on paper or on digital form, or by any other means known or that 

may be invented, and to disseminate through scientific repositories and admit its copying and 

distribution for non-commercial, educational or research purposes, as long as credit is given 

to the author and editor. 





 vii 

Dedicated in the loving memory of my Grandfather and Grandmother. 





 ix 

ACKNOWLEDGMENTS 

I would like to thank my esteemed supervisor – Professor Paulo Limão-Vieira for his 

invaluable supervision, support, and tutelage during my PhD degree. His immense 

knowledge and plentiful experience have encouraged me in all the time of my academic re-

search and daily life. 

 My gratitude extends to the Foundation for Science and Technology (Lisbon, Portugal) 

for the funding opportunity as a grant no. PD/BD/142831/2018 and 

COVID/BD/152673/2022 to undertake my studies at the Centre of Physics and technological 

Research (CEFITEC), Department of Physics, NOVA School of Science and Technology, New 

University of Lisbon. I am thankful to COST Action CA18212: Molecular Dynamics in Gas 

Phase for supporting my short-term scientific missions. I am also thankful to European Union 

for supporting me through ERASMUS+ internship grant 29191(533)107/2019/SMT/KA-1 for 

my scientific visit to Madrid. 

 Additionally, I would like to express gratitude to Professor Gustavo García for his treas-

ured support during my visit to CSIC, Madrid which was influential in shaping my experi-

mental methods and critiquing my understandings. I would like to thank Mr. Carlos Guerra 

for his support during my scientific mission to Madrid and wonderful friendship. I would also 

thank Dr. Nykola Jones and Dr. Sørren Vrønning Hoffmann, for their mentorship and support 

during my visits to ISA, Denmark. A Sincere thanks to Prof. Stephan Denifl for hosting me 

during the pandemic and support provided by Mr. Farhad Izadi for DEA experiments at Uni-

versity of Innsbruck. 

My sincere gratitude towards Prof. Pedro Tavares and Prof. Alice S. Pereira RaBBiT di-

rectors and members of the directive board. You have always supported me to think differ-

ently and encouraged me get involved in various activities. Thank you very much for always 

being available for fruitful scientific discussions during lunch times, and during all our scien-

tific missions together in Denmark. I have learnt a lot from both of you. It’s a blessing to have 

people like you around. 



 x 

I would like to thank Professor Augusto Moutinho for the occasional discussions and 

his continued interest in my research work. My thanks to Prof. Pedro Pereira for his support. 

 I would like to thank Dr. Juraj Fedor for hosting me and all the hospitality during my 

visit to J. Heyrovsky Institute, Progue and Dr. Pamir Nag for all the wonderful discussions. 

I would also like to thank Mr. Afonso Moutinho, Mr. João Faustino, Mr. Fábio Evanglista 

for their technical support on my study.  

I would like to thank my lab mates, and colleagues –Dr. Filipe Ferreira da Silva, Dr. Ana 

Lozano, Dr. Mónica Mendes, Dr. João Ameixa, Mr. Alexandru Botnari, and Mr. Miguel 

Pacheco. 

 Mr. João Silva, Mr. Rodrigo Rodrigues, Mr. José Romero and recently Mr. Daniel for a 

cherished time spent together in the lab, and in social settings you guys have been amazing, 

it's great to have friends like you. 

Mr. João Guerra and Ms. Ana Almeida thank you very much for always being available 

for help and discussions, on and off the science. 

My sincere thanks to NOVA desporto (Sports office of NOVA) for supporting and be-

lieving in me and for all the amazing time I spent with Athletics team. Prof. Paulo Barrigana, 

you have been amazing in helping me realize my potential in long distance running, I hope 

someday I can make you proud. My athletics teammates Mr. Ahmad Hasan, Eszter Banhidi, 

and Diogo Parreira thanks for the support. 

My association with various cricket clubs has kept me engaged and my spirit alive when-

ever I felt low. My teammates from various teams Mr. Rahul Bhardwaj, Mr. Arslan Naseem, 

Mr. Madhukar Thapa, Mr. Imran Khan, Mr. Manjeet Singh, Mr. Azhar Andani, Mr. Anoop, 

and Prof. Dr. Shiv Kumar Singh, it has been great playing alongside you guys. 

 Dr. Sirajul Haque Zakir and recently Dr. Navendu Deb Paul for the long late-night 

walks to keep the motivation alive during the hardest of times. There are so many others which 

I find difficult to name all, but you all know that you have siginificant contributions.  

I am grateful to my father Mr. Girish Kumar Sharma, my mother Mrs. Ramayani Devi 

for having patience during my stay away from home and providing me with best examples of 

moral values. I have missed you a lot. I am thankful to my brother Mr. Giriraj Kishor Sharma 

and Mrs. Kanchan Sharma for taking care of everything back home in my absence. May gods 

bless everyone with such a family to everyone. My sisters Mrs. Rohini Sharma and Mr. Anil 

Sharma, Mrs. Neetu Sharma and Mr. Sanjay Sharma, and Mrs. Renu Sharma and Mr. Laxman 

Sharma thank you very much for showering the love upon me. 

My nieces and nephew to whom I have dearly missed during my stay in Portugal, 

Anmol Sharma, Ajay Sharma, Madhavi Sharma, Stuti Sharma (Chhoti Guddan), Lakshya 

Sharma (Kanha), Yashasvi Sharma (Guddan). I am also thankful to people, who knowingly or 



 xi 

unknowingly gave me a lesson to become better version of myself. And many more  others 

which are not mentioned here, but had siginificant contributions in direct and indirect way.





 xiii 

 “Arise! Awake! and stop not until the goal is reached.” - Swami Vivekanand. 





 xv 

ABSTRACT 

The work developed within the context of this thesis includes negative ion formation in charge 

transfer processes from collisions of neutral potassium atoms with key selected neutral mole-

cules. The crossed molecular beam set up used to obtain the anion yields as a function of the 

collision energy as well as relevant information about the lowest-lying anionic states that are 

accessed in the temporary negative ion formation, is fully equipped with a time−of−flight 

mass spectrometer and an energy loss analyser. The spectrometric technique includes a linear 

and a reflectron type time-of-flight mass spectrometers to provide information about the neg-

ative ions formed in such collisions. We have made use of a home−built Wiley McLaren type 

Linear Time-of-flight mass spectrometer (L−TOF−MS), to extract relevant information about 

the kinetic energy release distribution of selected fragment anions, as a function of the collision 

energy, while the reflectron time−of−flight mass-spectrometer (r−TOF−MS) was used due to 

its higher mass resolution serving as a proper tool to resolve close lying fragment anions dif-

fering by just 1 amu in the fragmentation of nimorazole.  In order to obtain relevant infor-

mation about the most accessed negative ion states in the collision process, a post−collision 

potassium cation (K+) energy loss spectra in the forward scattering direction (θ ≈ 0°) with the 

beam's optical path have been recorded in a hemispherical energy loss analyser. The combi-

nation of TOF−MS and these two techniques helped us to gain deep insight into electron trans-

fer processes of molecules under investigation.  

The set of chlorinated molecules investigated include a group (C6H5Cl, C6D5Cl, 

C6H11Cl, and C6Cl6) that has been properly chosen to explore the role of direct dissociation 

through electron transfer into a σCl
∗  antibonding orbital and more importantly to determine the 

role of intramolecular electron transfer through π∗ σCl
∗⁄  coupling yielding anion formation. 

From the comprehensive investigation of these molecules in a wide energy range of collision 

energies, 10 − 103 eV in lab frame, we have obtained for the first time the relative cross−sec-

tion for Cl− formation. 
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 The other group of molecules include biological relevant targets as the radiosensitizer 

nimorazole (NIMO) and water. Regarding the former, although the major signal is assigned 

to the non-dissociated parent anion (80% of the total anion yield), NO2
− accounts for just 

10−15% of the total anion yield a detailed trace fragmentation pattern indicates decomposition 

of NIMO's 4−nitroimidazole and morpholine rings. As far as the latter is concerned, H2O and 

its deuterated counterpart D2O were investigated and are presented in the third part of this 

thesis. The fragmentation pattern from H2O includes H−, O−, and OH− whereas from D2O in-

cludes D−, O−, and OD−. From the different TOF mass spectra the fragment anions' thresholds 

of formation have been obtained. K+ energy loss spectra from NIMO, H2O and D2O were also 

recorded, revealing the experimental vertical electron affinities of the most accessed negative 

ion states. 

  

 

Keywords: electron-transfer, charge transfer, atom−molecule collisions, electronic state spec-

troscopy, alkali energy loss spectroscopy, TOF−MS. 
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RESUMO 

O trabalho desenvolvido no contexto desta tese inclui a formação de iões negativos em 

processos de transferência de carga a partir de colisões de átomos neutros de potássio com 

moléculas neutras. A configuração do aparelho de feixes moleculares cruzados utilizado para 

obter os rendimentos iónicos em função da energia de colisão, bem como informações 

relevantes sobre os estados aniónicos de mais baixa energia acessíveis durante a formação 

temporária de iões negativos, conta com um espectrómetro de massa de tempo de voo e um 

analisador de perda de energia. Para os estudos de espectrometria de massa, dispomos de dois 

espectrómetros de tempo de voo do tipo linear e reflectrão, que fornecem informação dos iões 

negativos produzidos em tais colisões. O espectrómetro de massa linear de tempo de voo 

(L−TOF−MS) é do tipo Wiley McLaren, e permitiu obter informações relevantes sobre a 

distribuição da energia cinética libertada na formação de fragmentos aniónicos em função da 

energia de colisão, enquanto que o espectrómetro de massa do tipo reflectrão (r−TOF−MS) foi 

utilizado devido à sua maior resolução em massa servindo como uma ferramenta adequada 

para identificar fragmentos aniónicos diferindo por apenas 1 u.m.a. na fragmentação do 

nimorazol. Para obter informação relevante dos estados aniónicos acessíveis no processo de 

colisão, espectros de perda de energia do ião potássio (K+) pós−colisão na direção principal (θ 

≈ 0°) foram obtidos num analisador hemisférico de perda de energia. A combinação da 

espectrometria de massa TOF−MS e analisador da perda de energia, permitiu assim obter uma 

descrição detalhada dos processos de transferência de electrão nas moléculas sob investigação. 

 

O conjunto de moléculas estudadas inclui o C6H5Cl, C6D5Cl, C6H11Cl, e C6Cl6, que foi 

adequadamente escolhido para explorar o mecanismo de dissociação directa através da 

transferência de electrão para uma orbital antiligante σCl
∗   e, mais importante, para determinar 

a relevância da transferência intramolecular através do acoplamento π∗ σCl
∗⁄  no processo de 

formação de um ião negativo. A partir da investigação abrangente dessas moléculas numa 
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ampla faixa de energias de colisão, 10 − 103 eV no referencial de laboratório, obtivemos pela 

primeira vez a secção eficaz relativa para a formação do ião de Cl−. 

 

O outro grupo de moléculas inclui alvos biológicos relevantes como o 

radiossensibilizador nimorazol (NIMO) e água. Em relação ao primeiro, embora o sinal 

principal seja atribuído ao anião pai (80% do rendimento total aniónico), a formação do ião de 

NO2
− representa apenas 10-15% do rendimento total. O padrão de fragmentação do nimorazol 

indica decomposição das suas unidades elementares de 4−nitroimidazol e morfolina. No que 

diz respeito a este último, H2O e seu homólogo deuterado D2O, o padrão de fragmentação  

inclui H−, O−, e OH− enquanto que em D2O obtemos a formação de D−, O−, e OD−. A partir dos 

diferentes espectros de massa de TOF foram obtidos os limiares de formação dos respectivos 

fragmentos aniónicos. Espectros de perda de energia de K+ para o NIMO, H2O e D2O também 

foram obtidos, revelando assim informação importante dos valores das afinidades eletrónicas 

verticais experimentais dos estados de iões negativos mais acessíveis no processo de colisão. 

Palavras-chave: transferência de electrão, transferência de carga, colisões átomo−molécula, 

espectroscopia de estados eletrónicos, espectroscopia de perda de energia, espectrometria de 

massa de tempo de voo. 
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Carcinogenicity 
Cancer causing property of a substance when an animal or 

human is exposed to it. 

Pseudo Halogens 

Pseudo halogens mimic halogens, and form molecular 

compounds with nonmetals and Ionic compounds with al-

kali metals.  

Elastic Scattering 

Such a scattering (collision of two particles) where kinetic 

energy of the particle is conserved in center of mass frame, 

but its direction of propagation is modified by interaction 

with other particles and/or potentials in the vicinity. 

Molecular Vibration 

A molecular vibration is a periodic motion of the constitu-

ent atoms of a molecule with respect to each other, while 

keeping center of mass unchanged. 
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1.  

 

INTRODUCTION 

Scattering experiments between atoms and molecules have been at the forefront of research 

for almost a century since the pioneering work of Polanyi [1], Li [2], Herschbach [3] and Mar-

cus [4], owing to the significance of charge (electron) transfer (CT) [5] a prevalent mechanism 

in various chemical reactions and physical phenomena in different environments [6]. Some 

examples of these environments are the reactions taking place in intersteller medium (ISM), 

Earth´s upper atmosphere, astrochemistry, biological environments and plasma processing, 

among many others.  In such diverse environments, specific consequences of binary collisions 

e.g., a chemical reaction, ionization, excitation, and de−excitation are of great importance to 

probe particular spectroscopic features of atoms and molecules.  The above−mentioned reac-

tions occur at various time scales and depending on the combination of collision partners and 

energy available, these interaction times which are usually of the orders of few fs (femtosec-

ond) can vary. The outcome from such experiments can be relevant giving information regard-

ing collision dynamics, probabilities for transitions between various states of the system, 

branching ratios, interaction potentials and adiabatic coupling measured experimentally[7]. 

 

Molecular collisions of atoms with weakly bound electrons in their outermost orbital, 

mimic an analogy for electron transfer from electronically excited secondary neutrals in vari-

ous environments. Some of the projectiles with such bound electrons that have been used in 

the past across the world are Li, Na, K, and Cs. In the present work we limit our studies with 

K as a projectile, owing to its availability and low I.E. (Ionization energy) = 4.3407 eV[8]. The 

use of energy tuneable alkali atoms to probe different molecular targets can be achieved by 

producing a beam of neutral species that is made to cross with a target beam yielding ion-pair 

formation. Such neutral alkali hyperthermal beam (𝐾ℎ𝑦𝑝
0 ) is obtained through a charge-ex-

change reaction as[9]. 

 K0 + Khyp
+ → Khyp

0 + K+ (1) 
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 with K0 is a thermal potassium atom and Khyp
+  is potassium cation a given kinetic energy.  

Ion−pair formation in neutral alkali atom−molecule collisions has attracted the atten-

tion of the international scientific community due to the unique nature of the projectile, i.e., 

the possibility to ionize in a chemi−ionization collision, which offers complementary infor-

mation about the role of vibrational excitation of the target parent anion with positive electron 

affinity (EA) and enhanced fragmentation pattern which cannot be explored in free electron 

attachment experiments. On the other hand, alkali metal−molecule collisions represent a 

model process to study the mechanisms of radiation induced damage to living tissues in can-

cer radiotherapy, which is a more realistic model than much studied electron−molecule colli-

sions. 

The scope of this thesis is to study the collision induced fragmentation pathways of dif-

ferent anions formed in the collision of neutral potassium atoms with neutral polyatomic mol-

ecules with relevance in biological, environmental, and even in combustion environments. 

1.1 Motivation 

Negative ion formation upon electron transfer in neutral alkali atom molecule collisions pro-

vides a significant insight about the underlying molecular mechanisms governing to the vari-

ous processes in chemical reactions [10], [11]. 

The collisions of an alkali atom (potassium) with a molecule (represented as AB) can be 

understood in the following reaction: 

 Khyp
0  + (AB) → Khyp

+ + (AB−)# (2) 

 (AB−)# → A +  B− (3) 

First, a Transient Negative Ion (TNI) (AB−)# is formed, eq. (2), meaning that is formed with an 

excess of internal energy that may then yield a neutral and an anionic fragment as decay prod-

ucts.  Electron transfer-induced processes in such collisions are less explored than its counter-

part electron−molecule collisions. Many collisional processes are not directly electron impact 

but rather electron transfer processes. Potassium atom−molecule collisions provide an excel-

lent opportunity to assessing DNA damage under biological conditions, i.e., redox reactions 

at sensitive sites of the DNA double helix. Such anionic formation upon collisions of a ground 

state atom and a ground state molecule, several fundamental processes can occur due to the 

increased degree of freedom in comparison to atom-atom collisions where only two processes, 

elastic scattering and electronically inelastic scattering can occur at collision energies from 

thermal values up to 1 keV.  The different possible processes now in the case of atom-molecule 

collisions are [12]: 

1. Elastic Scattering. 
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2. Rotational Excitation. 

3. Vibrational Excitation or Collision Induced dissociation. 

4. Electronic Excitation. 

5. Chemical Reaction. 

6. Vibronic Excitation or Simultaneous Vibrational and Electronic Excitation. 

7. A Combination of these processes. 

Earlier electron transfer studies in potassium atom-biomolecule collisions have led to unprec-

edented achievements, in terms of better understanding the underlying molecular mecha-

nisms yielding fragmentation of selected molecules. Such achievements include electron trans-

fer induced dissociation of thymine and uracil [13], with the most striking difference from 

previous DEA results being the enhanced anionic yields stemming from bond excision from 

the ring. It has also been shown at room temperature with random molecular orientation, that 

site- (N1−H vs N3−H) and bond− (C−H vs C−N) selective dissociation in DNA/RNA py-

rimidine bases can be achieved by tuning the proper collision energy. Subsequent experiments 

have shown that the NCO− branching ratios as a function of the collision energy are reminiscent 

of extraordinary site and bond selectivity in the reactions yielding its formation [14].  These 

studies have shown that electron transfer processes are much more effective than DEA in pro-

ducing loss of integrity within DNA/RNA units. In DEA studies to several (bio)molecular 

targets[10], [11], [13]–[17], the dominant fragmentation channels result from very low−energy 

resonances (often as low as ~0 eV) consisting of Vibrational Feshbach Resonances (VFR). This 

can be rationalized by the fact that in DEA accessing high energy resonances (such as NCO− in 

uracil/thymine) will mostly result in auto−detachment rather than in fragmentation. How-

ever, in potassium atom−molecule collisions, there is evidence that autodetachment is signif-

icantly suppressed, due to the coulombic interaction in the collision complex formed after elec-

tron transfer, i.e., (Khyp
+  (AB−)#), thus enhancing fragment formation[14], [15]. 

 

These findings allowed to establish a collisional model at basic molecular level in collision 

induced dissociation for DNA damage [16]. This model also provides coherent explanation of 

the observed correlation between electron transfer to biomolecules and their carcinogenicity 

and may be used to suggest new compounds to be adopted in radiation therapy as treatment 

enhancing sensitizers.  

 

Radiosensitisation properties of halouracils (e.g., 5−XU, X= F, Cl, Br, and I; U= Uracil) have 

been known for several decades.  Increased frequency of single and double strand breaks has 

been observed for DNA thymine’s replaced by a halogenated uracil in the cells upon irradia-

tion. The electron transfer model provides an explanation for such effects with the 
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introduction of a strongly electrophilic atom into DNA (e.g., F, Cl), leading to an enhancement 

of collision induced dissociation probability and increased probability for DNA destruction in 

cells containing such compounds[18]. 

Molecular dissociation proceeding through electronic excitation can be probed efficiently in 

such crossed beam experiments. Importance cannot be ignored since such species formed can 

efficiently drive the local chemistry yielding considerable structural and functional changes in 

the biological environments [16].  

 

In the last fifteen years, a very strong impetus in the field of astrochemistry came after the 

discovery of anionic species in comets, interstellar clouds and in Titan´s atmosphere[19]–[24]. 

We live in a molecular universe; hundreds of neutral molecules have been detected in space. 

These are amended by tens of cations, but only a handful of molecular anions are known to 

exist outside the Earth: these are e.g., CN−, C3N−, and CnN−, with n = 2,4,6 [25]. Theses CN 

containing anions (cyanogen) are also considered pseudo halogens as to their ability to capture 

an electron given their relative high values of electron affinities. Their detection sparked a lot 

of interest about the possible production pathways within their environments. It has been 

quickly established that they cannot be formed via DEA to neutral molecules since this process 

is endothermic and free electrons in the interstellar regions are cold (typical environments at 

10 K). Various alternative pathways for their formation have been put forward such as anion 

molecule reactions or radiative electron attachment to radicals. Nonetheless, the pseudohal-

ides are interesting from the point of view of astrochemical synthesis, thus giving significant 

importance to the halogenated unsaturated hydrocarbons as model compounds to be investi-

gated. 

1.2 Biological effects and radiation 

The first biological effects related to exposure to ionizing radiation had been noticed by Bec-

querel[26]. When he developed skin erythema and ulcers after inadvertently carrying a radi-

oactive radium sample in his pocket. A similar exposure was later reported by Pierre Currie, 

in his forearm. These early observations set the framework for biological effects of ionizing 

radiation on living organisms. Humans are exposed in a daily life to natural radiation sources 

such as radioactivity, cosmic rays, however they can be exposed to artificial sources of radia-

tion in medical imaging during PET (Positron Emission Tomography) and CT (Computed To-

mography) scans, gamma γ −rays and X−rays. Depending on the dose and the type of radia-

tion, its effects in the biological environment and the biochemical consequences of such expo-

sure vary significantly. 
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 Most Biological effects of radiation arise from DNA damage. Ionizing radiation may 

promptly cause modifications in the DNA sequences, causing direct and indirect damages 

varying in observation over time from fs to days, months, years and even decades. 

 

The direct DNA damage occurs through direct interaction of radiation with molecules in the 

biological environment, these processes take place within femtoseconds (fs) in the form of 

electronic excitation and ionization events and various of other physical and physio-chemical 

processes that may yield chemical modification and even loss of integrity of key fundamental 

biological molecular compounds, e.g., DNA and RNA.  

 

In this thesis, our interaction time between an atom and a molecule is of the order of femto-

seconds, thus we will be mainly discussing interactions in the framework of early stages of 

radiation induced processes (physical stage) resulting in electronic excitation and/or ioniza-

tion events under these interactions. 

 

One of the greatest biological mediums in human body is water (approx.  80 %), which under-

goes radiolysis due to radiation interaction in the human body and forming highly reactive 

radical species namely OH and H along with secondary electrons known to be precursors for 

DNA damage.  In this stage of time frame all products undergo thermalization in the vicinity 

of the DNA, due to inelastic collisions within the environment, forming various radical species 

of salts, proteins and oxygen molecules which can cause further damage to DNA in the form 

of single and/or double−strand breaks. The sort of damage caused or triggered by highly 

reactive species is also known as free radical damage. 

  

 Cancer and its diagnosis methodologies 

A large group of diseases characterized by the rapid creation of abnormal cells, also known as 

tumour cells, are coined as Cancer. Such cells suffer genetic mutations, and uncontrolled 

spread of such tumour cells throughout the body causes for the cancer, death [27].  Cancer can 

be inherited, known as hereditary cancer, it has been observed that inherited cancer only ac-

counts for 3−10 % of total annual cancer cases[28]. 

 The non−hereditary cancer can be caused by external factors (carcinogens) such as to-

bacco, food, and water contaminants (chemical carcinogens), ionizing radiation such as UV, 

X−rays, and γ −rays (physical carcinogens) exposure and viruses and bacteria’s (biological 

carcinogens) [29]. 
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 The main goal of the cancer treatment is to stop the spread of the tumour cells by de-

stroying or removing them using radiation or chemotherapy, or even by surgery[30].Surgery 

is the most used treatment to remove cancerous cell from patient’s body. In radiation therapy, 

electromagnetic radiation or charged particles or fast neutrons are employed to selectively 

damage and kill the cancer cells. It is estimated that half of all patients receive radiotherapy 

during the treatment of a certain type of cancer [31]. Chemotherapy is the least used of the 

above mentioned two therapies, in which chemical compounds are used to target DNA, RNA 

and proteins to trigger the cell death [27]. These chemical compounds used in this treatment 

are also known as anti-cancer drugs or radiosensitizers. The last two techniques have signifi-

cant side effects to patients, while used individually. However, a combination of the latter two 

methodologies, known as chemoradiation therapy (CRT), simultaneous use of anti-cancer 

drug (radiosensitizers) along with radiation, enhances the sensitivity of the tumour cells to-

wards the radiation [32], [33]. 

1.3 Outline of the thesis 

Earlier electron transfer experiments on potassium atom-biomolecule collisions have contrib-

uted to a deeper scientific knowledge on the following topics: 

a) Site−and bond−selective excision processes in pyrimidines and derivatives[10], [11], 

[14], [16]. 

b) DNA/RNA integrity loss enhancement with high yields of fragment anions in contrast 

to the dehydrogenated parent anion formation (a prevalent mechanism in DEA exper-

iments) [15]. 

c) The possible stabilizing effect in the collision complex by the presence of a potassium 

cation in the vicinity of TNI, dictating different fragmentation patterns than in DEA 

[14]. 

d) The role of increasing sidechains in amino acids enhancing small fragment anion 

yields. 

e) Observation of other fragment anions in such noted molecules, not reported before 

[13]. 

 

These accomplishments, although extremely relevant within the general context of the 

collision dynamics, led to knowledge gained on the underlying mechanisms in negative ion 

formation, and the role of electron transfer to key selected biomolecular targets. Nonetheless 

there remain several questions unanswered, and processes that have been proposed to explain 

various observations still need to be probed and properly addressed for a set of molecules 
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with relevance to astrochemistry, biological systems, and biological environments. Potassium 

has loosely bound valence electron and low ionization energy, which makes it an excellent 

electron donor.  We will exploit this property of potassium in electron transfer reactions. Such 

reactions will be performed considering astrochemical and biological relevance of the mole-

cules. Astrochemical relevant molecules will serve as testbed to get hands on experience with 

experimental setup and fundamental understanding of negative ion chemistry to the scientific 

community with the concrete information about charge transfer processes. Hence, considering 

the relevance, molecules investigated within the scope of this thesis can be categorized into 

three sections, which include: 

A. Molecules of Astrochemical relevance [21] 

B. Molecules of Biological relevance [34]. 

C. Molecules of biological environment relevance[35], [36]. 

Due to huge significance of electron transfer processes in various environments, such experi-

ments find significant importance in, e.g., astrochemical environments, interstellar mediums 

and biological mediums and their significance is highlighted and explained as follows. 

A. Molecules of Astrochemical relevance: In this class of molecules, electron 

transfer processes in unsaturated chlorinated hydrocarbons, leading to C−Cl bond ex-

cision and intramolecular processes will be investigated. The set of chosen molecules 

in this class that will be investigated are C6H5Cl, C6D5Cl, C6H11Cl and C6Cl6 followed by 

possible contribution in addressing the following open problems: 

a) Identify and separate the contributions from processes initiated by electron 

transfer in the form of  π∗system or  𝜎∗(C−Cl) orbitals. 

b) Explore the role of π∗/σ∗ coupling and its strength and identify dynamical im-

prints of this coupling. 

c) Explore the role of proximity in dissociation of multiply chlorinated unsatu-

rated hydrocarbons. 

 

To help answering the above−mentioned open problems, a selection of 4 different clas-

ses of chlorinated unsaturated hydrocarbons is justified. All four molecules have almost simi-

lar geometry (planar in the neutral ground state) except C6H11Cl, where its geometry is a boat 

like structure and the absence of double bonds makes it the perfect candidate to separate the 

dynamical effects of coupling to the rest of the other: 

(i) The low-lying unoccupied π∗orbitals related to the presence of double bonds in 

such molecules are those where an incident electron can be temporarily trapped.  

(ii) In C6H5Cl, the presence of single and double bonds, makes it one of the compli-

cated processes, as it involves low−lying unoccupied 𝜋∗ orbitals where an extra 
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electron is primarily trapped in a delocalized system. On the contrary the high 

electron affinity of chlorine atom (3.16 eV) causes the excess electron to be trans-

ferred into σ∗(C−Cl) repulsive state. Thus, this competition for an extra electron 

leads to coupling between the two, followed by required symmetry lowering of 

the system, sometimes also known as geometry distortion. 

(iii) In C6H11Cl, the lack of double bonds ensures that an extra electron will be 

trapped in a low lying unoccupied π∗ will be absent, leading to excess electron 

transfer directly into the σ∗(C−Cl) repulsive state. Hence, in this system, we ex-

pect that there will be no such coupling effects, and the formation of Cl− anion 

will be purely from the σ∗(C−Cl) contribution and can be used to compare the 

effects with other molecules. 

(iv) The selection of C6D5Cl, an isotope of C6H5Cl, may provide significant insight into 

the isotopic contribution in the repulsive state, thus probably responsible for de-

layed formation of the Cl− anion. 

(v) The final and most relevant molecule of this class is C6Cl6. This molecule has 

double bonds as C6H5Cl, but also symmetric distribution of Cl atoms across the 

ring, thus making the effectiveness of σ∗(C−Cl) state more efficient in compari-

son to C6H5Cl. 

Such chlorinated unsaturated hydrocarbons will be probed using state of the art linear 

Time of Flight Mass Spectrometry in a wide collision energy range. The complementary results 

from potassium energy loss will serve to characterize various vibrationally excited states post 

collisions in the forward direction. The section of linear Time of flight is suitable for these set 

of molecules as the fragmentation is not expected to be significant and we would also like to 

get the information regarding the kinetic energy imparted in the collision induced dissociation 

to the ionic fragment. 

 

B. Molecules of Biological relevance: Charge transfer processes in atom-mole-

cules collisions can be used to benchmark electron transfer in biological environments due to 

a loosely bound electron transfer from potassium. Potassium initiated chemistry can be signif-

icant to understand some of the fundamental challenges that have been difficult to investigate 

from the traditional techniques. Cancer has been a key focus area of research among the inter-

national scientific community for significant time, and since the pioneering investigation by 

Léon Sanche and co−workers about secondary electrons and subsequent DNA damage at the 

cellular level [32], [37]–[40], forced somehow the scientific community to revisit such charge 

transfer studies. 
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 Nimorazole (NIMO ≡ C9H14N4O3), is a chemical compound that has been widely used 

as an efficient hypoxic (deficient in oxygen) cell radiosensitizer in head and neck squamous 

carcinoma due to its low toxicity [41]. In its composition, NIMO contains a nitroimidazole and 

a morpholine rings bonded by their nitrogen atoms through a −H2C − CH2 −  side group. 

NIMO’s ability to scavenge low-energy electrons has been recently shown to be very efficient 

in producing a non-dissociate parent anion with a considerable large cross-section of 

~3 × 10−18 m2 (at ~ 0 eV) [42], [43] while dissociative electron attachment has been shown to 

be a minor reaction channel which is suppressed upon hydration [42]. Although the detailed 

mechanisms by which radiosensitisation operates are still unknown, it is believed that radio-

sensitizers are chemical compounds subject to redox reactions inside the hypoxic cells [44], 

and in case of nitroimidazoles, the ring facilitates reduction through reactive anion radicals’ 

formation [45]–[47]. Nitroimidazole radiosensitizers have been thoroughly investigated by ex-

perimental methods on low-energy electron interactions [48]–[52] and together with nimora-

zole probed by electrospray ionization mass spectrometry [53]–[55]. While associative electron 

attachment may contribute to NIMO’s radiosensitising effect, within the biological environ-

ment, electron transfer processes (redox reactions) may prevail and so these may seem more 

appropriate to describe the underlying molecular mechanisms of such chemical compounds 

and their role as radiosensitizers. Thus, we have initiated more than a decade ago an investi-

gation methodology to explore key selected radiosensitizers by charge transfer in atom-mole-

cule collision experiments, viz. halogenated uracil [56]and more recently nitroimidazoles [57], 

[58]. In case of the former, the decomposition yields significant ring breaking with appreciable 

NCO− intensities (in 5−FU) and halogen anion formation (in 6−ClU), thus compromising the 

integrity of viral RNA where the neutral molecules bind. For the latter, the collision induced 

dissociation results in formation of several radicals, with particular attention to NO°  and OH°. 

These radicals act as an indirect DNA damage agent triggered by ionizing radiation, while 

nitric oxide has been noted for sensitizing hypoxic solid tumours in radiotherapy and chemo-

therapy treatments [59]. Another relevant aspect pertains to the role of site and bond−selec-

tivity in electron transfer processes to DNA/RNA nucleotides yielding bond cleavage [11], 

[16], which have been shown to be pivotal in controlling chemical reactions. As recently 

shown [57], [58], such control of a given bond breaking may have relevance to tailor chemical 

control for different applications such as tumour radiation therapy through nitroimidazole-

based radiosensitisation. 

C. Molecules of Biological Environment relevance: Our human body consists of 

approx. 80 % water, and most of the chemistry happens in water due to radiation and associ-

ated secondary electron and radicals’ formation[60], [61]. Thus, water acts as biological envi-

ronment and the role in charge transfer processes needs to be investigated properly. Research 



 10 

with a water molecule is a very attractive topic in a variety of scientific areas, including but 

not limited to atmospheric chemistry [62], [63], chemistry [64], radiation physics [65], [66], and 

radiation biology [60], [67]–[69]. There has been significant amount of research on this tria-

tomic and one of the fundamental molecules. But the chemistry in different environments is 

not yet fully understood[70]–[73]. We will try to shed some light on charge transfer processes 

on water and its deuterated analogue, D2O. Due to the isotopic significance of D2O, this will 

also be investigated to compare with bare H2O some of the collision dynamics governing elec-

tron transfer (see Chapter 7).  

In this segment of molecules (H2O and D2O), we will try to understand some of the charge 

transfer dynamics in the following form: 

i. Branching ratios for different anions of water (H−, O−, and OH−) will be obtained 

in a wide collision energy range. 

ii. Similarly branching ratios for different anions of D2O (D−, O−, and OD−) will be 

obtained in a wide collision energy range. 

iii. A threshold of formation for various anions will be obtained. 

iv. Alkali energy loss spectroscopy of K+ in forward direction upon electron transfer 

will be employed to investigate the role of various electronic states accessed in 

such collisions. 

 



 11 

2.  

 

GENERAL THEORETICAL APPROACH 

In this chapter, the reader will find some of the established terminology and their significant 

role in interpreting the dynamics of charge transfer experiments in alkali atom-molecule colli-

sions.  

2.1 Introduction 

Considering, a case for possible electron transfer which happens by weakly bound electrons 

(the outer shell electrons) of the projectile atom to a target molecule.  In the case of potassium 

atom, it has an ionization energy of 4.34 eV [74] and therefore the practical energy range for 

collision experiments can vary from thermal energies up to 1 keV. If the size of the target mol-

ecule is also small, the general nuclear motion can be described classically due to the associated 

small de Broglie wavelength in high energy collisions. In addition, the Born−Oppenheimer 

approximation will be valid. 

However, the Born-Oppenheimer approximation breaks down when two potential en-

ergy curves, describing different electronic states of the system with the same symmetry be-

comes degenerate in a certain region of the configuration space. In these degenerate regions, 

curve crossing or electronic transitions can occur [75]. 

For simplicity, consider the atom-atom (both in ground state) case in the concerned en-

ergy region (thermal energies up to 1 keV) where the two possible processes are elastic scat-

tering and electronically inelastic scattering. When we replace one atom with a molecule (also 

in the ground state), the degrees of freedom involved increases significantly thus increasing 

the probability for various processes. Now the dynamics can no longer be described using one 

dimensional potential curve but rather a potential energy surface [76]. 

These various processes are now as following as described in section 1.1 

1. Elastic Scattering. 

2. Rotational Excitation. 
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3. Vibrational Excitation or Collision Induced dissociation. 

4. Electronic Excitation. 

5. Chemical Reaction. 

6. Vibronic Excitation or Simultaneous Vibrational and Electronic Excitation. 

7. A combination of these processes. 

 

Negative ion formation in alkali-atom-molecule collisions is a powerful method to probe 

the dynamic properties (including vibrational dynamics) of negative ions on a fs timescale 

[75], [77]. In such collisions, one has access to the electron affinity of the molecule as it is man-

ifested in the collision. The EAs obtained depend on the conditions of the collisions and do not 

have to be identical to EAs obtained by other means, thus discerning between adiabatic, ver-

tical, and reactive EAs. The electron transfer from an alkali atom to molecule in ion-pair for-

mation can provide significant information regarding molecular electron affinities. 

 

Many fundamental collisional processes depend on the electron transfer in atom-atom 

or atom-molecule collisions where negative ions can be formed as an intermediate step or as a 

final product. 

In atom-molecule collisions, stretching of the molecular bond in the negative ion is one 

of the most important consequences of the internal degrees of freedom but it is not the only 

one responsible when such internal degrees of freedom in molecules are increased signifi-

cantly. Process such as molecular rotation, in case of polyatomic molecules, even geometry 

and symmetry can play a major role in transitions and interplay of various processes. These 

processes have been attempted to be studied in the past for the simpler diatomic electronega-

tive molecules and very few asymmetric molecules [75], [77]–[81].  

The capture of a bound electron from potassium (electron donor) into the molecule form-

ing an ion-pair is in general endoergic (ΔE) i.e., it requires a minimum collisional energy that 

is given by the ionization energy of the potassium atom (IE) minus the electron affinity of the 

target molecule (EA) and is usually of the order of few eV.  

 Electron affinity  

A quantitative measurement of the energy change that occurs when an electron is added to a 

neutral gas atom can be classified as electron affinity. In other words, the ability of an atom to 

accept an electron and become a negative ion.  Hence, we can say that the energy difference 

between an atom in the ground state and its negative ion, is the electron affinity. Alkali metals 

(Li, Na K, Rb, and Cs) are considered one of the best electron donor atoms owing to their low 
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ionization energies (I.E.), thus have been extensively used in the past to explore electron trans-

fer processes [82]–[86]. 

An electron is added to a metal element via an endothermic reaction where energy is needed 

to gain that electron. In metals, valence electrons are loosely bound to their nucleus, and it is 

easier to form cations by donating valence electrons, that's why metals have lower electron 

affinities and are known as electron donors. Non−metals have higher electron affinities than 

metals, the valence electron shell is closer to the nucleus, thus it is harder to loose an electron 

and easier to gain na electron than in atoms with low electron affinities. The halogen group (F, 

Cl, Br, and I) has one of the highest electron affinities [87], [88] due to the high ability of such 

atoms to attach an extra electron. 

Therefore, the possibility of electron transfer between an alkali atom and a halogen con-

taining molecule is significantly high. In the past, such collision experiments have attracted 

diverse areas of the international scientific community to explore various fundamental pro-

cesses, e.g., reaction rates in a chemical reaction, quantifying the variety of electron affinities 

pointing to properties of negative ions in various environments [75], including but not limited 

to biological and astrophysical environments.   

2.1.1.1 Adiabatic Electron affinity  

The adiabatic electron affinity is the largest electron affinity possible for the molecule and is 

the energy separation of the potential well of the molecule and the molecular ion. It should be 

noted that adiabatic electron affinity does not correspond to the Franck−Condon or vertical 

transition [87], [88].  

2.1.1.2 Vertical Electron affinity  

The vertical electron affinity corresponds to the Franck−Condon or vertical transition between 

the molecular ground state and the negative ion state if we assume that the potentials corre-

spond to the free molecule and molecular ion in the gas phase [87], [88]. 

2.1.1.3 Reactive Electron affinity  

In an atom-molecule collision usually the vibrational motion of the molecule is not considered 

frozen during the collision, as the collision time is of the order of molecular vibrations. This is 

mostly the case when collisions are performed at relative low energies. Therefore, molecular 

potentials may be deformed with respect to those found in isolated conditions. In many cases, 

the effective electron affinities are encountered in ion-pair formation which are usually be-

tween the vertical and adiabatic values [87], [88].  
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In the theoretical framework of ion−pair formation in electron transfer processes at least 

three particles need to be included in the description. The well−known semi−classical Lan-

dau−Zener (LZ) method [89], [90] has been extended for atom−molecule collisions in the past 

[91] where all nuclear motions are treated using classical mechanics and transitions (electron 

transfer) between different vibronic states are computed by the LZ formula. 

In a typical electron transfer reaction, the following analogy can be assumed with some possi-

ble exit channels: 

 M + X →  M+  + X− (4) 

 M + XY →  M+  +  (XY)− (5) 

 M + XY →  M+  + X + Y− (6) 

 M + XY →  M+  +  X−  + Y (7) 

2.2 Theoretical Considerations 

The general theoretical approach from atom−molecule collisions stem from atom−atom colli-

sions as explained in section 2.1.1 and later extended for diatomic and many particle collisions. 

The details of theoretical collisions are not the topic of this thesis and will not be explained. 

However, a general overview and explanation of the terminology used will be given to help 

interpret some of the experimental results.  

 Another general consideration made when moving from atom-atom to atom−molecule colli-

sions is the collision time.  In atom−atom collisions, the collision time should be comparable 

to the time of the electron in the Bohr orbit. 

In atom−molecule collision two characteristic times must be considered in addition, the 

rotational time (trot), and the vibrational time (tvib). 

Several theories exist to describe electronically inelastic collisions or non−adiabatic pro-

cesses in molecular collisions, several reviews are available for various systems [82], [83], [85], 

[86], [92]–[94]. In some of the classical methods, the nuclear motion of the nuclei, or of the 

projectile is described using classical methods thus losing the phase information i.e., interfer-

ence effects, which are negligible in the higher collision energy range due to short collision 

time but are significant in the lower collision energy range where the collision time is of order 

of the vibrational time and even sometimes of the rotational time as well.    

If we assume that R describes the distance between the alkali atom and the centre−of−mass 

of the molecule, r is the internuclear distance of the molecule, and 𝜑 is the orientation of the 

molecular axis with respect to the approaching alkali atom [95]. The covalent potential surface 

can be constructed by the following formula [77], [91]: 

 Vcov(R, r) =  VC(R) + VC(r) (8) 
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where, 𝑉𝐶(𝑅) is an isotropic Lennard-Jones 12−6 potential for K−XY interaction in the covalent 

surface and 𝑉𝐶(𝑟) is the Morse potential for the free XY molecule. Here we summarize some 

of the methods employed in the past with their most significant characteristics. 

 

Figure 1 Schematic of covalent trajectory in atom-molecule collisions, b is the impact parame-

ter, O represent neutral potassium, XY the molecule in consideration, Rc crossing radius at 

which electron transfer takes place, Rc
′  effective radius after transfer of an electron. (A) Neutral 

potassium goes without transferring the electron. (B) Neutral potassium transfers an electron 

to the molecule (XY) at the second crossing. 

Here in the above Figure 1, when a potassium approaches the XY molecule with an impact 

parameter b, and transfers the electron at the exit channel i.e., the second crossing, it deviates 

from its original path due to coulombic interaction between the K+ and XY−, thus the trajectory 

followed by the K+ is termed covalent trajectory.  

In the ionic trajectory of the electron transfer, the potassium cation spends more time in the 

vicinity of the XY anion thus creating more perturbation in the electron cloud of the molecule 

and being deflected more from its original path in comparison to the covalent trajectory. There 

is also the possibility of neutralization in ionic trajectories, at the second crossing. In that case, 

the potassium cation can take back the donated electron from the molecule while leaving the 

molecular vicinity. 

The potential surface for the ionic trajectory can be constructed using the following equation: 
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  Vion(R, r, Φ) =  Vi(R, Φ) +  Vi(r)  +  ∆E (9) 

 

 

Figure 2 Schematic of ionic trajectory in atom-molecule collisions, b is the impact parameter, 

O represent neutral potassium, XY molecule in consideration, Rc crossing radius at which elec-

tron transfer takes place, Rc
′  effective radius after transfer of electron. (A) Neutral potassium 

goes without transferring an electron. (B) Neutral potassium transfers an electron to the mol-

ecule (XY) at the first crossing. 

Here, Vi(R, Φ) is an anisotropic R dependent potential describing the K+ − XY− interaction, and 

anisotropy is introduced by dividing the total charge equally on X and Y [77] , Vi(r)  is the non-

distorted Morse Potential for the free XY− ion, and ∆E is the asymptotic difference between 

covalent and ionic states also known as endoergicity of the interaction. In other words, ∆E is 

the energy difference at infinite separation between the ionic state and the neutral state: 

 ∆E = I(K0)  − EA(XY) (10) 

here, I(K0) is the ionization energy of the neutral potassium, and EA(X) is the electron affinity 

of the XY molecule. The collision time is defined as the flight time between two crossings. 

The expressions for the ionic and covalent potentials assumed that R and r dependence 

of the surfaces has been decoupled, meaning that the motion of the neutral molecule and mo-

lecular ion is not influenced by the projectile. Such can only be true at higher collision energies 

where collision times are short in comparison to vibrational and rotational motions of the mol-

ecule. Hence such considerations can no longer be valid where the collision time is of the order 
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of rotational or vibrational motion of the molecule. In such characteristic collisions, one can 

expect fingerprints of the molecular degree of freedom in total or relative cross sections. 

The crossing seam or crossing radius Rc is the line of intersection of the two (diabatic) potential 

surfaces. Immediately after the electron transfer, a negative molecular ion (temporary negative 

ion) is formed on the repulsive part of the potential. Therefore, the internuclear distance (r) of 

the molecular ion X − Y−will gradually widen, leading to a rapid increase of the electron affin-

ity (EA).  Here, ∆E is in eVs. 

Since,  

 RC =  (
14.41

∆E
) Å (11) 

 

 RC =  (
14.41

I(K0)  − EA(X)
) Å (12) 

 

Here the EA of atom X is internuclear distance dependent, thus we can write, 

 RC(r) =  (
14.41

I(K0)  − EA(r)
) Å (13) 

Now, we have a crossing radius which is r dependent and can vary at approach and moving 

away from the target molecule. This will significantly affect the collision time. 

Such approximations in Rc and EA are only valid for the large internuclear distances, where 

crossing occurs between 6 Å to 30Å for various atom-molecule combinations. At small inter-

nuclear distances less than 6 Å, the collision times become comparable to rotational and or 

vibrational motion of the molecule, hence such approximations become too crude to be in-

cluded and they do not reproduce the experimental results and even symmetry, and molecular 

orientation needs to be considered.  

 Landau− Zenner Method 

We will use this method to establish basic terminology to deal with the analysis of the experi-

mental findings. 

At the crossing point Rc, the non-adiabatic transitions can occur if the relative kinetic 

energy is greater than ∆E, subsequently leading to ion−pair formation on ionic and covalent 

trajectories. If the crossing radius Rc is bigger than the impact parameter b, (Rc > b) the cross-

ing point can be passed multiple times in a collision, and the electron transfer can take place, 

leading to various trajectories. The effective impact parameter can be given by b =  Rc √2⁄  

[86]. 
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 When we assume that the electronic transitions occur at localized crossings, and transi-

tions involve radial coupling, and the nuclear motion is classical, we can use the Landau−Ze-

ner Model to describe such transitions. 

The LZ model assumes that the external coordinate Q and velocity of the system 𝑄̇ is 

constant in the crossing region, in diabatic representation 𝑄 =  𝑄0  (The surfaces cross at this 

point). Hence the interaction matrix H (Hamiltonian) can be written as, 

 H = [
H0 + 

1

2
 ∆F(Q − Q0) H12

H21 H0 − 
1

2
 ∆F(Q − Q0)

] (14) 

 

and H12 = H21 = H12(Q0) ; H0  = H11 (Q0)  =  H22 (Q0) ; 

and ∆F = (𝜕 𝜕𝑄⁄ )(H11 − H22)𝑄=Q0
 

The probability for switching from one diabatic surface to another can be given by the follow-

ing expression according to E. E. Nikitin [96] and [97]: 

 P12 = 1 − exp[−2πH12
2 (ℏ∆FQ̇)⁄ ] (15) 

 

In the above expression,  P12 varies monotonically from 1 to 0 for a set of parameters, as the 

velocity 𝑄̇ increases. Here ∆F and Q̇ are vectors and not scalers in the multidimensions. The 

approximations in LZ formula to obtain classical paths can also be generalized to more than 

one dimension [12], the one drawback is that these crossings need to be sufficiently apart. 

 

The transition probability in this model for an adiabatic transition from the covalent to 

the ionic state or vice versa can be described by the following expression[75]. 

 p = 1 − e(−δ) (16) 

where, 

 δ = (
2πH12

2

vrad |
d

dR
|(Vcov − Vion)|R=Rc

|
) (17) 

 

In this expression, H12 represents the coupling matrix element, vrad the radial component 

of the initial relative velocity, both evaluated at R = Rc, these expressions are in atomic units, 

and: 

 vrad = Vrel√1 −
b2

Rc
2 (18) 
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If we assume   Vion is coulombic and Vcov is constant, the above expression (17) can be 

simplified to the following: 

 δ = (
2πH12

2 RC
2

vrel
) (1 −

b2

Rc
2)

(−1
2⁄ )

 (19) 

 

 δ = (
δ0

vrel
) (1 −

b2

Rc
2)

(−1
2⁄ )

 (20) 

In the above expression, δ0 =  2πH12
2 Rc

2,  vrel is the initial relative velocity of the two 

colliding particles. 

From the above expressions, it is clearly visible that the coupling matrix element, H12 

exponentially depends on the crossing radius Rc, which is also dependent on the internuclear 

separation r in the collision process. Therefore, the Landau−Zener transition probabilities are 

strongly dependent of r via  Rc and H12, leading to significant effects on the collision process 

[89], [90]. 

Olsen [98] established a semiempirical relation between r and R, by considering expo-

nentially decaying hydrogenic wave functions in the calculation of H12: 

 H12
∗ = Rc

∗  × e(−0.86×Rc
∗ ) (21) 

However,  

 H12
∗ = H12 (√I(K0) × √EA(X))⁄  (22) 

 

 Rc
∗  =  (√2I(K0) +  √2EA(X)) 2 × Rc⁄  (23) 

All expressions are in atomic units, unless otherwise specified. 

In the LZ model, the total transition probability for ion−pair formation can be calculated 

using the following expression: 

 P(b) =  PCOV  +  PION = (1 − p)p + p(1 − p) (24) 

 

p is the non−adiabatic transition probability. It is worth noting that, p is considered the same 

at both crossing points. Here, in the Landau−Zener (LZ) model, the total cross section can be 

calculated by integrating the total probability P(b) for a given impact parameter b overall im-

pact parameters, bs, from 0 to Rc. 

 Q = 2π ∫ P(b)b db
Rc

0

= 2π ∫ 2p(1 − p)b db =
Rc

0

 4πRc
2 F(υ δ0⁄ ) (25) 

 

The function F(υ δ0⁄ ) is a universal function approaching zero at both very low and very high 

energies or collision velocities [75]. Here is the summary and key characteristics of some of the 
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models used previously for introducing the orientation effect of a molecule relative to the ap-

proaching projectile. 

 

 

Figure 3 Geometric orientation of the XY molecule as potassium (K) approaches. 

This spatial orientation can also affect the collision time; hence it can play a significant role in 

the electron transfer process at low collision energies. 

 

 

Figure 4 Various orientations of the XY molecule as potassium (K) approaches. 

In such configurations, if the projectile's velocity of approach is slow, the molecule can contin-

uously adjust, and the crossing seem can be crossed multiple times. The Projectile motion into 

continuously adjusted electronic configuration of the molecule, the perturbation to electron 

density will be significant in electron transfer occurs at the first crossing due to coulombic 

interaction [95], [99]. 

 Rigid molecule method 

In this method, the rotation and vibrational motions of the molecule are considered frozen and 

hence the molecule is treated like an atom during the collision. Such collisions were reported 

by M. M. Hubers in the higher collision energy range with shorter collision times, differing 
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from atom−atom case due to introduction of the coupling matrix element H12, which depends 

on the spatial orientation of the molecule [77].  

 Born−Oppenheimer method 

The diabatic and adiabatic states in two particle interaction, can be described quantum me-

chanically. In the Born−Oppenheimer (BO) approximation method it is assumed that there is 

significantly large mass difference between the projectile and the target's molecule, resulting 

in considerable velocity differences, hence the nuclear and the electronic motions can be sep-

arated, which does not hold for slow atom-molecule collisions below 100 eV collision energy 

in the lab frame. The BO method holds reasonably well for high energy collisions and has been 

successfully employed in the past, where electronic and internuclear potentials configurations 

can be decoupled using the BO method determining the nuclear motion. However, the BO 

method approximation breaks down when the nuclear kinetic energy is involved in the Ham-

iltonian, where adiabatic states of the same symmetry may cross each other in the so−called 

avoided crossing and forcing the corresponding wave functions to change their character con-

siderably [75], [100], [101]. 

 Impact Parameter method 

This method works very well in agreement with the rigid molecule process in high energy 

collisions, and the system is considered to move along a straight-line trajectory given by: 

 R = √b2  +  (υt)2 
(26) 

 

where, the reactant or product state, are not a concern. Here, b is the impact parameter, υ is 

relative velocity of the collision. This method was developed by Spalburg and Klomp [102] 

using potentials near the crossings according to LZ assumptions, for a single passage through 

the crossing region, i.e., for half collision. In this method the probability to find the system in 

lth vibrational level of the ionic state after passing the crossing zone e.g., the Franck-Condon 

overlap between the ground vibrational state of the molecule and lth vibration level of the 

molecular ion can be estimated: 

 |Cl|
2 = [1 − exp[−2πH12

2 (ℏ∆FQ̇)⁄ ]] ⟨υl|υ0⟩2 (27) 

 

Here Cl, is the probability to find the system in the ℓth vibrational level after passing the cross-

ing zone. ⟨υl|υ0⟩ denotes the Franck−Condon overlap between the vibrational ground state of 

the molecule 𝜐0 and ℓth vibrational level of the molecular ion υl. As such: 



 22 

1. In the high velocity limit where the target molecule can be considered rigid, the tran-

sition probability is the product of a normal Landau−Zener transition probability and 

a Franck−Condon factor. The high velocity limit is defined by the requirement that the 

time to pass the dynamic width, dynamic width (∆Rd) of the crossing region, which 

then determine the collision time [97]: 

 ∆Rd = √2ℏQ̇ ∆F⁄  (28) 

 

2. In the low velocity limit, the transition probability can be estimated by the following 

expression [97] which is identical to that obtained by Bauer, Fisher, and Gilmore [103], 

so: 

 |C0|2 = 1 − exp (
−2πH12

2 ⟨υl|υ0⟩2

ℏ∆FQ̇
) (29) 

 

 

3. The low velocity limits the static width (∆𝑅𝑠, the measure of the change in effective 

internuclear separation due to electron transfer), and it is calculated using the follow-

ing expression [97]: 

 ∆Rs = 2H12 ∆F⁄  (30) 

 

By treating the vibrational degree of freedom classically, it can be incorporated in the surface 

hopping trajectory method. At very low velocities, this method reduces to the Bauer-Fisher-

Gilmore model [103]. This model assigns a separate covalent potential surface to each vibra-

tional level of the molecular target and separates the ionic potential's surface for each molecu-

lar anion for the ion−pair formation. Here each surface is a function of the internuclear dis-

tance R and the molecular orientation with respect to the projectile atom.    

This is one of the most powerful methods to analyse vibronic excitation in curve crossing but 

fails to predict behaviour of transition probabilities at very low energy collisions [91] . How-

ever, in this method in the high velocity limit, the dynamic width underestimates the separa-

tion between the two crossing, and in the low velocity limit, the static width overestimates the 

separation between the two crossings. 

 Franck−Condon Principle 

The Franck-Condon Principle, based on Born−Oppenheimer approximation, allows sepera-

tion of electronic and nuclear wave functions given the total wave function. Classically, the 

Franck-Condon principle is the approximation that an electronic transition is most likely to 
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occur without changes in the positions of the nuclei in the molecular system. Such resulting 

state called as Franck−Condon state, occurring vertical transition. In this case, electron trans-

fer processes in atom-atom collisions or fast atom-molecule collisions in high energy collisions 

can be explained very well [12], [97]. 

Quantum mechanically, it states that vibronic transition intensity is proportional to the square 

of the overlap integral between the vibrational wavefunctions of the two states that are in-

volved in the transition. However, if tcoll  ≈  tvib, the effect the role of vibrational motion has 

been considered previously in diatomic molecules and their negative ion states.[102], [104], 

[105]. 

However, in diatomic molecules, change in bond length can occur through stretching and/or 

pre−stretching, considering 3N−5 (N being number of atoms in the molecule) degrees of free-

dom for a linear molecule[91]. When we consider the polyatomic molecules, there can be 3N−6 

degree of freedom (non−linear molecule), resulting in increased molecular vibration in com-

parison to diatomic molecules, leading to change in bond length through various vibrational 

motions e.g., stretching, bending, rocking, wagging, twisting, and out−of−plane motions. It is 

with these vibrational motions that can influence the probability of ion−pair formation in pol-

yatomic molecules, if the collision times are of same order as these vibrational motions, and 

cross−sections may carry imprints of such effects[76], [106]. 

 

 Surface hopping trajectory method 

In atom−molecule collisions, a two−state problem can be used, and considers that the elec-

tronic states under consideration have no influence from the other neighbouring electronic 

states. All nuclear motion is treated classically, and the transition probabilities are calculated 

quantum mechanically, and in doing so, the vibrations and /or rotations of the molecule are 

treated classically. This was implemented by Tully and Preston[107], [108]  to account for loss 

of electron-nuclear correlation in Ehrenfest method[109], [110] In these cases, it leads to deco-

herence and recoherence/interference problems, resulting in the errors in the transfer of pop-

ulation between electronic states, thus in the dynamics of the nuclei[111], [112]. These issues 

are related to non-adiabatic dynamics, a recent review article explains this problem very well 

in section 2 of Nelson et al [113]. 

2.3 Summary 

A summary of different approaches using various models has been presented along with their 

relevance regarding the collision energy region considered. Here in Figure 5, we depict the 
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reduced cross sections as a function of the ratio of velocities, vrel and vcr. Three different func-

tions F1 , F2, and F3 were used earlier to determine the nature of the cross sections of electron 

transfer yielding ion −pair. Here vcr is critical velocity and defined as vcr = 4πH12
2 RC

2 √2⁄  .[77] 

In such cross sections, F1 represent atom-atom case, while F2 represent atom−molecule colli-

sions, F3 is considered unity in the low collision energy region representing probability at sec-

ond crossing when first crossing has been passed adiabatically.  

I. F1 represents the cross−section for ion−pair formation in the atom-atom case. 

II. F2 represents atom−molecule collisions, assuming no bond stretching. 

III. F3 represents, complete stretching of the molecular bond or dissociation of the XY− ion, 

considering an ionic trajectory, leading to a probability at the second crossing  p2 ≈ 1 

at these low velocities. 

It is with these effects that we will deal with some of the experimental data while analysing 

the results from electron transfer experiments in chlorinated unsaturated hydrocarbons. Such 

effects are not only relevant for dynamical stretching of the molecular bond in the femtosecond 

time scale but also for reactive collisions. 

Reduced cross-sections, which are achieved by averaging orientational effects over 4  solid 

angle in atom−molecule collisions are defined as  Q = 4πRc
2F(K v⁄ ) , where F(K v⁄ )is a well-

known function of reduced velocity[114], these F1, F2, and F3 are derived from this universal 

function[77]. and assume that F3 is unity (probability at second crossing when first crossing 

has been passed adiabatically) at low energy collisions. 

According to the universal function F(ν δ⁄ ), according to Faist and Levine[115] which states 

that in the very low and very high energies the cross−section should tend to zero, here how-

ever F3 is constant, considering first crossing was crossed adiabatically. Which suggests either 

the possibility of first crossing being crossed diabatically needs to be considered, and/or in-

terference of such crossings needs to be considered. 

It is clearly visible with these assumptions that in atom-polyatomic molecule collisions, the 

probability of electron transfer cannot be considered like in the case of F3, where the effect of 

reneutralization of the projectile is completely ignored. The shift in the peak of F2 with re-

spect to F1 is explained as effective lowering of the H12 coupling by averaging it through all 

the molecular orientations.  At the same time the effect of close lying excited states on the 

adiabatic coupling has been completely ignored.  Such interference can be significant in the 

low velocity collision regime, leading to drastic variations in the cross sections as a function of 

the collision time. The mere existence of other neutral states due to interaction with excited 

atoms can introduce more intersections with the ionic state and the electron transfer can occur 

at any crossing. The switching between ionic and covalent configuration only occurs when the 

so-called adiabatic principle (continuous readjustment of electrons or electron cloud density 



 25 

in the case of molecule with respect to approaching particle) is valid. This continuous adjust-

ment involves transfer of the valence electron from the alkali atom to the molecule, which can 

be considered for the case for F3.  When the electronic configuration does not change, such can 

be considered for F1 in a diabatic state. For further details on the analysis of these functions, a 

topical review by Kleyn and Moutinho serves as a very good starting point[75].  

 

 

Figure 5 Representation of the reduced total cross sections for electron transfer in three differ-

ent cases as a function of reduced velocity. Adapted from [75]. 
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3.  

 

EXPERIMENTAL SET UP 

In this chapter, a detailed description of the experimental setup along with the procedures 

used to conduct the experiments and the methodology employed to analyse the results ob-

tained at Laboratory for Atomic and Molecular Collisions (Laboratório de Colisões Atómicas 

e Moleculares, LCAM) at CEFITEC, Department of Physics, Universidade NOVA de Lisboa 

will be discussed.  

3.1 Overview 

The crossed molecular beam setup used to perform electron transfer experiments in neutral 

potassium (K) − neutral molecule collision experiments yielding ion−pair formation, is com-

posed of two different high vacuum chambers interconnected by a manual interchamber 

valve. Both chambers are independently pumped to achieve high vacuum with base pressures 

of typically 2 × 10−7 mbar. The first chamber where the neutral alkali beam is produced is 

termed Beam Production Chamber and the second where the collision happens is termed Col-

lision Chamber.  

This crossed beam experimental setup is a modified and updated version of the one discussed 

previously [116]. The ion source and collision plane sit 417 mm apart from each other. A de-

tailed solid works drawing of the setup can be found in the following figure, with main com-

ponents indicated as following: 

• Beam Production Chamber; 

• Langmuir Taylor Detector; 

• Collision Region; 

• Molecular Oven; 

• Energy Loss Analyzer; 

• Collision Chamber. 
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Figure 6 A Cross−Sectional drawing of the experimental setup with some of the main compo-

nents in the potassium and collision chambers. 

3.2 Beam Production Chamber 

This chamber comprises a Varian 0184 diffusion pump backed by a two-stage rotary E2M18 

Edwards pump to achieve 2 × 10−7 mbar. The diffusion pump is used due to potassium va-

pour in the chamber. The beam production chamber houses a commercial K+ ion source, pur-

chased from HeatWave Labs, used to generate a K+ beam of a desired energy (from 9−10 eV 

up to 1keV).  

The potassium oven houses a potassium chunk, which is resistively heated with a com-

bination of two cylindrical resistors of 240 V, 200 Watts to vaporize the solid potassium. This 

vaporized potassium passes into the charge exchange chamber, where the K+ beam passes 

through and resonantly charge exchanges. This charge exchange chamber is kept 20℃ higher 

than the temperature of the potassium oven, in order to avoid any potassium deposition thus 

blocking the 1 mm diameter appertures beam passage path. 

In order to avoid any beam that did not resonantly charge exchanged, we employ a set 

of deflecting plates next to the charge exchange chamber exit to deflect all the K+ beam and 

thus achieving the pure hyperthermal neutral potassium beam. The potassium beam can be 

accelerated from a few eV up to 1 keV, with a beam resolution at FWHM of ~0.5 eV. 

The heating temperature in the potassium oven and charge exchange chamber is con-

trolled through independent PID−Proportional−Integral−Derivate (CAL3300) units. The op-

timum temperatures in the potassium oven and charge exchange chamber are 120℃ and 140℃, 

respectively. The temperatures in both potassium oven and charge exchange chamber are 
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monitored using independent Pt100 type sensors. The charge exchange efficiency is extimated 

to be approx. 20 % relative to ionisation at 100 eV lab frame, with the K+  ion source and the 

K+  beam currents measured from the deflecting plates after charge exchange. This methodol-

ogy has been very well established by Aten and Los[9]. The figure depicts from a top view all 

the main components in the beam's production chamber. 

 

Figure 7 Main Components in the K Beam's Production Chamber. 

3.3 Collision Chamber 

The collision chamber is interconnected to the beam production chamber through an inter-

chamber valve and is differentially pumped. Previously it was pumped through a set of dif-

fusion Edwards E06 and Leroy Somer LS 90S51 Alcatel rotary pumps [10], yet a recent upgrade 

has now allowed to achieve an environment free of any oil contamination from the pumps. 

The diffusion pump was replaced by a Pfeiffer HiPace 2300 P06 302 with TC1200 turbo molec-

ular pump, DN 250 CF−F with a pumping speed for Ar of ~1800 l/s [117], while the rotary 

pump was replaced by a dry scroll pump from Pfeiffer ACP 28 [118], allowing therefore to 

avoid oil contamination from the background. The collision chamber houses various sub sys-

tems needed to allow performing experiments. Some of these are listed as following. 
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 Langmuir−Taylor Detector 

It is the first instrument that encounters the neutral hyperthermal beam as it enters the colli-

sion chamber and measures the current of the neutral potassium beam. The detector is made 

of a cylindrical collector connected to an electrometer and an iridium filament of 0.125 mm 

thickness with 99% purity (Goodfelow). The iridium filament passes the collector longitudi-

nally as is schematically depicted in Figure 8. The filament is biased with +60 V with respect 

to ground with a typical current of approx. 0.63 A reaching a temperature of ~510 𝐾. The 

neutrals that hit the filament are desorbed as positive ions and deflected towards the collector 

and measured as a current through a high sensitivity Keithley 6517A electrometer [119]. 

The choice of an iridium filament relative to a tungsten, resides on the fact that the for-

mer has a higher work function (approx. 5.8 eV)[120]. It increases the ionisation efficiency of 

the potassium to higher values (close to 1) and avoids negative ionisation that may occur for 

elements with large electron affinity [121], thus ensuring accurate measurements of the neutral 

beam current. 

 

Figure 8 Schematic of the Langmuir Taylor Detector, adapted from [10]. The length of the 

opening in the collector is 5 mm with a height of 2 mm and the iridium filament passes through 

the centre of the collector. 

 Time-of-Flight Mass Spectrometers 

The collision chamber can house two different kinds of mass spectrometers: a home built Lin-

ear Time−of−Flight Mass Spectrometer (L−TOF−MS) or a commercial reflectron 

Time−of−Flight Mass Spectrometer (r−TOF−MS) supplied by Kore Technologies, UK. Both 

TOF−MS cannot be accommodated at the same time, depending upon the type of molecules 

being investigated, yet they can be assembled prior to the sort of collision dynamics one wants 

to investigate. Note that these two TOF−MS have in total ~ 1.4 m flight path. The advantages 
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of using such spectrometers are several but most important features are the capability to obtain 

all ionic species simultaneously unlike quadrupole mass spectrometers. All other characteris-

tics like mass resolution, working principles of this combination of the experimental set up has 

been established previously and thus will not be repeated further [10], [116]. 

3.3.2.1 Linear Time-of-Flight Mass Spectrometer 

This is a Wiley McLaren[122] based dual−stage linear time−of−flight mass spectrometer. In 

the second stage, introduction of a second extraction region allowed modification of the space-

focusing distance, achieving higher mass resolution in comparison to a single stage TOF−MS. 

 

 

Figure 9 Linear Time-of-flight Schematic used in this thesis, adapted from Cunha[10]. 

In the present L−TOF−MS a total mass resolution of approx. 125 was achieved and was 

calibrated using the anionic species formed in collisions of neutral potassium atoms with neu-

tral CH3NO2 molecules. This chemical compound was used due to its well−known negative 

ions formed in electron transfer experiments. All other parameters and characterization were 

similar as previously discussed in ref. [116], and the set of measurements shown in this thesis 

result from working on continuous mode of the potassium beam. One advantage of this type 

of TOF−MS over r−TOF−MS is the information one can obtain from the shape of the TOF 

mass peaks regarding kinetic energy release imparted to a fragment ion in the unimolecular 

decomposition of the temporary negative ion formed. In this configuration, such information 

is retained however in r−TOF−MS, where such is lost due to the reflectron geometry compen-

sation effect. All the experiments on chlorinated benzene molecular compounds (C6H5Cl, 

C6D5Cl, C6H11Cl, and C6Cl6) were performed using the L−TOF−MS, where relevant infor-

mation about the collision dynamics has been obtained from the kinetic energy release distri-

butions (see Section 4.3.1 ). 
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Figure 10 Custom built Wiley Mclaren type L−TOF−MS. The two plates in the collision region 

are 12 mm apart and the ions formed are extracted through a 10 mm aperture. 

3.3.2.2 Reflectron Time-of-Flight Mass Spectrometer (r−TOF−MS) 

A r−TOF−MS, first proposed by Mamyrin [123], [124] can achieve higher mass resolu-

tion in comparison to a L−TOF−MS due to the presence of an ion-mirror, which is comprised 

of a series of annular electrostatic lenses placed at the opposite end of the drift tube with re-

spect to the optical bench. A repulsive voltage, Vr is applied to the lenses to deflect the ions 

into the detector, i.e., the ions are decelerated to zero velocity turn around and are accelerated 

backwards exiting the ion mirror with the same initial kinetic energy. Thus, with such config-

uration one loses information on the kinetic energy imparted upon formation of a negative 

ion. However, this improves the mass resolution significantly. Our current set−up, assembled 

in the crossed molecular beam experiment is a dual−stage reflectron−TOF mass spectrometer 

with an additional stage that decelerates the ions by a high electric field losing part of their 
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kinetic energy before entering the ion mirror. The detector in used is a Chevron micro channel 

plate with 25 mm diameter wide. Each micro channel is a continuous dynode electron multi-

plier. Currently, the maximum mass resolution achieved is around 1600, and further details of 

the setup can be found elsewhere [10]. 

 

Figure 11 Schematics of the reflectron TOF−MS supplied by Kore technologies UK. Length 

values in mm. 

 Hemispherical Energy Loss Analyzer 

The analyser (Figure 12) consists of two concentric hemispheres and by applying a potential 

difference between them acts as a narrow energy filter for charged particles. With this imple-

mented energy loss analyser, it is possible to work in two energy modes: Sector field Sweep 

(SFS) and Constant Transmission. In SFS, a potential is scanned in one electrode, while the 

other is kept constant, sweeping the trajectory of the transmitted ion, keeping ∆ 𝐸 𝐸0⁄  constant.  

In this case, the resolution ∆𝐸 (Full Width at Half Maximum) varies with respect to the energy 

of the entering ion at a given energy E0. 

In the second mode, a constant potential Vp, between the hemispheres is implemented 

and the centreline potential V0 is scanned, thus, ensuring the constant resolution throughout 

the scan. This methodology was implemented to obtain all the results discussed in this thesis. 

The complete detail of the energy loss analyser can be found somewhere else [10]. In the pre-

sent experimental configuration, a beam resolution (FWHM) of up to approx. 1 eV can be ob-

tained. 
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In energy loss spectroscopy, commonly related with electron scattering experiments, the 

study of the energy distributions of electrons after being scattered from atoms or molecules 

can provide relevant insight about the electronic structure [125] and/or chemical information 

of the target atom/molecule being probed [126]. Further in our alkali energy loss spectroscopy 

measurements, we measure the K+ ion energy distribution post collision in the forward scat-

tering direction at ~0°. Such experiments have provided relevant information as to prevalent 

electronic transitions in the transient negative ion formation [127]. Note that such experiments 

were not performed in coincidence with TOF−MS experiments. 

The outer hemisphere has a radius of 91 mm and the inner hemisphere 71 mm, thus 

providing an effective centre radius of 81 mm. 

 

Figure 12 Hemispherical Energy Loss Analyzer installed in the Collision Chamber of the 

crossed molecular beam setup, LCAM.  

3.4 Vacuum System 

The configuration to efficiently pump the experimental setup and achieve high vacuum in 

both chambers is schematic depicted in Figure 12. Symbols are used according to the norm 

DIN 28401 (2008−03). 

1) Rotary Pump 6) Gate valve 11) Vacuum gauge control 
unit with dial indicator 

2) Electro-magnetic valve 7) Beam Production Chamber 12) Penning Gauge 
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3) Membrane valve 8) Collision chamber 13) Vacuum gauge control 
unit with dial indicator 

4) Diffusion Pump 9) Turbo−molecular Pump 14) TOF−MS 
5) Baffle 10) Flexible tube 15) Pirani Gauge 

 

Figure 13 Schematic of pumping mechanism in experimental setup. 

3.5 Summary 

From these different combinations of the experimental apparatus, the following key infor-

mation in ion-pair formation can be inferred: 

• The ionic thresholds of formation can be obtained. 

• Kinetic Energy Release imparted to ionic fragments in the case of L−TOF−MS 

have been thoroughly obtained. 

• Branching ratios of various anionic fragments in charge−transfer experiments 

giving valuable insight into the competition mechanisms for anionic formation 

in a wide range of collision energies. 

• Alkali energy loss spectroscopy provides, in some particular cases (e.g., in K +

C6Cl6, K + CCl4 collisions), detailed insight about the electronic as well as vibra-

tional state spectroscopy.  
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• Relative probability of ion−pair formation (total relative cross sections) can be 

obtained in a wide energy range (from threshold up to 1 keV). 
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4.  

 

COLLISION DYNAMICS OF CHLORINATED 

BENZENES 

In this chapter a detailed overview of charge transfer processes in 4 different chlorinated ben-

zenes will be provided in an extended collision energy range. Such experiments are accompa-

nied with kinetic energy release distribution (KERD) studies and relative cross-section for Cl− 

formation from chlorinated benzenes upon potassium impact. This chapter is also based on 

"𝐂𝐥− Kinetic-energy release distributions from chlorobenzene and related molecules in elec-

tron transfer experiments" published in Eur. Phys. J. D (2021) 75:294. as a special issue dedi-

cated to the late Prof. Vincent McKoy. 

4.1 Introduction 

Electron transfer from neutral potassium (K) atoms in collisions with neutral molecules 

(M) yielding ion-pair formation, generates a cation (K+) and a metastable temporary negative 

ion (TNI) with an excess of internal energy (M−)⋕ that may result in further fragmentation. In 

such collision induced dissociation processes, since the energy can be chosen larger than the 

threshold of electron transfer, i.e., ΔE = IE(K) – EA(M), with IE(K) the ionisation energy of the 

potassium atom and EA(M) the electron affinity of the molecule, a fragment anion and a neu-

tral radical may be formed. Yet if the lifetime of the TNI is long enough, intramolecular energy 

redistribution may occur competing with dissociation, the latter being classified either statis-

tical or direct. Such processes have been reported in our laboratory in different molecular tar-

gets investigated in a wide collision energy range, typically from a few eV up to 1 keV. For the 

sake of example, we note particular attention to cyclic and non-cyclic polyatomic molecules. 

In case of the cyclic chemical compounds an efficient redistribution of the excess energy 

through the different internal degrees of freedom was observed in radiosensitizers, e.g., ni-

troimidazoles[57], [58] and pyrimidine[128]. Regarding non−cyclic molecules these have 
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shown to serve as efficient doorway for enhanced bond excision due to the mainly repulsive 

nature of their lowest-lying anionic potential energy surfaces, as are the cases of nitrome-

thane[17] and tetrachloromethane[129]. 

From the time-of flight (TOF) analysis of fragment anions formed in electron transfer 

experiments, the shape and width of detected features contain relevant information on the 

collision dynamics. In particular, the kinetic energy gained by a given negative ion resulting 

from bond breaking of the TNI can be derived. As a result of a methodology used to explore 

the underlying molecular mechanisms resulting in dissociation of chlorobenzene and chlorin-

ated related molecules, we present for the first time a comprehensive investigation of Cl− ki-

netic−energy release distributions (KERDs) from C6H5Cl, C6D5Cl, C6H11Cl and C6Cl6 in electron 

transfer experiments in a wide collision energy range. 

The formation of chlorobenzene–h5 negative ions has been reported on several occasions 

either in dissociative electron attachment (DEA)[130]–[137] or electron transmission spectros-

copy experiments[138]–[141]. This molecular anion has been considered as a prototype for ra-

diosensitisation due to its closely related resemblance to halo pyrimidine molecules[56], [142], 

[143]. Other studies on C6H5Cl relevant to the present work are electron impact spectroscopic 

experiments[144]–[146], theoretical investigations on potential energy surfaces[147] and elec-

tronic structure[148], as well as references therein. Regarding chlorobenzene–d5, we are only 

aware of a DEA study yielding Cl−, where a close comparison with its hydrogenated analogue 

(C6H5Cl) revealed that deuteration has no appreciable effect in the magnitude of the cross-

section[149]. 

As far as the formation of Chlorocyclohexane and hexachlorobenzene negative ions is 

concerned, a literature survey revealed no information for the former, whereas for the latter 

just the formation of C6Cl6
− has been reported[150], [151]. Nonetheless, we have recently per-

formed in our laboratory a thorough investigation on the formation of anionic states of C6Cl6  

probed in electron transfer experiments for the energy range 10–150 eV (laboratory frame), 

with such study being supported by state-of-the art quantum chemical calculations[127]. 

4.2 Experimental Method 

Time-of-flight (TOF) mass spectra of product anions formed in electron transfer experi-

ments in collisions of neutral potassium (K) atoms with target molecules (C6H5Cl, C6D5Cl, 

C6H11Cl and C6Cl6), were recorded at different lab frame energies. The spectra have been ob-

tained in a crossed molecular beam setup which was previously described elsewhere.[152] 

Briefly, a projectile beam of neutral hyperthermal K atoms crosses at right angles an effusive 

target molecular beam and the product anions formed in the electron transfer process are TOF 
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mass analysed. The hyperthermal K beam is produced in a charge exchange chamber from the 

interaction of accelerated K+ ions emitted from a commercial ion source (HeatWave, US) in 

the range of 10 to 150 eV in the lab frame with gas-phase neutral potassium atoms from an 

oven source. The intensity of the neutral K beam prior to collisions with the target molecules 

is monitored using a Langmuir−Taylor type ionisation detector, before and after collecting the 

mass spectra. The TOF mass spectrometer used is a dual−stage Wiley−McLaren type, where 

the extraction region is formed by two parallel plates (one of it is a tungsten mesh with high 

transparency) placed 12 mm apart and operated at an extraction voltage of 292 Vcm−1 with a 

time duration of 1 µs in an 80 µs duty cycle. Anions are detected by a channel electron multi-

plier (CEM) with an effective area of 1 cm diameter. The TOF anion yield is normalized con-

sidering the primary beam current, pressure, and acquisition time. The typical base pressure 

in the collision chamber was 4×10−5 Pa and the working pressure was 1×10−3 Pa. TOF mass 

calibration was performed based on the well-known anionic species formed after potassium 

collisions with nitromethane[153] and tetrachloromethane[129]. 

Chlorobenzene–h5 and –d5, chlorocyclohexane and hexachlorobenzene samples were 

supplied by Sigma Aldrich with a stated purity of 99.9%, 99%, 99% and ≥ 98%, respectively. 

C6H5Cl, C6D5Cl, and C6H11Cl were degassed through repeated freeze-pump-thaw cycles. C6Cl6 

solid sample was used as delivered and gently heated up to 340 K through a temperature PID 

(proportional-integral-derivate controller) unit. To test for any thermal decomposition prod-

ucts from hexachlorobenzene molecular beam, TOF mass spectra were recorded at different 

temperatures and no differences in the relative peak intensities as a function of temperature 

were observed.  

4.3 Results and Discussion 

In this chapter two kind of results are reported, based on the two different categories. 

• Kinetic energy release distributions 

• Total relative cross-sections for Cl− formation. 

 Kinetic-energy release distributions (KERDs) 

In this sub−section we present a concise description of the methodology used to extract 

the kinetic−energy release from the width and shape of the TOF mass spectra of chlorine ani-

ons formed in electron transfer experiments. This approach has been used before where a com-

prehensive description can be found in Limão-Vieira et al.[154] and Rebelo et al.[155] Briefly, 

in the unimolecular dissociation mechanism of a temporary negative ion (TNI) yielding two 
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fragments with masses m1 and m2, the kinetic-energy release εd of a fragment anion formed 

with an isotropic velocity distribution is given by: 

 εd =
1

8μ
(F. ∆t)2 (31) 

 

with µ being the reduced mass of the system, F being the electrostatic extraction field 

and Δt the difference in extraction time between two fragments emitted in forward and back-

ward directions. 

The kinetic-energy release distribution, D(εd), is closely related to the intensity and ve-

locity of the primary K beam, the density of the target molecular beam, the dimensions of the 

interaction volume and Q(v) the velocity dependent emission of the anionic fragments per 

solid angle. The maximum velocity component (v) of a fragment anion impinging on the de-

tector is reached by those ions which are well-aligned with the extraction field, i.e., v ≈ ν0 (ν0 

the initial velocity). The maximum velocity component normal to the TOF axis (vm) is given 

by vm =
r

t
 , with r the detector radii and t the total flight time. The flight time is proportional 

to √𝑚 so the maximum 
1

2
mvm

2  is constant and independent of m or ν0. 

The current TOF configuration yields εm =
1

2
mvm

2 ≈ 0.03 eV. We can now express Q(ν0) 

as a function of the experimental Δt and I(Δt) functions, the latter obtained by measuring the 

intensity of the TOF mass feature, according to ref.[156] as: 

 Q(ν0) =
F

2A
{1 +

3

4

vm
2

vo
2 + ⋯ } Δt2. I(Δt) (32) 

where the constant A is a function of εm[156], and so the KERD can now be given as:  

 𝐷(𝜀𝑑) =
1

𝐴
{1 +

3

4

𝑣𝑚
2

𝑣𝑜
2 + ⋯ } 𝛥𝑡. 𝐼(𝛥𝑡) (33) 

 

this provided that 
𝑣𝑚

2

𝑣𝑜
2 ≪ 1. The quadratic term in equation (33) can be ignored for εd > 

0.1 eV, thus D(εd) is given as: 

 𝐷(𝜀𝑑) =
1

𝐴
. Δ𝑡. 𝐼(Δ𝑡) (34) 

Negative ion formation in potassium collisions with C6H5Cl, C6D5Cl, and C6H11Cl yields only 

chlorine anions, whereas in the case of C6Cl6 the main anion signal intensities have been as-

signed to the undissociated parent anion (C6Cl6
−) and the formation of C6Cl5

− and Cl−, with 
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other minor contributions from ions resulting from the loss of Cl units and ring breaking due 

complex internal reactions within the TNI[127].  

Kinetic-energy release distributions for the dominant fragment anion Cl− have been 

obtained from the TOF mass spectra induced by potassium electron transfer to chloroben-

zene–h5 and –d5, chlorocyclohexane and hexachlorobenzene Figure 14 at collision energies, in 

the centre-of-mass frame, of about 12, 40 and 118 eV.   

 

Figure 14 Molecular structure schematics of C6H5Cl, C6D5Cl, C6H11Cl and C6Cl6. 

Note that in the present arrangement, the associated collision energy uncertainties are 0.34 eV 

for C6H5Cl, C6D5Cl, and C6H11Cl, while for C6Cl6 is 0.4 eV.  

 

Figure 15 Kinetic-energy release distributions D(εd) in collisions of K + C6H5Cl obtained from 

the TOF spectra of Cl− at 12, 43 and 117 eV collision energy in the centre-of-mass frame. Sta-

tistical fitting procedure for 12 and 117 eV (see text for details). 

 

The shape of an asymmetric TOF mass peak is related to the fragment anion velocity in the 

extraction region, where the maximum intensity corresponds to ions formed with no initial 

velocity, while the left and right flanks of such peaks are related to the extraction of ions with 
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a velocity component in the forward and backward directions, respectively. From the height 

of Cl− TOF mass peaks at different widths, one obtains the kinetic-energy release distribution 

(KERD).  

Figure 15,  

Figure 16, Figure 17, and Figure 18 depict the KERDs, D(εd), obtained from equation (34) for 

C6H5Cl, C6D5Cl, C6H11Cl and C6Cl6, respectively. For values of εd < 0.1 eV the distributions are 

plotted with dashed lines, meaning the less accuracy of such data due to neglecting, as already 

noted, the quadratic term contribution in equation (33). The uncertainty limits associated to 

each experimental data point do not change the shape of the distributions, within ±5%, so these 

have not been included in the figures to avoid congestion. 

 

Figure 16 Kinetic−energy release distributions D(εd) in collisions of K + C6D5Cl obtained from 

the TOF spectra of Cl− at 12, 40 and 118 eV collision energy in the centre-of-mass frame. Sta-

tistical fitting procedure for 12 and 40/118 eV (see text for details). 

 

 Figure 19 shows Cl− kinetic−energy release maximum from chlorobenzene−h5 and −d5, 

chlorocyclohexane and hexachlorobenzene at 12, 40 and 118 eV collision energy in the cen-

tre−of−mass frame. The KERDs of Cl− are limited to ~ 14 eV for K + C6H5Cl, K + C6D5Cl and 

K + C6H11Cl reaching this value at 118 eV collision energy ( 

Figure 15 to Figure 17) whereas those for K + C6Cl6 are within ~ 8.0 eV with the maxi-

mum value at 40 eV (Figure 18). The shape of the distribution does not change appreciably 

with the 5% error bars, so these have not been included to avoid congestion of the figure. The 

anion states are marked as arrows. 
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Figure 17 Kinetic−energy release distributions D(εd) in collisions of K + C6H11Cl obtained from 

the TOF spectra of Cl− at 12, 40 and 1118 eV collision energy in the centre−of−mass frame. 

Statistical fitting procedure for 12/40 and 118 eV (see text for details). 

 

Figure 18 Kinetic − energy release distributions D(εd) in collisions of K + C6Cl6 obtained from 

the TOF spectra of Cl− at 12, 40 and 118 eV collision energy in the centre − of − mass frame. 

Statistical fitting procedure for 12 and 40 eV (see text for details). 
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Regarding DEA experiments in chlorobenzene–h5, Khatymov et al.[134] report anion for-

mation with masses of 111, 75, 25 and 35 u, being Cl− (35 u) the most abundant. From the 

resonance profiles obtained through the different DEA[132], [134], [157], [158] and ETS[138]–

[141], [159] data, a general consensus has been reached to assign the Cl− formation to the prom-

inent feature found at ~ 0.8 eV electron impact energy, as a shape resonance of π* character 

(Table 1). 

 

Table 1 Resonance positions (in eV) and their assignments from dissociative electron attach-

ment, electron transmission spectroscopy (ETS) and electron scattering from C6H5Cl. 

Reference Resonance positions (eV) 

Asfandiarov et.al.[137] 0.74        

Barbosa et.al.[148] 0.76, 0.70  2.80  5.20    

Burrow et.al[138] 0.75  2.42  4.39    

Christophorou et.al.[160] 0.60        

Khatymov et.al.[134] 0.69 0.96   5.00 5.80 6.40  

Lunt et.al.[146] 0.75        

Makochekanwa 

et.al.[145] 

0.80  2.50     8.50 

Mathur and Hasted[139] 0.90  1.74 3.10 4.68   8.22 

Milhaud[157] 0.77    4.90 5.82  7.17 

Nae et.al.[132] 0.70        

Olthoff et.al.[140] 0.73  2.50  4.50    

Shimamori et.al.[158] 0.70        

Skalicky et.al.[144] ~0.80 1.20 2.60  4.50    

Stricklett et al.[141] 0.72  2.44      

Assignment (C2v)[138] 𝜋∗(𝑎2, 𝑏1)1 𝜎𝐶−𝐶𝑙
∗ (𝑎1)  𝜋∗(𝑏1)    

 

The grand total cross section for electron scattering measurements reports the main resonance 

peak at 8.5 eV[145] in good agreement with the electron transmission value of 8.22 eV[139]. 

The resonance features above 5.0 eV are related to core-excited resonances given the lowest-

lying excited states of chlorobenzene which are discernible at photon energies > 5.5 eV[161]. 

 

1Selectivity of vibrational excitation in electron impact spectroscopy excitation functions suggests the 
symmetry ordering to be b1 and a2, at the geometry of the neutral molecule, yet with no conclusive 
evidence[144]. 
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In the case of chlorobenzene–h5, the main anion states’ positions from DEA[134] and/or elec-

tron impact spectroscopy[144] experiments are marked in  

Figure 15 with arrows and the corresponding values are shown in Table 1. The lowest reso-

nance π1
∗  at ~ 0.8 eV, and presumably π2

∗  at 1.2 eV, give rise to Cl− formation provided a C2v 

symmetry lowering induced by vibronic coupling of the π1
∗(b1) and π2

∗ (a2) with the σ∗(a1) 

anion states prevail[144]. Though, strong excitation of out−of−plane (a2) and in-plane non-

totally symmetric vibrations (b2) are the effective path for C−Cl bond excision[144]. Moreover, 

the broad resonance feature at 2.6 eV has been assigned to a temporary electron capture into 

the σC−Cl
∗ (a1) molecular orbital, the band at 4.50 eV to a π3

∗ (b1) of the anion[144], while the 

features at 5.8 and 6.4 eV to inter-shell resonances of core-excited character[134]. Note that 

Palmer et al.[162] report vertical excitation energies for neutral chlorobenzene at 5.807 (1A1) 

and 6.724 eV (1A1) yielding C−Cl bond excision, in good agreement with the values of 5.91 and 

6.77 eV from Ari et al [163].From the KERD profile in 

Figure 15, the first and second resonances at 0.8 and 1.2 eV are the dominant reaction paths 

for Cl− formation. The distributions maxima peak at 0.47 eV and 0.55 eV for the 12 (and 43 eV) 

and 117 eV collision experiments (Figure 19). 

 

 

Figure 19 Cl− kinetic-energy release maximum in collisions of K atoms with C6H5Cl, C6D5Cl, 

C6H11Cl, and C6Cl6 at 12, 40 and 118 eV in the centre−of−mass frame. Error bars have been 

added and account for ±5%. 

Note that at 12 and 43 eV the downward slope shows a tendency to change at ≳ 2.6 eV 

which may be reminiscent of the excess energy in the TNI character changing relative to 
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C6H5 − Cl− dissociation level, i.e., at lower energies is due to a statistical process and at higher 

energies to direct dissociation.  

At 2.6 eV, Cl− is formed through a σC−Cl
∗ (a1) resonance, so the broad contribution at higher 

kinetic energies, εd, is due to direct dissociation with the excess energy converted into transla-

tional energy of the fragment. A close inspection of  

Figure 15 also reveals that the downward slope of the distribution at 117 eV seems to level off 

at ~ 8 eV with character changing ≳ 6.0 eV. This is due to the contribution of two additional 

resonances at 5.80 and 6.40 eV (Table 1) that are associated to core-excited resonances. We now 

detain ourselves to the lower kinetic energy release region where the distribution profile has 

been fitted with a statistical fitting in  

Figure 15 to Figure 18 (dashed lines), as thoroughly described before[164]: 

 D(εd) = C (1 −
εd

Ee
)

s−2

 (35) 

 

with C a constant independent of the energy, s the adapted degree of freedom of the anion and 

Ee the available access energy. In the specific case of C6H5Cl, for 12 eV and 117 eV collision 

energy, Ee = 6 eV and Ee = 7.5 eV. The reasonably good fitting accord with the distributions 

yield C and s values of 2.65×10–6 and 3.0, and 2.86×10–6 and 3.0, respectively. Given the arbi-

trary units of the KERD intensities, constant C has no physical meaning. At this stage is rele-

vant to comment on the s values. Actually, three degrees of freedom rather than 30 internal 

modes in chlorobenzene, is rather small, this meaning that only part of the reaction pathway 

leading to dissociation is channelled through a particular isolated state of the TNI, whereas 

the remaining is certainly going through direct bond breaking. 

 As noted previously, we have no information related to the electron affinities of the 

lowest-lying electronic states of chlorobenzene–d5 and chlorocyclohexane. Yet, we have plot-

ted in  

Figure 16 and Figure 17 the KERDs of both molecules at 12, 40 and 118 eV collision energy in 

the centre-of mass frame. The Cl− distributions from C6D5Cl peak at 0.33 eV and shift to slightly 

higher energy at 0.45 eV, while for C6H11Cl, the maximum appears at 0.33 eV and shifts to 0.87 

eV as the collision energy is increased (Figure 19). Of relevance the trending of such peak 

maxima as a function of the collision energy relative to C6H5Cl (see Figure 19). We note in the 

case of the chlorobenzenes (–h5 and –d5) that above 40 eV, the peak maximum distribution is, 

roughly speaking, insensitive to the increasing collision energy.  

Such seems reasonable given the role of the σC−Cl
∗  resonances and even core-excited resonances 

that are mainly dissociative in character.  Above 40 eV, the difference in Cl− kinetic-energy 

release maximum is not particularly significant for C6D5Cl against C6H5Cl, yet below 40 eV that 
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becomes noticeable. Such is certainly related to the lifetime of the low-lying resonances, where 

in case of C6D5Cl, autodetachment strongly competes with dissociation and rejection of the 

extra electron may prevail in the deuterated compound. Moreover, the statistical fittings in  

Figure 16 have been obtained by using Eq. (35) for 12 eV and 118 eV collision energy with 

excess energies of Ee = 4.5 eV and Ee = 6.0 eV, certainly lower than the related values of C6H5Cl. 

 In case of chlorocyclohexane, the striking difference to C6H5Cl is noted above 40 eV (Fig-

ure 19). Note that C6H11Cl does not have any π delocalized electrons over the ring, so any π*/σ* 

mixing does not hold, and the dissociation mechanism may certainly be dictated by relevant 

σ* antibonding character along the C–Cl coordinate resulting in higher kinetic energy of the 

fragment anion.  

This is in contrast with chlorobenzene, where Skalicky et al.[144] have shown that the 

SOMO (singly occupied molecular orbital) of the negative ion has a π*(a2)-like molecular or-

bital character strongly mixing with σC−Cl
∗ (a1) MO favouring π*/σ* mixing with relevant im-

plications regarding the dissociation mechanism as the nuclear wave packet moves along the 

potential energy surface. The statistical fittings in Figure 17 result from equation (35) for 12 eV 

and 118 eV collision energy, and with values of Ee = 6.0 eV and Ee = 11.5 eV, respectively. 

As far as hexachlorobenzene is concerned, the ground-state character has been assigned 

to valence π* in C6Cl6
− from generalized Kohn-Sham semicanonical projected random phase 

approximation at different levels of accuracy.[165]  

Recently we have calculated at the RKS/B3LYP+D3/aug-cc-pvtz level of theory a verti-

cal electron affinity of –0.14 eV (π*) and obtained from the K+ energy loss spectrum in colli-

sions of potassium with C6Cl6, vertical electron affinities for the different anion states at (–1.86 

± 0.30), (–2.96 ± 0.20) and (–3.76 ± 0.20) eV[127]. These have been assigned to 𝜎𝐶−𝐶𝑙
∗ , 𝜋𝐶𝐶

∗ 𝜎𝐶𝐶
∗⁄ +

𝜎𝐶−𝐶𝑙
∗  and 𝜎𝐶−𝐶𝑙

∗  states, respectively, and are marked as arrows in Figure 18. From the time-of-

flight mass spectrometry and energy loss data[127], the first resonance is not the dominant 

reaction path for Cl− formation.  

Moreover, we have reported that for collision energies below 30 eV, the extra electron is 

captured by the LUMO with mostly 𝜋𝐶𝐶
∗  character. Note that in C6Cl6 with relevant ring delo-

calized π system, the six identical Cl atoms are “highly competitive” among each other for the 

extra charge. In such K– C6Cl6 collisions at energies above the threshold of ion−pair formation, 

the excess energy may be channelled into the available degrees of freedom, resulting mainly 

in a stable C6Cl6
− ion rather than prevalent bond breaking. However, the SOMO of the nega-

tive ion has πC−Cl
∗  character while the closest MO shows a strong σC−Cl

∗  antibonding nature. 

Therefore, C–Cl bond breaking resulting in Cl− formation, may be only operative by efficient 

diabatic curve crossing between πC−Cl
∗  and σC−Cl

∗ , if the nuclear wave packet survives long 

enough along the C–Cl coordinate to yield the chlorine anion. From the KERD profiles in 
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Figure 18, the second, third and fourth resonances are the dominant reaction paths for Cl− 

formation. Note that at 12 and 118 eV the downward slope shows a tendency to change at ≳ 

1.86 eV, while at 40 eV such is certainly visible at higher kinetic energies closely related to the 

anionic states at 2.96 and 3.76 eV.  

Thus, the excess energy in the TNI at lower energies is dictated by a statistical process 

and at higher energies to direct dissociation. Of relevance the fact that at 1.86 eV, Cl− is formed 

through a 𝜎𝐶−𝐶𝑙
∗  resonance. The statistical fitting for 12 eV and 40 eV collision energy, results 

in Ee = 2 eV and Ee = 4.5 eV, respectively and with s = 3.0 in both cases.  

Finally, the distributions maxima in Figure 19 peak at 0.14 eV and 0.34 eV for 12 (and 

118 eV) and 40 eV collision energies. From the chlorinated molecules investigated, C6Cl6 shows 

the Cl− kinetic−energy release maximum with the lowest values (Figure 19). In this compari-

son, such does not seem to be unexpected given that Cl− is the only anion formed from electron 

transfer to chlorobenzene–h5 and –d5 and chlorocyclohexane. In hexachlorobenzene the parent 

anion formation strongly competes with the chlorine anion, the former accounting for a sig-

nificant branching ratio at low collision energies, i.e., more than 70% below 10 eV[127]. At 

intermediate energies, 40 eV, C6Cl6
− amounts 30% and Cl− 60%, while at higher energies other 

fragments stemming from ring breaking amount to 25% of the total anion yield, although the 

role of the σC−Cl
∗  resonances and even core-excited resonances that are mainly dissociative in 

character [127].  

 

 Total relative cross-sections for 𝐂𝐥− formation 

The negative ion Time−of−Flight mass spectra were recorded for Cl− formation from 

chlorinated benzenes namely C6H5Cl, C6D5Cl, C6H11Cl, and C6Cl6. Upon collisions with neutral 

potassium atoms, C6H5Cl, C6D5Cl, C6H11Cl only yield Cl− negative ion in their TOF-MS. In the 

case of C6Cl6, apart from the undissociated parent anion C6Cl6
−, C6Cl5

− and Cl− formation, 

other fragment anions that require complex internal reactions within the temporary negative 

ion formed, have been assigned to C6Cl4
−, C3Cl2

−, C2Cl−,  and Cl2
− [127], [166]. The Cl−  yield 

of formation was normalized with respect to the total anion yield in TOF−MS. To compare the 

Cl−  formation, a normalization of the TOF−MS with respect to the accumulation time, projec-

tile beam current and operating pressure was done. However, only total relative cross-sections 

for Cl−  formation are being reported because we are not able to estimate the density of the 

molecular beam in the collision region. 

The Cl−  yield has been recorded in a wide collision energy range (from approx. 10 eV to 

700 eV in CM frame), and the Cl−  cross−sections will be scrutinized in terms of the parameters 
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given in the next sections. This scrutiny may help us interpret some of the interesting features 

in the wide energy range. All the parameterization is based on the chapter 2.  

 

I. Crossing radius (𝐑𝐂) 

The crossing radius as described and defined in chapter 2 , classically is a function of the ion-

ization energy of the potassium atom and the electron affinity of molecule under investiga-

tion[77].  

II. Coupling Matrix element (𝐇𝟏𝟐). 

The coupling matrix element H12 represents the coupling of two neighbouring diabatic states 

for electron transfer process [77], where large H12 values represent adiabatic electron transfer 

and a small H12, a diabatic behaviour [12], [86], [102]. Here small H12 value also represents 

weak coupling, implying smaller vibronic transition probabilities, hence effects of weak long-

range interactions.  

III. Velocity of collision (𝐯𝐫𝐞𝐥, 𝐯𝐫𝐚𝐝, and 𝐯𝐜𝐫,).  

Relative, radial, and critical velocity can be used to identify the location of the type of proba-

bility occurring using functions 𝐹1, 𝐹2 and 𝐹3 approach. Thus, categorizing the velocity region 

into three main regions[77]: 

• Threshold region; 

• Post-threshold region; 

• High velocity region. 

IV. Collision time (𝐭𝐜𝐨𝐥𝐥). 

The collision time is defined as the classical time that the projectile atom (K) spends in the 

vicinity of the molecule, i.e., in a crude approximation, the time taken by the projectile to com-

plete a 2Rc distance. Hence, the collision time becomes inverse of the collision energy, i.e., 

higher the energy smaller the collision time [12]. We will also use the collision time to compare 

it with the vibrational time of a given vibrational motion. The collision time can also be classi-

fied in three categories relating to the collision velocity [77]: 

• Threshold region (collisional time ≳ vibrational time); 

• Post-threshold region (collisional time ≈ vibrational time); 

• High velocity region (collisional time ≪vibrational time). 

V. Vertical Electron affinity (EAv or VEA) 

The threshold of parent anion formation corresponds with the adiabatic electron affinity[167]. 

The distribution of electron affinities takes account of the vibrational motion of the molecule 

before the collision, determined by the wave function of the vibrational ground state of the XY 

molecule as shown by the Franck−Condon overlap calculations [168] [77]. 
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It is clear from chapter 2 that the collision time is dependent on Rc. Rc depends on the 

electronic affinity, and the electron affinity depends on the vibrational motion.  

In the threshold region where the collisional time ≳ the vibrational time, the vibration-

ally excited molecular ion can be effectively quenched by the alkali ion during the passage of 

the crossing region [77] resulting in smaller cross−section. 

Thus, implying that the vibrational motion of the molecule may govern the electron 

transfer processes where the collision time and the vibration time of the molecule are of the 

same order i.e., for collisional time ≈ vibrational time in post threshold region. Here stretching 

of the internuclear bond shifts the crossing radius outwards, thus strongly enhancing the dia-

batic transition probability, and may conceal a Landau−Zener type of behaviour of the colli-

sion[77], [169].Meaning the cross-section in this region may not have visible features like Lan-

dau-Zener cross−section curve. 

Finally, in the high velocity region, the molecules can be considered rigid and molecular 

ion state may reflect original neutral molecular vibrational state distribution in agreement with 

the Franck−Condon principle[77], [86], [114], [169]. 

 

Figure 20 Relative cross−section for Cl−  formation from different chlorinated benzenes in ex-

tended velocity region. 

In Figure 20, a comparative study of the relative cross-sections in alkali atom-molecule colli-

sions are presented and compared with K+Cl2 collision results of Hubers et al. [77]. In the low 

relative velocity collision region, the effects of stretching of the bond are clearly visible 
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(intensities are not normalized, so cannot be compared directly) in Cl2 and conceals the 

Franck−Condon region, enhancing the diabatic transition probability significantly [77]. Inves-

tigation of these results with respect to the collision time, may provide indication of some 

possible underlying mechanisms responsible for the chlorine anion formation in such polya-

tomic molecules. In the case of chlorinated benzene C6H5Cl (Figure 21) , the first maximum is 

at approx. 1.1 × 104 m/s velocity, and the second maximum is shifted (Figure 20) with respect 

to Cl results from K+Cl2 experiments. In the case of C6Cl6 and C6H11Cl it is almost suppressed. 

 

Figure 21 Relative cross−section for Cl− formation from different chlorinated benzenes in the 

F3 region according to Hubers et al. [77], [91]. 
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Figure 22 Relative cross−section for Cl− formation from different chlorinated benzenes in 

terms of collision time (in fs). Smoothed data is adjacent averaged to guide the eye. 

 

If we consider collisional time ≳ vibrational time, in  

Figure 22, (highlighted part shows when we can consider molecular vibration dominates 

the cross-section) above 70 fs collision time, in C6H5Cl, C6D5Cl and C6Cl6, the presence of the 

quenching effect is visible according to ref. [77] reducing the cross−section significantly. Be-

tween 40 and 70 fs collision time, the effects of vibrational motion, conceal the Franck−Condon 

overlap, and the vibrational motion may dominate the cross-section through diabatic transi-

tions. However, the effects of internuclear separation, crossing radius, and electron affinities 

cannot be neglected [91], [102], [115], [167], [168].  

 

Figure 23 Relative cross-section for Cl− formation from different chlorinated benzenes in terms 

of collision time (in fs). Highlighted part shows when we can consider molecular vibration 

frozen. Smoothed data is adjacent averaged to guide the eye. 

In Figure 23 , the collision times between 20 and 40 fs indicates that these are fast (highlighted 

in grey), and the molecule can be considered rigid thus vibrational motion is assumed frozen 

[77],hence resembling the second maximum in diatomic molecules [77], [91], [170].  
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4.4 Summary 

We have reported a comprehensive investigation into the kinetic-energy release distributions 

of chlorobenzene–h5 and –d5, chlorocyclohexane and hexachlorobenzene at collision energies 

in the centre-of-mass frame of about 12, 40 and 118 eV. Such distributions have been obtained 

from the shape and width of the time-of-flight mass spectra of Cl−ions. Collision induced dis-

sociation results in an energy redistribution either through the different internal degrees of 

freedom (via vibrational excitation) or direct transformation of the excess energy via transla-

tional motion of the fragment anions involved. The statistical fittings of Cl−distributions at low 

kinetic-energy release, εd, reveal at least three effective degrees of freedom, while the role of 

statistical and direct dissociation has been thoroughly discussed according to the nature of the 

different resonances obtained by dissociative electron attachment and/or electron transmis-

sion spectroscopy, where applicable. Additionally, we have made some considerations on the 

collision dynamics for the set of chosen molecules, and the conclusions drawn lend support to 

previous investigations of hexachlorobenzene negative ion formation in electron transfer ex-

periments, while for the remaining molecular systems the present results will serve to help 

interpreting the underlying molecular mechanisms within electron transfer induced fragmen-

tation. 

In case of Cl−formation from chlorinated benzenes influence of vibration motion upon 

cross section is significant in low energy collisions where tcoll is of order of tvib. the structures 

in the cross sections significant predict the vibration motion and its influence on the cross-

sections with changing collision time. 
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5.  

 

COLLISION DYNAMICS OF HEXACHLORO-

BENZENE UPON ELECTRON TRANSFER  

In this chapter a detailed overview of charge transfer processes in hexachlorobenzene will be 

discussed. various anionic states of C6Cl6 have been probed and detailed fragmentation of 

C6Cl6 upon potassium impact has been reported. This chapter is based on "Anionic states of 

𝐂𝟔𝐂𝐥𝟔 probed in electron transfer experiments" published in Phys. Chem. Chem. Phys. (2022), 

24,366-374, another manuscript based on this chapter "Sensing the ortho Positions in 

𝐂𝟔𝐂𝐥𝟔 and 𝐂𝟔𝐇𝟒𝐂𝐥𝟐 from 𝐂𝐥𝟐
− Formation upon Molecular Reduction" is published in Mole-

cules (2022) 27,15, 4820.  

5.1 Introduction 

Hexachlorobenzene (C6Cl6), as part of a large group of volatile organochloride com-

pounds, has been used as a pesticide across the globe,[171], [172] and found to be a prevailing 

environmental pollutant.[173] Its global distribution revealed it moves through the atmos-

phere from warmer source regions (where it is volatilized) and tend to condense at colder 

regions,[174]–[176] undergoing a process known as global distillation.[171], [174] In the atmos-

phere, reactions with OH• radicals have been identified as a sink mechanism,[171] yet the rel-

ative low rate constant, 0.27 × 10–13 cm3 molecules–1 s–1 at 298K, favours such global distillation 

process.[171] C6Cl6 can be eliminated by ozone coupled with hydrogen peroxide processes and 

these can be enhanced by combination with active carbon absorption methods.[172], [177] Ad-

ditionally, the lack of comprehensive photolysis rates in the literature do not allow identifying 

ultra-violet photo absorption as a route to remove and/or chemically change these molecular 

compounds in the Earth’s atmosphere.  

Hexachlorobenzene has been investigated by experimental and theoretical methods, the 

former dealing with ultraviolet photo absorption,[178], [179] infrared photo absorption[180], 
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[181], photoelectron spectroscopy,[182] gas-phase reactions with molecular oxygen[150] and 

reduction potentials with an electron capture detector (ECD)[183]; the latter on vibronic inter-

actions and charge transfer[184] and electron affinities of chlorinated benzene molecules.[165], 

[185], [186] Photodegradation of C6Cl6 and theoretical prediction of its pathways using quan-

tum chemical calculation has been reported by Yamada et al.[187] As far as negative ion for-

mation is concerned, a comprehensive literature survey reveals only the parent anion from 

resonance electron capture mass spectrometry, allowing to determine an adiabatic electron 

affinity of 0.91 eV,[150] whereas a value of 0.98 eV has been reported by Wiley and co-work-

ers.[185] Moreover, the generalized Kohn-Sham semicanonical projected random phase ap-

proximation method, predicts a valence π* character for C6Cl6
− ground-state,[165] while 

Robin[179] has noted that the most relevant absorption features at 42500 cm–1 (1A1g → 1B1u) and 

46000 cm–1 (1A1g → 1E1u) in neutral C6Cl6 have been assigned to intense halogen np → π* charge 

transfer transitions. 

The molecular orbitals configuration of C6Cl6 in D6h symmetry yields for the outer va-

lence … (e1g)4 corresponding to the 1A1g sate, while the parent anion results from electron cap-

ture into the non-degenerate a1g lowest unoccupied molecular orbital with configuration … 

(e1g)4 (a1g)1 which corresponds to 2A1g state, with no appreciable Jahn-Teller effect.[184] Given 

the lack of any other relevant information on negative ion formation from hexachlorobenzene 

either by dissociative electron attachment or charge transfer processes, a comprehensive in-

vestigation of the underlying molecular mechanisms yielding C6Cl6
−  and its fragment anions 

is necessary for getting further knowledge on the electronic structure of such chemical com-

pound. 

5.2 Experimental methods 

The crossed molecular beam setup used to investigate negative ion formation in collisions of 

neutral potassium (K) atoms with hexachlorobenzene (C6Cl6) molecules was previously de-

scribed elsewhere,[188] therefore only a general description is given here. Briefly, an effusive 

target molecular beam crosses a projectile beam of neutral hyperthermal K atoms and the 

product anions formed in the electron transfer process are analysed by a dual-stage linear 

time-of-flight (TOF) mass spectrometer. The K beam is produced in a charge exchange cham-

ber from the interaction of gas-phase neutral potassium atoms from an oven source with ac-

celerated K+ ions emitted from a commercial ion source (HeatWave, US) in the range of 10 to 

100 eV in the lab frame. The intensity of the neutral potassium beam is monitored using a 

Langmuir−Taylor ionisation detector, before and after collecting the mass spectra. The TOF 

anion yield is normalized considering the primary beam current, pressure, and acquisition 
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time. The typical base pressure in the collision chamber was 4×10−5 Pa and the working pres-

sure was 1×10−3 Pa. Mass calibration was performed based on the well−known anionic species 

formed after potassium collisions with nitromethane[188] and tetrachloromethane.[189]  A 

hemispherical energy loss analyser was used to obtain the K+ signal post-collision in the for-

ward scattering direction with the beam’s optical path, where such experiments were not per-

formed in coincidence with TOF mass spectrometry. The analyser was operated in constant 

transmission mode, hence keeping the resolution constant throughout the entire scans. The 

estimated energy resolution during the experiments was ~1.2 ± 0.2 eV. The energy loss scale 

was calibrated using the K+ beam profile from the potassium ion source serving as the elastic 

peak. Hexachlorobenzene (C6Cl6) was supplied by Sigma Aldrich with a stated purity of ≥ 

98%. The solid sample was used as delivered and gently heated up to 340 K through a tem-

perature PID (proportional-integral-derivate controller) unit. To test for any thermal decom-

position products within the hexachlorobenzene beam, mass spectra were recorded at differ-

ent temperatures and no differences in the relative peak intensities as a function of tempera-

ture were observed. 

5.3 Theoretical methods 

Charge transfer processes are described with the aid of ab initio calculations, based on the evo-

lution of the quasi-molecular system, formed by the potassium projectile and the molecular 

target along the reaction coordinate within the framework of the molecular representation. 

This methodology has been successfully used for diatomic systems and tested in ion-neutral 

molecule collisions,[190]–[194] later extended to atom-molecule interactions[128], [129], [195] 

where the system evolves along the reaction coordinate corresponding to the distance R be-

tween the impact atom and the molecular target.[196]–[199] In such approximation, we do not 

include the internal degrees of freedom of the molecular target explicitly, which is reasonable 

since collisional processes are very fast and thus nuclear vibrational and rotational motions 

are much slower than the collision time and can be considered frozen during the collision.  

The geometry of hexachlorobenzene at D2h symmetry was optimized at the MP2/def2-

TVZP level of theory[200] while in the presence of potassium atom the C2v symmetry was used. 

All calculations have been performed by means of the ORCA and MOLPRO packages of ab 

initio programmes.[201], [202]  
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Figure 24 Molecular structure of C6Cl6 and orientation of the K−C6Cl6 collisional system; K, 

purple, x, red; y, green; z, blue. 

The potassium atom has been placed along the y axis as shown in Figure 24 and the 

C6Cl6 target is kept frozen in its ground state (𝑋̃: 1A′) geometry during the collision process. A 

detailed analysis of the K−C6Cl6 interaction at R = [2.5, 5, 7.5, 10] Å, occurring between molec-

ular states involved in this process, has been made to precisely determine asymptotic molec-

ular configurations of the calculated states. The calculation has been carried out in Cartesian 

coordinates, with no symmetries. All electrons of carbon and chlorine atoms have been in-

cluded in the calculations and their 1s orbitals were treated as frozen core. For the potassium 

atom, the ECP18SDF core−electron pseudopotential[203] with the associated basis set has 

been chosen. The natural molecular orbitals for K−C6Cl6 (see appendix A  Fig. A1 and Table 

A1) have been obtained at state-averaged Complete Active Space Self Consistent Field 

(CASSCF)[204]–[206] level of theory considering the static electron correlation for the reaction 

coordinate K−C6Cl6 at R = 5 Å distance, corresponding to the asymptotic region. The resultant 

highest occupied (HOMOs) and the lowest unoccupied molecular orbitals (LUMOs) for K– 

C6Cl6 are shown in Figure 25 and Fig. A1 together with the corresponding orbitals without the 

presence of the potassium atom (see Fig. A2 and Table A2). Finally, Fig. A3 depicts C6Cl6
− 

highest doubly occupied, singly occupied (SOMO) as well as the lowest unoccupied molecular 

orbitals (RKS, B3LYP+D3). 

To determine the ionisation energy, electron affinity and vertical detachment energy (see 

Table A3) and to look closely at the anion where the symmetry is broken, DFT calculations 

have been performed where Kohn-Sham orbitals were used rather than canonical HF orbitals, 

since the former improve the agreement with the experimental electron affinity of C6Cl6 by 

0.08 eV. To describe an extra electron, diffuse functions with additional augmented basis func-

tions were used at the restricted open shell Kohn-Sham, B3LYP+D3 level of theory.[207] Ener-

gies of the neutral, the anion and the cation are -2989.57786, -2989.61393 and -2989.25288 Har-

tree, respectively and resign from Table A4 in appendix A. 
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 C6Cl6 K + C6Cl6 

HOMOs 𝑛̅𝐶𝑙 (in-plane)  

-11.9 eV 

 

πCCl 

-10.5 eV  

 

𝑛̅𝐶𝑙 (in-plane) 

-12.0 eV 

 

πCC 

-10.6 eV  

 

LUMOs πCC* 

2.89 eV 

πCC* 

2.89 eV 

πCC* 

2.96 eV 

πCC*/σCC* + σCCl* 

3.09 eV 

πCC* 

9.72 eV 

πCC* 

9.84 eV 

σCC* 

17.0 eV 

σCC* 

15.8 eV 

σCC* 

17.2 eV 

σCC* 

16.2 eV 

σCC* 

17.5 eV 

σCC*+ σCCl* 

16.6 eV  

 

Figure 25 Calculated highest occupied molecular orbitals (HOMOs) and lowest unoccupied 

molecular orbitals (LUMOs) for C6Cl6 and K + C6Cl6. Energies in eV. 

5.4 Results and discussion 

TOF mass spectra have been recorded in a wide range of lab−frame collision energies from 10 

up to 100 eV (7.9 to 79.1 eV in the centre−of−mass frame), yielding negative ions assigned to 
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Cl−, Cl2
−, C2Cl−, C3Cl2

−, C6Cl4
−, C6Cl5

− and C6Cl6
− along with their respective isotopes. Figure 

26 shows a typical mass spectrum recorded at 100 eV (ECM = 79.1 eV), where the inset depicts 

the parent anion signal fitted with Gaussian functions to reproduce its isotope contributions 

at 282 u (51%), 284 u (100%), 286 u (81%) and 288 u (35%). Note that a TOF mass peak shows 

an apparent asymmetry relative to its maximum position, with typically the left-hand branch 

much steeper that the right-hand [183]. Yet, for the sake of example, the Gaussian fitting used 

reproduces quite well in magnitude and in shape the TOF mass signal. 

Another relevant aspect pertains to the Cl2
− TOF mass contribution, where the peak 

should show its isotope contributions at 70 u (100%), 72 u (~65%), 74 u (~11%). A close inspec-

tion of this anion feature in Figure 26 reveals that the peak contains three contributions but 

not in the expected intensity. Given the limited TOF mass resolution (m/Δm ≈ 125) that does 

not allow to clearly resolve close fragment anions, yet a proper peak fitting, as that used for 

C6Cl6
−, reproduces perfectly well the expected isotope distribution intensities (see 

Fig. A4 in appendix A).   

The energy loss spectrum of the potassium cations formed in the forward direction (θ ≅ 

0°) of K atoms in collisions with C6Cl6 at 205 eV lab frame energy (ECM = 162 eV), is shown in 

Figure 27. Hexachlorobenzene branching ratios (fragment anion yield/total anion yield) of the 

main negative ions formed as a function of the collision energy in the centre-of-mass frame are 

depicted in Figure 28. From a close inspection of Figure 26 TOF mass spectrum, the prevalent 

anion is assigned to Cl−, followed by the undissociated parent anion and Cl2
−, while other 

fragment ions are considerably less intense, viz. those resulting from the loss of Cl units and 

ring breaking. We have performed additional calculations on C6Cl6
− to obtain the energy val-

ues of the orbitals with the restricted open shell Kohn-Sham B3LYP+D3 level of theory (see 

Fig. A3), where the electron spin densities show a preferential C–Cl bond excision yielding the 

chlorine anion (see discussion below). 
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Figure 26 Time−of−flight negative ion mass spectra in potassium (K)–hexachlorobenzene 

(C6Cl6) collisions at 100 eV lab frame energy (79.1 eV in the centre−of−mass frame). See text 

for details. 

The calculated lowest unoccupied molecular orbitals in Figure 25 show that the 

LUMO+4 and LUMO+5 σ* states are slightly shifted to lower energies (0.8–1.0 eV) in compar-

ison to respective calculated MOs without the presence of the potassium atom.  

 𝐊+ energy loss data 

The energy loss spectrum of K+ ions formed in collisions of potassium atoms with hexachlo-

robenzene, has been obtained at 162.2 eV in the centre−of−mass frame (205 eV lab frame) in 

the forward direction (θ ≅ 0°) and is depicted in Figure 27. We observe for the first time some 

low-intensity features and a main peak with maximum intensity (Imax) at (8.1 ± 0.2) eV. Electron 

transfer processes triggered by the collision of neutral potassium atoms (K) with neutral target 

molecules and yielding ion-pair formation, the energy loss required to access an electronic 

state, ΔE = IE(K) – EA(Imax), with the difference between the potassium atom ionisation energy 

and the target molecule’s electron affinity for that state,[208] which results on a vertical elec-

tron affinity of (–3.76 ± 0.20) eV.  
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Figure 27 Energy loss spectrum of K+ ions formed in the forward direction of K atoms in col-

lisions with C6Cl6 at 205 eV lab frame energy (162 eV in the centre−of−mass frame). See text 

for details. Error bars are within experimental data points and within 10% associated with the 

fitting. 

 

Figure 28 Hexachlorobenzene (C6Cl6) branching ratios (fragment anion yield/total anion 

yield) of the main negative ions formed as a function of the collision energy in the centre-of-

mass frame. Error bars related to the experimental uncertainty associated with the ion yields 
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have been added to a few data points in order to avoid congestion of the figure. The lines are 

just to guide the eye. See text for details. 

Gaussian fittings have been used to decompose the energy loss spectrum main peak, indicat-

ing the presence of adjacent contributions, as well as other low-intensity less resolved features 

with their vertical electron affinities listed in Table 2. Note that Voora[165] has assigned the 

lowest-lying character of C6Cl6
−  to a valence-bound (vb) π* state with an electron affinity EA 

(C6Cl6) varying from 0.03 up to 0.30 eV, depending on the basis set used, and an associated 

error of 0.13 eV.  

 𝐂𝟔𝐂𝐥𝟔
−  formation 

The TOF mass spectra recorded in the wide collision energy range show that the undissociated 

parent anion accounts for more than 70% of the total ion yield for ECM < 10 eV, whereas above 

50 eV its BR is ~ 20% (Figure 28). These results indicate that electron transfer is very efficiently 

captured by hexachlorobenzene, and the process may proceed according to the reaction: 

 K +  C6Cl6 → (K+C6Cl6
−) → K+ + (C6Cl6

−)⋕ →  K+ + C6Cl6
−  (36) 

with (C6Cl6
−)⋕ formation of a temporary negative ion (TNI) with an excess of internal energy. 

 

Table 2 Assignment of different features from Gaussian fitting to K+ energy loss spectrum 

from potassium collisions with hexachlorobenzene 205 eV lab frame energy (162 eV in the 

centre-of-mass frame). The uncertainties result from the Gaussian fitting procedure. See text 

for details. 

K+ Energy 
Loss Fea-
tures (eV) 

Vertical Elec-
tron Affinity 

(eV) 

Calculated Verti-
cal Energy of MO 

(eV) 
Assignment Ref.[165] 

Adiabatic 
Electron Af-

finity 
(eV)[150], 

[151] 

3.1 ± 0.3 1.24 ± 0.30 0.98a   0.91; 0.98 

4.4 ± 0.1 –0.06 ± 0.10  π* vbb-π*  

6.2 ± 0.3 –1.86 ± 0.30 –1.92 71, σCCl*   

7.3 ± 0.2 –2.96 ± 0.20 –3.10 LUMO+1   

8.1 ± 0.2 –3.76 ± 0.20  σCCl*   

9.1 ± 0.1 –4.76 ± 0.10  π*    

12.1 ± 0.1 –7.76 ± 0.10  
nCl → (n+1)s 
nCl → (n+2)s 

  

a adiabatic electron affinity;  

b valence-bound state, with calculated electron affinities of 0.03 eV (aug-cc-pVDZ+7S7P), 0.30 

eV (aug-cc-pVTZ+7S7P) and 0.29 eV(aug-cc-pVTZ). See Voora[165] for details. 
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Attachment of an electron is accompanied by significant energy release comprising the kinetic 

energy of the incoming electron and the molecule’s electron affinity, which was calculated to 

be –0.14 eV (vertical) and 0.98 eV (adiabatic) at the RKS/B3LYP+D3/aug-cc-pVTZ level of 

theory (Table A3), the latter in good agreement with 0.91 eV and 0.98 eV from Knighton et 

al.[150] and Wiley et al.,[151] respectively. Since the collision energy is always above the 

threshold of ion-pair formation, the excess energy of the TNI (metastable) can lead to statistical 

and/or direct dissociation[209]. Formation of metastable parent anions and their detection 

within the TOF mass window (< 80 μs), has been observed in electron transfer experiments to 

cyclic and non-cyclic molecular compounds. The former may enable an efficient redistribution 

of the excess energy through the different internal degrees of freedom, e.g., nitroimidaz-

oles,[57], [58] the latter can be rationalised in terms of an efficient doorway for enhanced bond 

breaking such as nitromethane.[188] Hexachlorobenzene is a highly symmetric molecule with 

30 vibrational degrees of freedom, thus providing an effective mean for energy redistribution, 

enhancing C6Cl6
− yield in the low−energy collision range. As the collision energy is further 

increased, the parent anion yield decreases, meaning that in such energy range more energy 

is transferred to the target molecule enhancing fragmentation. 

In the energy loss data of Figure 27, the weak feature peaking at (3.1 ± 0.3) eV, yields a positive 

electron affinity of (1.24 ± 0.3) eV. Note that the asymptotic limit of C6Cl5 + Cl− is 0.56 eV, i.e., 

0.35 eV below the ground state of the neutral[184], [187] (C6Cl6) meaning that the feature at 

1.24 eV does not lead to bond breaking resulting in C6Cl6
− formation. There is no available 

information in the literature on the precise energy value of C–Cl stretching mode of the parent 

anion (372 cm–1 for the neutral ground state[182]), thus the lower limit of the electron affinity 

(0.94 eV) is in very good agreement with the adiabatic values reported by Knighton et al.[150] 

and Wiley et al.,[151] 0.91 and 0.98 eV, respectively, as well as the calculated value at the 

RKS/B3LYP+D3/aug-cc-pVTZ level of theory (see Table 2 and Table A3). 

 𝐂𝟔𝐂𝐥𝟓
− and 𝐂𝐥− formation 

The TOF mass spectra in Figure 26 is dominated by Cl− formation in the collision energy range 

above 10 eV, amounting to ~ 70% of the total anion yield above 40 eV (see BRs in Figure 28). 

The dominance of such anion formation does not seem unexpected given the considerable 

high electron affinity of Cl (3.6131 eV[8]). Moreover, in the energy range above 40 eV, the Cl− 

branching ratio shows a rather constant behaviour which is reminiscent of the fast collision 

dynamics (collision time < 37 fs) dictated by direct vertical access within the Franck−Condon 

region to the ionic states. Hence, those prominent strong antibonding character potential en-

ergy surfaces above the ground state are attainable. The collision is therefore mostly dictated 

by electron promotion into a 𝜎∗
C–Cl molecular orbital as depicted in Figure 25 (LUMO+5). 
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Formation of C6Cl5
− and/or Cl− occurs after cleavage of a C–Cl bond in the TNI and results 

from a complementary reaction with respect to the negative charge: 

 K +  C6Cl6 → (K+C6Cl6
−) → K+ + (C6Cl6

−)⋕ →  K+ + C6Cl5
− + Cl (37) 

 K +  C6Cl6 → (K+C6Cl6
−) → K+ + (C6Cl6

−)⋕ →  K+ + C6Cl5 + Cl− (38) 

where (C6Cl5 −Cl) represents a direct bond breaking and the extra charge sitting on one of the 

radicals, either on C6Cl5
• or on 𝐶𝑙•. Note that the EA(Cl) = 3.6131 eV[8] and the EA(C6Cl5) = 

3.10 ± 0.24 eV[8] are essentially identical, yet the Cl− yield is approximately 3 to 4 times higher 

than C6Cl5
− for ECM < 30 eV and 6 to 7 times higher for ECM > 30 eV collision energy (see BRs in 

Figure 28). Such behaviour seems plausible given the electronic structure of the hexachloro-

benzene molecule. For ECM < 30 eV, the extra electron could attach and occupy the LUMO (Fig. 

A1) with mostly πC−C
∗  character. 

 In such a delocalized system, all six identical chlorine atoms compete for the extra 

charge, with the excess energy being channelled into the available degrees of freedom, result-

ing in a stable parent anion rather than prevalent bond breaking. The shape of a selection of 

C6Cl6
− molecular orbitals calculated at the RKS/ B3LYP+D3 level of theory (see Fig. A3) reveal 

that the SOMO has πCCl character while the next MO shows a strong σC−Cl
∗  antibonding nature.  

Effective bond breaking yielding Cl− can only be achieved by efficient non-adiabatic 

curve crossing between πC−Cl
∗  and σC−Cl

∗   (see Fig. A1 and 72, π* and 73, σC−Cl
∗  in Fig. A3), 

providing that the nuclear wave packet in the C–Cl coordinate survives long enough for the 

system to change its character, resulting in the formation of a chlorine anion. However, as the 

collision energy is increased, the number of electronic excited states being accessed also in-

creases, the MOs are mostly σC−Cl
∗  in character (Fig. A3) and so direct bond cleavage resulting 

in Cl− formation is expected to be more favourable.  

The Cl− BR in Figure 28 shows clearly that trending behaviour as the collision energy is 

increased above ECM = 20 eV. Moreover, in the high energy collision region, one should not 

discard that such anion formation can also proceed through shape and/or core-excited reso-

nances, the latter e.g., relaxing into a dissociative state by internal conversion.   

The K+ energy loss spectrum obtained in the forward direction, shows the main feature 

at (8.1 ± 0.2) eV (Figure 27) with a vertical electron affinity of (–3.76 ± 0.20) eV. This can be 

assigned to a purely repulsive transition from C6Cl6 ground state to a σC−Cl
∗  state of the tempo-

rary negative ion yielding Cl− formation, given that this is the most intense fragment anion 

formed in potassium–hexachlorobenzene collisions above 10 eV. 

The energy loss feature peaking at 6.2 ± 0.3 eV (Figure 27), results from accessing an 

electronic state at 1.86 ± 0.30 eV above the neutral molecule. The calculated molecular orbital 

for hexachlorobenzene anion at 1.92 eV (Fig. A3), shows a remarkable σC−Cl
∗  antibonding char-

acter with the extra charge sitting on the C6Cl5 radical (Fig. A3). If we now take the ionisation 
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energy of the potassium atom as 4.34 eV[8] and the C6Cl5 electron affinity (see above), from 

the appearance energy (AE) in the energy loss spectrum (~4.5 eV), we can estimate the 

C6Cl5 −Cl bond dissociation energy. Thus, D(C6Cl5 −Cl) = AE (C6Cl5
−) – IE(K) + EA (C6Cl5) = 

(3.26 ± 0.30) eV, which is in excellent accord with Yamada and co-workers[187] calculated 

value of 3.297 eV (318.1 kJ/mol). 

 Other fragments 

The branching ratios in Figure 28 show that other fragment anions account for ≤ 20% of the 

total anion yield and these have been assigned to C6Cl4
−, C3Cl2

−, C2Cl− and Cl2
−. The possible 

reaction mechanisms that can be involved in such anions’ formation are: 

 K +  C6Cl6 → (K+C6Cl6
−) → K+ + (C6Cl6

−)⋕ →  K+ + C6Cl4
− + Cl2 (39) 

 K +  C6Cl6 → (K+C6Cl6
−) → K+ + (C6Cl6

−)⋕ →  K+ + C6Cl4
− + 2Cl (40) 

 K +  C6Cl6 → (K+C6Cl6
−) → K+ + (C6Cl6

−)⋕ →  K+ + C3Cl2
− + C3Cl2 (41) 

 K +  C6Cl6 → (K+C6Cl6
−) → K+ + (C6Cl6

−)⋕ →  K+ + C2Cl− + C4Cl4 + Cl (42) 

 K +  C6Cl6 → (K+C6Cl6
−) → K+ + (C6Cl6

−)⋕ →  K+ + Cl2
− + C6Cl4 (43) 

 

Note that in eq. (39) and (40), the loss of two chlorine atoms may proceed through reac-

tions yielding Cl + Cl and/or Cl2. A literature survey reveals neither information on dissocia-

tive electron attachment experiments to hexachlorobenzene nor C6Cl4
− electron affinity, so no 

comparative studies as to such neutral radical formation is possible to establish.  

The TOF mass spectrum inset in Figure 26 shows two weak signals that have been as-

signed to C3Cl2
− and C2Cl− with proposed mechanisms in eq. (41) and (42). We note that these 

anions are only formed at 100 eV collision energy lab frame, the latter has been reported by 

MacNeil and Thynne[209] in ion-pair formation from ionisation of tetrachloroethylene. Due to 

the lack of any other relevant information in the literature regarding either resonances from 

dissociative electron attachment or any gas-phase thermochemistry data, it is impossible to 

estimate any thermodynamic thresholds for eq. (41) and (42) producing C3Cl2
− and C2Cl− and 

their associated neutral radicals. 

Finally, we detain ourselves with Cl2
− formation from eq. (43) where two C − Cl bonds 

must be broken, and a molecular chlorine anion has to be formed. From the electron affinity 

value of Cl2 to be (2.5 ± 0.2) eV,[8] the above bond dissociation energy D(C6Cl5 − Cl) = (3.26 ± 

0.30) eV, and taking the available data on D(C − Cl) = (3.3 ± 0.3) eV[210] and D(Cl − Cl)= 2.52 

eV,[211] after adding the potassium ionisation energy, the appearance energy of eq. (43) is 

given by: 

 
∆fHg

0(Cl2
−) = D(C6Cl5 − Cl) + D(C − Cl) − D(Cl − Cl) − EA(Cl2) + IE(K)

= (5.88 ± 0.30 eV) 
(44) 
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In the energy loss data of Figure 27, the feature peaking at (7.3 ± 0.2 eV), shows an estimated 

appearance energy of (5.8 ± 0.2) eV, in good agreement with Cl2
− formation that may result 

from eq. (43) with a threshold calculated in (44).The K+ energy loss features at (9.1 ± 0.1) and 

(12.1 ± 0.1) eV (Figure 27) with vertical electron affinities of (−4.76 ± 0.10) and (−7.76 ± 0.10) 

eV are tentatively assigned to core−excited resonances of π∗ character and Rydberg excita-

tions, respectively (Table 2). The former is closely related to electronic excitation of the neutral 

molecule at 4.96 eV to 1B1u state,[178] while Robin reports a value of 5.27 eV;[179] the latter can 

be assigned to the series nCl → ns converging to (𝑒1𝑔
−1) at 9.19 eV[182]. Due to the large number 

of states which occur in this high energy region, Rydberg assignment is rather difficult to per-

form, so the series are labelled either as (n+1) or (n+2). 

 

5.5 𝐂𝐥𝟐
− Formation upon Molecular Reduction 

We investigated hexachlorobenzene reduction in electron transfer experiments to determine 

the role of chlorine atom positions around the aromatic ring and compared with ortho, meta− 

and para−dichlorobenzene molecules. This has been achieved by combining gas-phase exper-

iments to determine the reaction threshold by means of mass spectrometry together with 

quantum chemical calculations. We also observed that Cl2
− formation can only occur in 

1,2−C6H4Cl2 where the two closest C − Cl bonds are cleaved while the chlorine atoms are 

brought together within the ring framework excess energy dissipation. These results show that 

a strong coupling between electronic and C − Cl bending motion is responsible for a positional 

isomeric effect where molecular recognition is a determining factor in chlorine anion for-

mation. 

This is the first combined electron transfer investigation on hexachlorobenzene (C6Cl6) 

and dichlorobenzene isomers (𝑜−, 𝑚−, and 𝑝 − C6H4Cl2) yielding a fragment anion at m/z 70, 

corresponding to the loss of 1,2,3,4−tetrachloro-1,3-cyclohexadien−5−yne, K + C6Cl6 → K+ + 

C6Cl4
•−  → K+ + Cl2

− + C6Cl4
• and benzyne K + C6H4Cl2 → K+ + C6H4Cl2

•− → K+ + Cl2
− + 

C6H4
•radicals from the TNIs. 

The TNIs are formed by accommodation of the extra electron into 𝜋∗ antibonding mo-

lecular orbitals of the neutral molecules, while internal rearrangement and efficient intramo-

lecular electron transfer via diabatic curve crossing with σ∗(C − Cl ), may yield a radical and a 

negative ion.  

We show that the collision induced dissociation mechanism is strongly dependent on 

the geometrical position of each Cl atom participating in Cl2
− formation allowing the control of 

specific bonds to be cleaved upon electron transfer, i.e., a selective molecular bond excision 
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just in ortho positions are favored by capture of an extra electron coupled with relevant internal 

degrees of freedom along the C − Cl bond. Figure 29 shows the time−of−flight (TOF) mass 

spectrum with the m/z most intense anions formed in electron transfer from K to C6Cl6 at 55 

eV lab frame energy (43.5 eV in the centre−of−mass frame), while a discernible less intense 

anion at m/z 70 is formed. Such anion formation involves a concerted intramolecular rear-

rangement mechanism within the TNI, where two C − Cl bonds have to be cleaved and a Cl2 

molecule formed with the extra charge. The detection of the parent anion in the present exper-

iments means that hexachlorobenzene has a positive electron affinity (EA), i.e., the anionic 

state lies energetically below the neutral state. The present quantum chemical calculations at 

the CBS−QB3 level of theory predict a value of +1.022 eV, thus supporting the experimental 

observation and in good accord with +1.07 eV from the ωB97XD/aug−cc−pVDZ level of the-

ory of Kumar et al[166]. 

 

Figure 29 Time-of-flight negative ion mass spectrum in K − C6Cl6 collisions at 55 eV lab frame 

energy (43.5 eV in the centre−of−mass frame). The spectrum shows the intensity of m/z ani-

ons. 

The branching ratios in Figure 30 show that the chlorine molecular anion formation is re-

stricted to less than 10% of the total anions recorded in the wide range of collision energies, 
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yet above 45 eV it gains some intensity on the expense of C6Cl6
− decreasing tendency. The ra-

ther constant behaviour above 55 eV is reminiscent of the fast collision dynamics (tcollision < 40 

fs), where electron promotion into strongly antibonding σC−Cl
∗  potential energy surfaces above 

the ground state is prevalent.  

 

Figure 30 Hexachlorobenzene BRs (fragment anion yield/total anion yield) of C6Cl6
−, Cl2

− and 

Cl− ions formed as a function of the collision energy in the CM frame. Error bars are related to 

the experimental uncertainty associated with the ion yields. The lines are just to guide the eye. 

We have calculated at the CBS-QB3 (and G4MP2) level of theory the thermodynamic thresh-

olds of Cl2
−, by taking the bond dissociation energies of C6Cl5 − Cl, C6Cl4 − Cl, Cl–Cl and Cl2 

electron affinity, with energies of 1.97, 2.39 and 3.66 eV for o-, m- and 𝑝 − C6Cl6, respectively 

(Error! Not a valid bookmark self-reference.). The reaction threshold has been obtained at 

(5.88 ± 0.30) eV from the K+ energy loss experimental data of Kumar et al [127]. If we subtract 

the potassium ionization energy (4.34 eV), the threshold is now expected at (1.54 ± 0.30) eV. 

Thus, we assign Cl2
− formation to exclusive cleavage of two close-lying C–Cl bonds from C6Cl6 

upon electron transfer and the experimental value is in good accord with the quantum chem-

ical calculations for the o − C6Cl6 configuration (Error! Not a valid bookmark self-reference.). 

We also investigated, with M06-2X density functional and the 6−31G (d, p) basis set, Cl2
− (and 
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Cl2) detachment reactions via para-Cl migration, and concluded that it is an unlikely mecha-

nism, see appendix A.4. 

Table 3 Calculated Cl2
− appearance energies (AE), bond dissociation energies (D) and electron 

affinity (EA) for hexachlorobenzene at different levels of theory. Values are in (eV). 

 CBS−QB3 (eV) G4MP2 (eV) 

AE (Cl2
−), 𝑜 − C6Cl6 1.97 1.96 

AE (Cl2
−), 𝑚 − C6Cl6 2.39 2.39 

AE (Cl2
−), 𝑝 − C6Cl6 3.66 3.65 

D (C6Cl5 − Cl) 4.38 4.18 
D (𝑜 − C6Cl4 − Cl) 2.66 2.64 
D (𝑚 − C6Cl4 − Cl) 3.07 3.08 
D (𝑝 − C6Cl4 − Cl) 4.35 4.34 
D (Cl–Cl) 2.57 2.51 
EA (Cl2) 2.50 2.36 

 

In electron transfer to hexachlorobenzene, the minimum energy required to break a second 

C–Cl bond (𝑜 − C6Cl4 − Cl, 𝑚 − C6Cl4 − Cl and 𝑝 − C6Cl4 − Cl) lies between 2.7 and 4.4 eV (We 

have calculated at the CBS-QB3 (and G4MP2) level of theory the thermodynamic thresholds 

of Cl2
−, by taking the bond dissociation energies of C6Cl5 − Cl, C6Cl4 − Cl, Cl–Cl and Cl2 electron 

affinity, with energies of 1.97, 2.39 and 3.66 eV for o-, m- and 𝑝 − C6Cl6, respectively (Error! 

Not a valid bookmark self-reference.). The reaction threshold has been obtained at (5.88 ± 

0.30) eV from the K+ energy loss experimental data of Kumar et al [127]. If we subtract the 

potassium ionization energy (4.34 eV), the threshold is now expected at (1.54 ± 0.30) eV. Thus, 

we assign Cl2
− formation to exclusive cleavage of two close-lying C–Cl bonds from C6Cl6 upon 

electron transfer and the experimental value is in good accord with the quantum chemical 

calculations for the o − C6Cl6 configuration (Error! Not a valid bookmark self-reference.). We 

also investigated, with M06-2X density functional and the 6−31G (d, p) basis set, Cl2
− (and Cl2) 

detachment reactions via para-Cl migration, and concluded that it is an unlikely mechanism, 

see appendix A.4. 

Table 3), so site selectivity yielding Cl2
− does not result from any particular energy constraint. 

The electronic structure of the associated TNIs accessed in the collision process must play a 

significant role on the intramolecular mechanisms responsible for channelling the excess en-

ergy through the different available degrees of freedom that will lead to molecular dissocia-

tion. To investigate this, we have conducted a comprehensive dynamical investigation on the 

role of C–Cl stretching in the TNI. 
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Figure 31 SOMO densities at six different C–Cl internuclear stretching distances and the cor-

responding potential energy curve. 

Figure 31 shows the change in energy (ΔE), in the Cl–Cl distance and the shape of C6Cl6
− singly 

occupied molecular orbital (SOMO), as the C–Cl bond stretching distances of two Cl atoms in 

the ortho isomer are varied while keeping all other geometric parameters relaxed. The color 

maps show the electron density of the SOMO, squared, and integrated along the z-coordinate 

perpendicular to the molecular plane. A close inspection of this figure shows that the equilib-

rium geometry is found at 1.802 Å, while at P1 the C–Cl distance is considerably shorter. At 

P2 the SOMO is delocalized over the whole anion whereas from P3 to P6, the C–Cl bond elon-

gation causes a SOMO displacement to two neighbouring C–Cl bonds. The energy increases, 

although at 2.4 Å there is no evidence of bond breaking, from which the Cl atoms do not move 

together and there is not yet an indication of a bond being formed between the two adjacent 

chlorine atoms. 

The other possible mechanism is related to the change in the Cl–Cl distance of two adja-

cent Cl atoms as the C–Cl bending distances are changed while relaxing the other geometric 

parameters within the TNI (Figure 32). The Cl–Cl distance of the two upper Cl atoms is in-

creased from P1 to P6. The equilibrium geometry is found at 3.246 Å, while from P1 to P5 the 

SOMO is delocalized and does not appreciably change upon increasing the Cl–Cl distance. In 

P6, the occupied MO moves to the elongated C–Cl bonds and their Cl atoms. The Cl–Cl dis-

tance increases further, in line with the observation from the scan of the C–Cl coordinate 
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whereas the C–C–Cl angles are kept at 120º. However, as the Cl–Cl distance is decreased, at ~ 

2 Å, a bond is formed between two adjacent chlorine atoms and these detach from the neutral 

ring carrying the extra charge, as confirmed from the atomic charge populations. 

The electron transfer TOF mass spectra of negative ions formed in potassium collisions 

with dichlorobenzene isomers, do not show a parent anion formation, but are dominated by 

Cl−, with Cl2
− only formed from 1,2−C6H4Cl2 (see Appendix A.4). The absence of a non-disso-

ciated anion does not seem surprisingly given their negative EA values (at the CBS-QB3 level 

of theory) of −0.20, −0.21, and −0.44 eV for o−C6H4Cl2, m−C6H4Cl2, and p−C6H4Cl2 meaning 

no thermodynamically stable anions exist. 

 

Figure 32 SOMO densities at six different C–Cl internuclear bending distances and the corre-

sponding potential energy curve. 

 

Another interesting aspect of dichlorobenzene isomers fragmentation pattern pertains to the 

absence of a C6H4
− ion despite the benzyne radical electron affinity (EA = 1.265 ± 0.008 eV 

[212]). Upon reduction of C6H4Cl2 molecules in the low-energy collision regime (typically be-

low 100 eV), the extra charge is accommodated in the π* antibonding MOs of the ring. As long 

as an efficient diabatic curve crossing enables a fast-intramolecular electron transfer to a σ*(C–

Cl) bond, the collision induced dissociation favours formation of fragments with higher elec-

tron affinities (EA(Cl) = 3.6131 eV [213], EA(Cl2) = 2.50 eV (We have calculated at the CBS-QB3 

(and G4MP2) level of theory the thermodynamic thresholds of Cl2
−, by taking the bond 
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dissociation energies of C6Cl5 − Cl, C6Cl4 − Cl, Cl–Cl and Cl2 electron affinity, with energies of 

1.97, 2.39 and 3.66 eV for o-, m- and 𝑝 − C6Cl6, respectively (Error! Not a valid bookmark self-

reference.). The reaction threshold has been obtained at (5.88 ± 0.30) eV from the K+ energy 

loss experimental data of Kumar et al [127]. If we subtract the potassium ionization energy 

(4.34 eV), the threshold is now expected at (1.54 ± 0.30) eV. Thus, we assign Cl2
− formation to 

exclusive cleavage of two close-lying C–Cl bonds from C6Cl6 upon electron transfer and the 

experimental value is in good accord with the quantum chemical calculations for the o − C6Cl6 

configuration (Error! Not a valid bookmark self-reference.). We also investigated, with M06-

2X density functional and the 6−31G (d, p) basis set, Cl2
− (and Cl2) detachment reactions via 

para-Cl migration, and concluded that it is an unlikely mechanism, see appendix A.4. 

Table 3)), viz. Cl− and Cl2
−. Note that the formation relative efficiency of the latter relative to 

the former anion is lower because two C–Cl bonds have to be excised and a molecular ion 

formed. This certainly requires a concerted mechanism within the TNI and energy redistribu-

tion through the available degrees of freedom.  

The CBS-QB3 (and G4MP2) level of theory calculations in Table 4, show the Cl2
− thermody-

namic thresholds for o-, m- and p-C6H4Cl2, to be 2.08, 2.78 and 3.29 eV, respectively, by taking 

the bond dissociation energies of C6H4Cl − Cl, C6H4 − Cl, Cl–Cl (We have calculated at the CBS-

QB3 (and G4MP2) level of theory the thermodynamic thresholds of Cl2
−, by taking the bond 

dissociation energies of C6Cl5 − Cl, C6Cl4 − Cl, Cl–Cl and Cl2 electron affinity, with energies of 

1.97, 2.39 and 3.66 eV for o-, m- and 𝑝 − C6Cl6, respectively (Error! Not a valid bookmark self-

reference.). The reaction threshold has been obtained at (5.88 ± 0.30) eV from the K+ energy 

loss experimental data of Kumar et al [127]. If we subtract the potassium ionization energy 

(4.34 eV), the threshold is now expected at (1.54 ± 0.30) eV. Thus, we assign Cl2
− formation to 

exclusive cleavage of two close-lying C–Cl bonds from C6Cl6 upon electron transfer and the 

experimental value is in good accord with the quantum chemical calculations for the o − C6Cl6 

configuration (Error! Not a valid bookmark self-reference.). We also investigated, with M06-

2X density functional and the 6−31G (d, p) basis set, Cl2
− (and Cl2) detachment reactions via 

para-Cl migration, and concluded that it is an unlikely mechanism, see appendix A.4. 

Table 3) and Cl2 electron affinity (We have calculated at the CBS-QB3 (and G4MP2) level of 

theory the thermodynamic thresholds of Cl2
−, by taking the bond dissociation energies of 

C6Cl5 − Cl, C6Cl4 − Cl, Cl–Cl and Cl2 electron affinity, with energies of 1.97, 2.39 and 3.66 eV for 

o-, m- and 𝑝 − C6Cl6, respectively (Error! Not a valid bookmark self-reference.). The reaction 

threshold has been obtained at (5.88 ± 0.30) eV from the K+ energy loss experimental data of 

Kumar et al [127]. If we subtract the potassium ionization energy (4.34 eV), the threshold is 

now expected at (1.54 ± 0.30) eV. Thus, we assign Cl2
− formation to exclusive cleavage of two 

close-lying C–Cl bonds from C6Cl6 upon electron transfer and the experimental value is in 
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good accord with the quantum chemical calculations for the o − C6Cl6 configuration (Error! 

Not a valid bookmark self-reference.). We also investigated, with M06-2X density functional 

and the 6−31G (d, p) basis set, Cl2
− (and Cl2) detachment reactions via para-Cl migration, and 

concluded that it is an unlikely mechanism, see appendix A.4. 

Table 3). Thus, the proximity of two chlorine atoms in the ring as is the o-C6H4Cl2 case, indi-

cates that Cl2
− formation requires the lowest energy within the three dichlorobenzene isomers, 

~ 2.1 eV, while in m-C6H4Cl2 and p-C6H4Cl2, the calculated reactions have energies in excess of 

2.8 eV, yet Cl2
− formation from these molecules was not observed in the experiment. As it hap-

pens in o−C6Cl6, the geometrical proximity of Cl atoms is pivotal to guarantee formation of 

such anion, although Cl motion from other positions within the ring are very unlikely, see 

appendix A.4. 

 

Table 4 Calculated Cl2
− appearance energies (AE) and bond dissociation energies (D) for di-

chlorobenzenes at different levels of theory. Values in (eV). 

 CBS−QB3 (eV) G4MP2 (eV) 

AE (Cl2
−), o−C6H4Cl2 2.08 2.07 

AE (Cl2
−), m−C6H4Cl2 2.78 2.79 

AE (Cl2
−), p−C6H4Cl2 3.29 3.29 

D(o−C6H4Cl − Cl) 4.41 4.23 
D(m−C6H4Cl − Cl) 4.38 4.22 
D(p−C6H4Cl − Cl) 4.41 4.25 
D(o−C6H4 − Cl) 2.74 2.71 
D(m−C6H4 − Cl) 3.46 3.44 
D(p−C6H4 − Cl) 3.95 3.91 

 

Comparing now the negative ion formation from C6Cl6 and C6H4Cl2 molecules, the remarkable 

ortho position sensitization in the presence of an electron donor, triggers a specific electron 

transfer process with the same consecutive C–Cl bond excision leading to formation of a neu-

tral radical and the corresponding molecular fragment anion. The calculated energy thresh-

olds indicate no appreciable difference in the exclusive reaction yielding Cl2
− from o−C6Cl6 and 

o-C6H4Cl2, where in the case of the former molecule is evident by the experimental value ob-

tained. The preferred selectivity of the bond excision position in these molecules is not partic-

ularly enhanced because the electron transfer reaction proceeds in the presence of barriers 

(transition states), leading therefore to comparably low abundance of the fragment chlorine 

molecular anion formed, see appendix A.4. Notwithstanding, the process investigated here 

can be of relevance on key selected molecular compounds playing a specific role in catalysis, 

enzymatic reactions, or more generally in chemical reactions where a transition state is prev-

alent in bond breaking and bond making [214]. 
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5.6 Summary 

We have presented a novel comprehensive study on TOF mass spectrometry negative ion for-

mation in neutral potassium atom collisions with neutral hexachlorobenzene molecules in the 

lab frame energy range from 10 up to 100 eV. The TOF mass spectra are dominated by the 

undissociated parent anion C6Cl6
−, and Cl− and together with C6Cl5

− these anions contribute to 

more than 80% of the ions recorded, where other fragments assigned to C6Cl4
−, C3Cl2

−, C2Cl− 

and Cl2
−, amounting to less than 20% of the total anion yield. Theoretical calculations on the 

vertical excitation energies were performed at different levels of theory to help us in assigning 

the electronic transitions.   

Potassium cation post-collision energy loss data has been obtained in the forward di-

rection (θ ≅ 0°) at 162.2 eV in the centre-of-mass frame (205 eV lab frame), with a dominant 

feature assigned to an electronic transition with a vertical electron affinity of (–3.76 ± 0.20) eV. 

This has been assigned to a purely repulsive transition from C6Cl6 ground state to a σC−Cl
∗  state 

of the temporary negative ion yielding Cl− formation. The energy loss data has revealed a 

weak feature at (3.1 ± 0.3) eV, yielding a positive electron affinity of (1.24 ± 0.3) eV, where its 

lower limit value (0.94 eV) was assigned to C6Cl6 adiabatic electron affinity and is in very good 

agreement with the values reported in the literature. Moreover, the C6Cl5
− and Cl2

− thresholds 

of formation have been obtained from the experimental energy loss data, the former allowing 

to estimate a bond dissociation energy D (C6Cl5 − Cl) = (3.26 ± 0.30) eV. We have also compre-

hensively investigated the reduction of hexachlorobenzene and dichlorobenzene isomers in 

electron transfer processes and obtained selective C–Cl bond excisions to both molecular com-

pounds in the gas-phase. This is achieved by the combined balance between bond dissociation 

energies and electron affinity of the chlorine molecule. The reactions are all endothermic and, 

corresponding to the different isomers, the presence of a barrier results in an energy balance 

that favours the ortho configuration. Although the efficiency in producing Cl2
− is not particu-

larly significant from the TOF negative ions branching ratios relative to other fragment anions, 

this is due to a relevant energy redistribution within the TNI upon electron capture that in-

volves the different internal degrees of freedom through relevant vibronic coupling. The pre-

sent findings may have implications in the role of a transition state in chemical reactions which 

are prevalent in different environments not only in the gas but in bulk systems. The sensitiza-

tion of ortho positions in C6Cl6 and C6H4Cl2 can be achieved upon molecular reduction, which 

in the present case is obtained through a potassium atom, making these geometrical effects in 

polyatomic molecules important in single electron transfer reactions. We can anticipate that 

within the scope of redox reactions, the effect of an electron donor (oxidized species) and an 
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electron acceptor (reduced species), may offer in solution a particular selectivity as to the role 

of reactants and products. 
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6.  

 

BOUND ELECTRON ENHANCED RADIOSENSI-

TISATION OF NIMORAZOLE UPON CHARGE 

TRANSFER 

This chapter describes nimorazole (NIMO) radiosensitizer reduction upon electron transfer in 

collisions with neutral potassium (K) atoms in the lab frame energy range of 10 − 400 eV. The 

negative ions formed in this energy range were time−of−flight mass analysed, and branching 

ratios obtained. Assignment of different anions shows that more than 80% is due to formation 

of the non−dissociated parent anion NIMO•−  at 226 u and nitrogen dioxide anion NO2
− at 46 u. 

The rich fragmentation pattern reveals significant collision induced decomposition of the 

4−nitroimidazole ring as well as other complex internal reactions within the temporary nega-

tive ion formed after electron transfer to neutral NIMO. Other fragment anions are only re-

sponsible for less than 20% of the total ion yield. Additional information on the electronic state 

spectroscopy of nimorazole has been obtained by recording a K+ energy loss spectrum in the 

forward scattering direction (θ ≈ 0°) allowing to determine the most accessible electronic states 

within the temporary negative ion. Quantum chemical calculations on the electronic structure 

of NIMO in the presence of a potassium atom have been performed to help assigning the most 

significant lowest unoccupied molecular orbitals participating in the collision process. Elec-

tron transfer is shown to be a relevant process for nimorazole radiosensitisation through effi-

cient and prevalent non-dissociated parent anion formation. This chapter has been submitted 

for peer review publication. 

6.1 Introduction 

In the atmosphere, reactions with •OH radicals have been identified as a yet the relative 

can be eliminated by ozone coupled with hydrogen peroxide processes and Nimorazole 

(NIMO ≡ C9H14N4O3), is a chemical compound that has been widely used as an efficient 
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hypoxic (deficient in oxygen) cell radiosensitizer in head and neck squamous carcinoma due 

to its low toxicity [41]. In its composition, NIMO contains a 4−nitroimidazole and a morpho-

line rings bonded by their nitrogen atoms (N1) through a −H2C − CH2 − side group (Figure 

33). 

 

Figure 33 Chemical structure of nimorazole (NIMO),C9H14N4O3. 

NIMO’s ability to scavenge low-energy electrons has been recently shown to be very efficient 

in producing a non−dissociated parent anion with a considerable large cross−section of 

~3 × 10−18 m2 (at ~ 0 eV) [43], [215], while dissociative electron attachment to be a minor re-

action channel which is suppressed upon hydration [215]. Although the detailed mechanisms 

by which radiosensitisation operates are still unknown, it is believed that radiosensitisers are 

chemical compounds subject to redox reactions inside the hypoxic cells [44], and in case of 

nitroimidazoles, the ring facilitates reduction through reactive anion radicals’ formation [45]–

[47]. Nitroimidazole radiosensitisers have been thoroughly investigated by experimental 

methods on low-energy electron interactions [48]–[52] and together with nimorazole probed 

by electrospray ionization mass spectrometry [53]–[55]. While associative electron attachment 

may contribute to NIMO’s radiosensitising effect, within the biological environment, electron 

transfer processes (redox reactions) may prevail and so these may seem more appropriate to 

describe the underlying molecular mechanisms of such chemical compounds and their role as 

radiosensitisers. Thus, we have initiated more than a decade ago an investigation methodol-

ogy to explore key selected radiosensitisers by charge transfer in atom-molecule collision ex-

periments, viz. halogenated uracil [56] and more recently nitroimidazoles [57], [58]. In the for-

mer case, the decomposition yields significant ring breaking with appreciable NCO− intensities 

(in 5-FU) and halogen anion formation (in 6-ClU), thus compromising the integrity of viral 

RNA where the neutral molecules bind. For the latter, the collision induced dissociation results 

in formation of several radicals, with particular attention to NO• and OH•. These radicals act as 

an indirect DNA damage agent triggered by ionising radiation, while nitric oxide has been 

noted for sensitizing hypoxic solid tumours in radiotherapy and chemotherapy treatments 

[59]. Another relevant aspect pertains to the role of site and bond-selectivity in electron trans-

fer processes to DNA/RNA nucleotides yielding bond cleavage [11], [16], which have been 

shown to be pivotal in controlling chemical reactions. As recently shown [57], [58], such 
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control of a given bond breaking may have relevance to tailor chemical control for different 

applications such as tumour radiation therapy through nitroimidazole-based radiosensitisa-

tion. 

6.2 Materials and Methods 

 The crossed molecular beam setup 

The crossed molecular beam setup used to investigate collisions of neutral potassium 

(K) atoms with neutral nimorazole (NIMO) molecules, has been described in detail elsewhere 

[57], [188]. Briefly, an effusive molecular beam target crosses a primary beam of fast neutral K 

atoms, and the product anions are analysed using a reflectron (KORE R-500-6) time-of-flight 

(r−TOF) mass spectrometer. The K beam is produced in a resonant charge exchange chamber 

from the interaction of K+ ions from a commercial potassium ion source (HeatWave, USA), in 

the range of 10 up to 400 eV in the lab frame, with gas-phase neutral potassium atoms from an 

oven source. The TOF anion yield is normalized considering the primary beam current, pres-

sure, and acquisition time. Negative ions formed in the collision region were extracted by a 

~380 V/cm pulsed electrostatic field. The typical base pressure in the collision chamber was 

6 ×  10−5 Pa and the working pressure was 2 ×  10−4 Pa. Mass spectra (resolution m/Δm ≈ 

800) were obtained by subtracting background measurements (without the sample) from the 

sample measurements. Mass calibration was performed based on the well-known anionic spe-

cies formed after potassium collisions with nitromethane [188] and tetrachloromethane [189]. 

Post−collision potassium cation (K+) energy loss spectra in the forward scattering direc-

tion (θ ≈ 0°) with the beam’s optical path have been recorded in a hemispherical energy loss 

analyser. These experiments were not performed in coincidence with TOF mass spectrometry. 

The analyser was operated in constant transmission mode, hence keeping the resolution con-

stant throughout the entire scans. The energy resolution during the experiments was (1.2 ± 

0.2) eV, and the energy loss scale was calibrated using the K+ beam profile from the potassium 

ion source serving as the elastic peak. 

The molecular sample of NIMO was supplied by Toronto Research Chemicals with a 

stated purity of ≥ 97%. The solid sample was used as delivered and gently heated up to 343 K 

using a temperature PID (proportional-integral-derivate controller) unit. Special procedure 

was taken to test for any thermal decomposition products within the NIMO beam. Thus, mass 

spectra were recorded at different temperatures and no differences in the relative peak inten-

sities as a function of temperature were observed.  
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 Theoretical Methods 

The electronic structure investigations of the molecular orbitals (MOs) formed in colli-

sions between potassium (K) atoms and NIMO have been performed to provide insight into 

the electron transfer process up to 10 eV. Focus on the analysis of the computed lowest unoc-

cupied molecular orbitals (LUMOs) was considered to assess the nature of the different elec-

tronic states that result in the detected negative ions of the current experiments.  

The geometries of both NIMO in its ground state, and NIMO + K were initially fully 

optimized at the M06-2X/6-311++g (d, p) level of theory [216]. We start the calculations by 

positioning the potassium atom at 5 Å from morpholine and 4-nitromidazole moieties. The 

resulting optimized system upon the collision of the K atoms with NIMO resulted in the struc-

ture shown in Figure 37.  

All quantum chemical computations have been performed with the Gaussian 16 pro-

gram package [217]. The calculation has been carried out in Cartesian coordinates, with no 

symmetries. All electrons have been considered for carbon, oxygen, nitrogen, hydrogen, and 

potassium atoms with the 6-311++g (d, p) basis set [218], [219]. The natural molecular orbitals 

for K−NIMO have been calculated by Time-Dependent Density Functional Theory (TD-

DFT/M06-2X) methods [220]. 

6.3 Results 

Negative ion yields of NIMO have been obtained as a function of the collision energy from 10 

− 400 eV in the lab frame (7.7 − 310 eV in the centre−of−mass frame), with their proposed 

assignments in Table 5. Note that the observed relative isotopic yields are in accordance with 

the expected natural abundances for the cyanide anion (CN−) at 26 u (100%) and 27 u (1.44%), 

the nitrogen dioxide anion (NO2
−) at 46 u (100%), 47 u (0.44%) and 48 (0.4%), and the non-

dissociated parent anion NIMO•− at 226 u (100%), 227 u (11.5%), 228 u (1.2%) and 229 u (~0.1%). 

In Table 5 we also list the anions formed in (dissociative) electron attachment experiments [43], 

[215], noting that in the present investigation the fragmentation pattern is much richer. Such 

is certainly not unexpected given the different collision dynamics in electron transfer to a free 

electron process. The two most intense signals are assigned to the non-dissociated parent an-

ion NIMO•− at 226 u and the nitrogen dioxide anion NO2
− at 46 u (see Figure 34), amounting, on 

average more than 90% of the total anion yield. The rich fragmentation pattern, which is more 

enhanced at higher collision energies (above 40 eV in Figure 34), reveals significant collision 

induced decomposition of the 4−nitroimidazole ring as well as other complex internal reac-

tions within the temporary negative ion formed after electron transfer to neutral NIMO. Yet, 

these fragment anions are only responsible for less than ~10% of the total ion yield. The 



 81 

branching ratios (BRs) for the most intense anions from NIMO are shown in Figure 35, where 

a strong energy dependence is discernible. These have been obtained from the integrated time-

of-flight mass peak divided by the total anion yield at a given collision energy. This means 

that, although the non-dissociated parent anion yield in the TOF mass spectra is lower than 

NO2
− (Figure 34), its integrated signal comprises 226 u and its isotopes yield a branching ratio 

value that is dominant over all the other fragment anions across the entire collision energy 

range investigated. 

The vertical electron affinities and assignments of the most typical molecular orbitals are 

shown in Table 6. The energy loss needed to access an electronic state is given by: 

 ∆E = IE(K) − EA(Imax) (45) 

with IE(K) the ionization energy of the potassium atom (4.34 eV [221]) and EA(Imax) the target’s 

molecule electron affinity for that state [208]. Figure 36 shows a main feature with a maximum 

intensity (Imax) cantered at (7.21 ± 0.03) eV, yielding a vertical electron affinity of (−2.87 ± 0.03) 

eV, in good accord with the dissociative electron attachment resonance at ~ 2.97 eV [43] (see 

discussion further down). 

 

 

 
(a) 
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(b) 

 

(c) 

Figure 34 Time-of-flight negative ions mass spectra in neutral potassium collisions with neu-

tral nimorazole at: (a) 40 eV lab frame (30.7 eV centre−of−mass); (b) 100 eV lab frame (76.7 eV 

centre−of−mass); (c) 300 eV lab frame (230.2 eV centre−of−mass). See text for details and Table 

1 for assignments. 

 

Table 5 Proposed assignment of negative ions formed in electron transfer in potassium colli-

sions with nimorazole (NIMO) compared with electron attachment experiments[42], [43] 

Mass (u) 
Mass (u) 
[42], [43] 

Assignment 
Major source of fragmenta-

tion 

26, 27 26 CN−, 13CN− 4−nitromidazole ring 
30 − NO− 4−nitromidazole ring 
38 − C2N−/C3H2

−  
39 − C2HN−/C3H3

−  
40 − C2H2N−  
41 − C2H3N−/CHN2

−  
42 42 CNO− 4−nitromidazole ring 
43 − CHNO−  

46, 47, 48 46, 48 NO2
−, 15NO2

−, 14N18OO− 4−nitromidazole ring 

52 − C3H2N−  
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56 − C2H2NO− / C3H6N− 

4−nitromidazole ring 

64 − C3N2
− 

65 65 C3HN2
−

 

66 − C3H2N2
− 

67 67 C3H3N2
− 

68 − C3H4N2
− 

69 − C3H5N2
− 

79 − C4H3N2
−  

80 − C4H2NO−  
81 − C3HN2O− / C4H3NO−  

morpholine ring 

 

82 82 C3H2N2O− / C4H4NO− 
83 83 C3H3N2O− / C4H5NO− 
84 − C3H4N2O− / C4H6NO− 

86 − C4H8NO− 
93 − C4HN2O−  
94 − C3N3O−  
95 − C4H3N2O−  
96 − C3H2N3O−  
97 97 C3H3N3O−  

108 − C4H2N3O−  
109 − C4HN2O2

−  
111 − C4H3N2O2

−  
112 112 C3H2N3O2

−  
113 − C4H5N2O2

−  
114 − C3H4N3O2

−  
126 − C4H4N3O2

−  
134 − C5N3O−  
138 − C5H4N3O2

−  
139 − C4H3N4O2

−  
− 178 (NIMO − NO2 − 2H)−  

196 196 (NIMO − NO)−  
− 208 (NIMO − H2O)−  
− 209 (NIMO − OH)−  

210 210 (NIMO − O)−  
225 225 (NIMO − H)−  

226, 227, 228, 
229 

226 NIMO•− and its isotopes 
 

 

The electronic structure of NIMO in presence of a potassium atom has also been inves-

tigated by theoretical methods (see 6.2.2), where the shape and energy of the different molec-

ular orbitals (MOs) have been obtained up to 10 eV (see appendix B). The information gained 

from the lowest unoccupied molecular orbitals (LUMOs) has been critical to assign the differ-

ent electronic states attained in the electron transfer process. The geometry of nimorazole was 

optimized at the M06-2X/6-311++g (d, p) level of theory. Upon collision with the potassium 

atom, the system K + NIMO was also optimized at the M06-2X/6-311++g (d, p) level of theory. 
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The optimized geometry led to a distance of ≈ 5.1 Å between K and O atoms from the 4-ni-

troimidazole ring (see Figure 37). 

 

Figure 35 NIMO branching ratios (fragment anion yield/total anion yield) of the main anions 

formed as a function of the collision energy in the centre−of−mass frame. Error bars are related 

to the experimental uncertainty associated with the ion yields. The lines were just to guide the 

eye. 

Table 6 Assignment of different features from the Gaussian fitting to K+ energy loss spectrum 

from potassium collisions with NIMO at 205 eV lab frame energy (157 eV in the cen-

tre−of−mass frame). VEA (Vertical Electron Affinity), VE (Vertical Energy)2. 

K+ energy loss 
feature (eV) 

VEA (eV) 
Calculated VE of 

MO (eV) 
Assignment 

DEA 
resonances[42], [43]  

4.74 ± 0.07 − 0.40 ± 0.07 4.81 LUMO+50 0.41 
6.11 ± 0.04 − 1.77 ± 0.04 5.69 LUMO+60 1.49, 1.93 
7.21 ± 0.03 − 2.87 ± 0.03 7.01 LUMO+70 2.97 
8.17 ± 0.06 − 3.83 ± 0.06 8.28 LUMO+80 3.53, 3.6 
9.55 ± 0.11 − 5.21 ± 0.11 9.17 LUMO+90 − 

 

 

2 The uncertainties result from the Gaussian fitting procedure used. 
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Figure 36 Post−collision potassium cation (K+) energy loss spectrum at 157 eV in the centre-

of−mass frame (205 eV in the lab frame) in the forward scattering direction (θ ≈ 0°). The peaks’ 

uncertainty result from the Gaussian fitting procedure. See text for details. 

Note that in K + NIMO collisions the major fragment anion yield is assigned to NO2
− and so 

the calculations have been performed with the potassium atom pointing at the −NO2 end 

group from the 4−nitroimidazole ring as shown in Figure 37. 

 

Figure 37 Optimized molecular structure of nimorazole, and orientation of the K + NIMO col-

lisional system K−O ≈ 5.1 Å. K: yellow, O: red, C: grey, N: light blue, and H: white. See text for 

details. 
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6.4 Discussion 

In potassium (K) −molecule (M) collision experiments, yielding ion− pair formation, the col-

lision complex is formed by the oxidized and the reduced species, i.e., K+ and M−⋕ . While K+ 

is still in the vicinity of the metastable parent anion (M−⋕), a strong Coulomb interaction can 

delay autodetachment long enough allowing therefore a stabilization of the negative ion via 

intramolecular energy redistribution through the different available degrees of freedom re-

sulting either on a stable parent anion or on fragmentation channels (via direct or statistical 

dissociation). Relative to dissociative electron attachment, in electron transfer experiments one 

can attain identical anions’ formation, yet with different yields, as well as other exit channels 

yielding different anionic species. This has been reported several times in the past (see e.g. 

[15], [222]–[229] and references therein) and is solely due to the different collision dynamics 

dictating the underlying molecular mechanism responsible for negative ion formation [230]. 

Briefly, in atom−molecule collisions, in the vicinity of the crossing between the ionic and co-

valent potential energy curves governing the electron transfer process, electrons follow adia-

batically the nuclear motion. The endoergicity (ΔE) of the process yielding ion− pair formation 

is given by the difference between the ionization energy of the electron donor and the electron 

affinity of the target molecule [231], [232] (see Eq. (45)). Since the collision energy is typically 

set above the threshold of ion-pair formation, the metastable parent anion is formed with an 

excess of internal energy. 

 

Anion yields from time-of-flight (TOF) mass spectra as a function of the K + NIMO collision 

energy have been obtained from 10 to 400 eV in the lab frame (7.7 − 310 eV in the cen-

tre−of−mass frame), where a rich fragmentation pattern is observed (assignments in Table 5) 

mainly at higher energies (see Figure 34). The major ion signal is due to the non−dissociated 

molecular anion NIMO•− followed by NO2
− formation. Based on the present experimental re-

sults and theoretical calculations, we now discuss in detail the electronic state spectroscopy of 

the most representative anions formed in collisions of neutral potassium atoms with neutral 

nimorazole molecules, viz. NIMO•−, NO2
−, 4−nitroimidazole and morpholine rings fragmenta-

tion, CN−, CNO− and (NIMO − NO)− 

 Parent Anion 

The TOF mass spectra recorded in a wide collision energy range shows that the non−dissoci-

ated parent anion contributes to more than 60% of the total ion yield for ECM < 10 eV, while 

above 100 eV, its branching ratio is ~80 % (see Figure 35). This is a strong indication that NIMO 
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is extremely efficient in scavenging an electron being transferred from the potassium donor. 

The reaction that yields the parent anion is given by: 

 K +  NIMO → (K+NIMO•−⋕) → K+ + (NIMO•−)⋕ →  K+ + NIMO•− (46) 

with (NIMO•−)⋕ the temporary negative ion (TNI) formed with an excess of internal energy. 

Formation of the non−dissociated parent anion may strongly compete with either autodetach-

ment or molecular dissociation, the latter clearly visible from the fragmentation pattern ob-

tained from 10 to 50 eV (Figure 35). However, owing to the different internal degrees of free-

dom, efficient intramolecular energy redistribution may occur living the parent anion intact 

within the 80 μs time detection of the present experiment. 

The calculated highest occupied molecular orbitals in the presence of a potassium 

atom, show a delocalized spin density over the entire molecule (HOMO―1) with a prevalent 

character around the 4 −nitroimidazole and morpholine rings (HOMO) (Figure 38). This is 

also the case in the bare NIMO molecule (Fig. B3). As far as the lowest unoccupied molecular 

orbitals are concerned (see Fig. B2 and Fig. B3), in the presence of a potassium atom, a signifi-

cant delocalization over the molecule is observed which can be responsible for NIMO•− for-

mation (e.g., LUMO+50 in Figure 38). As the collision energy is increased, one would expect 

more energy deposited in the NIMO molecule, thus increasing its fragmentation yield and a 

decrease in the non-dissociated parent anion signal. However, NIMO•− becomes dominant for 

the entire collision energy range albeit the modest increase of fragment anion yields from 7.7 

up to ~50 eV in the center― of― mass (Figure 38). This tendency of the NIMO•−  yield pertains 

to the role of the electronic structure, where a more enhanced delocalized spin density over all 

molecule is discernible from the high energy LUMOs (appendix B). Above ~70 eV, the parent 

anion BR, as well as the other fragment anions, are insensitive to the collision energy, the for-

mer contributing to 80 % of the total anion yield. This means that the electron transfer process 

may occur when the potassium atom flies apart from the NIMO molecule leaving the TNI with 

an excess of internal energy that is not efficiently channelled into the fragmentation channels. 

In such energy range, the collision time is faster, < 23 fs, and the efficient Coulomb stabilization 

of the collision complex (K+NIMO•−⋕) no longer efficiently holds. 

Within the scope of electron transfer, we note a set of molecular systems where a non-

dissociated parent anion is formed in e.g., highly symmetric molecules such as hexachloroben-

zene C6Cl6[127] (six identical C − Cl bonds) and in cyclic chemical compounds like nitroimid-

azoles [57] (strong competition between the ring and the −NO2 end). Other molecular targets 

where strong evidence of effective bond breaking and rearrangement are operative further to 

the excess energy deposited within the TNI, are the cases of thymine C5H6N2O2 and uracil 

C4H4N2O2 [13], nitromethane CH3NO2 [17] and acetic acid CH3COOH [233], just to mention a 

few. 
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Interesting to note that electron attachment studies have revealed that NIMO•− is by far 

the dominant anion with a very narrow feature at ∼0 eV with an absolute cross-section value 

of ~3 × 10−18 m2[215]. The shape of the molecular orbitals in Fig. B3 (LUMO to LUMO+7) 

clearly show the predominant character over the entire molecule to attach an extra electron. 

Although nimorazole is of low symmetry, its 84 different vibrational degrees of freedom have 

been suggested to provide the effective means of dissipating the excess energy leading to a 

stable NIMO•− anion within the detection time window of few hundred microseconds [215]. 

The post-collision potassium cation (K+) energy loss spectrum at 157 eV in the center-of-mass 

frame (205 eV in the lab frame) in the forward scattering direction (θ ≈ 0°) is shown in Figure 

36. The lowest energy−loss feature peaks at (4.74 ± 0.07) eV and results on an electron affinity 

of (-0.40 ± 0.07) eV (Table 6). Taking the C−NO2 bond dissociation energy in 4−nitroimidazole 

to be 3.19 eV [234], the NO2 electron affinity of (2.2730 ± 0.0050) eV [235], and a calculated 

adiabatic electron affinity of 1.31 eV at the M062x/6-311+G(d,p) level of theory [45], the as-

ymptotic limit of (NIMO − NO2) + NO2
− is now obtained at 2.227 eV, i.e., 0.917 eV above the 

ground state of the neutral molecule. This means that the 4.74 eV feature does not lead to bond 

excision but rather NIMO•− formation. 

 𝐍𝐎𝟐
− formation 

The nitrogen dioxide anion BR is the second most intense in K + NIMO collisions, contributing 

to more than 20% of the total ion yield for ECM < 50 eV, while above 80 eV, its value accounts 

on average for 15 % (see Figure 35). Electron promotion to NIMO via the 4−nitroimidazole 

ring may yield the nitrogen dioxide anion given the high electron affinity of NO2. In the uni-

molecular decomposition of the TNI, the reaction involves cleavage of the C−NO2 bond from 

the nitroimidazole ring, with the extra charge on the NO2 radical, and can be given by: 

 
K +  NIMO → (K+NIMO•−⋕) → K+ + (NIMO•−)⋕

→  K+ + NO2
−  +  (NIMO − NO2) 

(47) 

As far as the lowest unoccupied molecular orbitals are concerned, a significant delocalization 

over the molecule together with considerable σ∗(N − C) antibonding character between the 

4−nitroimidazole ring and the −H2C − CH2 − side group (LUMO+50), are responsible for 

NIMO− and NO2
− formation, respectively. From the BRs in Figure 35, we note that the relative 

intensity of NO2
− has a maximum at ~30 eV, decreases from 30 up to 70 eV and its yield remains 

somehow constant (~15%) with increasing collision energy. 

We have obtained the asymptotic limit of (NIMO−NO2) + NO2
− at ~0.92 eV above the 

ground state of the neutral NIMO molecule and determined that the first energy loss feature 

at 4.74 eV (Figure 36), is mainly due to the non-dissociated parent anion formation (see 6.4.1). 
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K + NIMO NIMO 

HOMO−1 
HOMO−1 

HOMO HOMO 

LUMO+50     LUMO+50 

 

Figure 38 Calculated highest occupied molecular orbitals (HOMO−1 and HOMO) and lowest 

unoccupied molecular orbital (LUMO+50) for K + NIMO and NIMO (K: purple, C: grey, N: 

blue, O: red, and H: white). The straight lines between the K atom and the −NO2 end in the 

4−nitroimidazole ring are just to indicate the spatial mutual position. For a complete set of 

MOs see Fig. B2 and Fig. B3. 

However, the DEA data of Meißner et al. [43] shows a weak NO2
− feature at 0.41 eV which 

was assigned to the excitation of the symmetric stretching vibration mode of NO2 with an en-

ergy of 0.163 eV (1318 cm−1) in the neutral ground and 0.159 eV (1284 cm−1) in the negative 

ion states [235]. Thus, a possible operative mechanism can be related to the role of vibrationally 

excited neutral molecules, even with modest population at 374 K heating temperature of 
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NIMO. Notwithstanding, a more plausible explanation can reside on the nature of the multi-

dimensional potential energy surfaces of NIMO in respect to the reaction coordinate leading 

to C − NO2 bond excision. Meißner et al. [215] have reported a weak NO2
− signal at electron 

energies close to 0 eV and is due to an exothermic reaction with ΔG = −0.26 eV corresponding 

to the release of C3H3N2 +  C6H11NO. 

The energy loss feature at (6.11 ± 0.04) eV (Figure 36) is closely related to accessing an 

electronic state at 1.77 eV. The calculated MOs (LUMO+60 in Fig. B2) show a σCN
∗  antibonding 

character in the 4-nitroimidazole ring with the extra electron sitting on NO2, although we 

should not discard the possibility of other fragment anions stemming from the nitroimidazole 

ring being formed, viz. CN−. Yet, and according to the DEA data [43], other close lying reso-

nance at 1.93 eV can be responsible for the cyano radical anion formation which is clearly vis-

ible from the LUMO+15 in Fig. B3. The next energy loss feature peaking at (7.21 ± 0.03) eV 

yields a vertical electron affinity of (−2.87 ± 0.03) eV which can be assigned to the DEA reso-

nance at 2.97 eV resulting in NO2
− formation [43]. The calculated MOs show that LUMO+70 

(Fig. B2) at 7.01 eV depicts a strong σCN
∗  antibonding character in the 4-nitroimidazole ring. A 

close inspection of Figure 36 reveals that this energy loss feature has a threshold at ~ 5 eV 

which is in excellent accord, within the energy resolution of the K+ energy loss data, with the 

obtained value of 0.92 eV if we now add the potassium ionization energy of 4.34 eV. 

 Other fragment anions 

Figure 35 shows that fragment anions stemming from the 4−nitroimidazole ring, the 

morpholine ring and other anions (CN− and CNO−  ) in K + NIMO collisions, contribute to less 

than 15% of the total ion yield for ECM ~ 50 eV, while above this energy they account only for 

just ~10 %. Such ion yields decrease at higher energies, which is related to fast collisions where 

the strong Coulomb stabilization within the collision complex is no longer efficient enough to 

allow opening the different accessible dissociation channels. 

At 10 eV centre−of−mass frame (Figure 35), CN− and CNO− contribute to ~20% of the 

total anion yield. The neutral species are known to be pseudo halogens considering their elec-

tron affinities, EA(CN) = 3.86 eV and EA(CNO) = 3.61 eV [221], exceeding those of the halogen 

atoms. Interesting to note that such high electron affinities do not mean higher yields of the 

fragment anions, which has also been reported in electron transfer experiments to nitroimid-

azoles [236], [237], pyrimidine [227], adenine [11], [238], thymine and uracil [13], [14]. CN−  and 

CNO−  are mostly formed from the decomposition of the 4−nitroimidazole ring upon electron 

transfer to NIMO. Such is in assertion of the similarity found in the resonance shapes and 

positions of these anions together with NO2 in DEA experiments[43] The reactions yielding 

such anions’ formation involve several bonds being broken, the former from the loss of an O 
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atom from NO2 and excision of two C − N bonds within the (4−nitro) imidazole ring, whereas 

the latter through the loss of an N atom from the NO2 or by multiple bond breaking directly 

from the imidazole ring. A close inspection of the molecular orbitals in Fig. B2 (see appendix 

B), show a modest antibonding character within the 4−nitroimidazole ring involving the C −

N bonds which may related to the lowest ionic yields obtained in the different TOF mass spec-

tra as a function of the collision energy (see e.g., from LUMO+50 to LUMO +100). 

The loss of a neutral NO• (196 u) belongs to the set of trace anions with a branching ratio 

< 5%, and can be formed through the following reaction: 

 
K +  NIMO → (K+NIMO•−⋕) → K+ + (NIMO•−)⋕

→  K+ + (NIMO − NO)− +  NO• 
(48) 

The formation of (NIMO − NO)− ion requires the cleavage of C − N and N − O bonds if 

proceeding from the 4-nitroimidazole ring or even through other more complex reactions in-

volving the morpholine ring. Nonetheless, the similarity between the DEA resonance profiles 

and energy positions from NO2
− and (NIMO − NO)− [43], suggest that these anions have com-

mon precursor anion states and so the reaction leading to the loss of a neutral NO• stems from 

the 4-nitroimidazole ring. Within the cellular environment, such reaction is particularly rele-

vant as to the reactive nature of NO• [239]–[242], though producing relevant damage of key 

biological units including DNA. Yet if charge transfer is a prevalent mechanism upon irradia-

tion of biological material rather than single electron attachment, such radical formation from 

NIMO may certainly not play a relevant role.  

The energy feature in Figure 36 at (8.17 ± 0.06) eV yields a vertical electron affinity of 

(−3.83 ± 0.06) eV. DEA experiments to NIMO have assigned the main resonance features at 

3.53 and 3.6 eV to CN− and CNO− formation [43]. Given the resonance profiles resemblance 

between CN− (26 u) and CNO− (42 u) with fragment anions C3HN2
− (65 u) and C3H3N2

− (67 u), 

Meißner et al. [43] have concluded that these stem from the imidazole ring. These fragment 

anions in Table 5 have also been assigned to result from bond breaking within the 4−nitroim-

idazole ring in particular from the C − N𝑂2 site in the corresponding unimolecular decompo-

sition of the TNI upon electron transfer. Following Meißner et al.’s assignment [43], CN− can 

proceed from a dissociative mechanism where the electron transferred to NIMO molecule sits 

on a πCN
∗  antibonding orbital with efficient energy transfer from CN to the C − CN reaction 

coordinate. Such is in assertion with the LUMO+80 character in Fig. B2. A close inspection of 

such MO reveals, apart from the π∗ character in the 4-nitroimidazole ring, a relevant σ∗anti-

bonding character along the C − CN bond. This intramolecular mechanism within the TNI can 

solely be explained in terms of vibrational predissociation, which can hold as long as the nu-

clear wave packet survives long enough for the πCN
∗  system diabatically cross with the σ∗ 
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antibonding state. The morpholine ring fragmentation has been assigned in Table 5 to frag-

ment anions from 81 u to 86 u.  

The K+ energy loss features at (9.55 ± 0.11) eV (Figure 36) with a vertical electron affinity 

of (−5.21 ± 0.11) eV is tentatively assigned to a Rydberg excitation. The MOs calculation in 

Figure S2 shows the LUMO+90 with a delocalized spin density resembling a ns Rydberg shape 

normal to the 4−nitroimidazole ring plane. This feature can be due to an electronic excitation 

of the series 𝑛𝑜  →  𝑛𝑠 converging to NIMO ionization energy at 8.15 eV [43]. We tentatively 

assign it to (n + 1) s or (n + 2) s due to the large number of states which occur in this high 

energy region. 

 

6.5 Summary 

The current comprehensive study on collisions of neutral potassium atoms with neutral NIMO 

molecules, constitutes the most detailed and unique assignments on electron transfer experi-

ments. Here we combine experimental TOF mass spectrometry and energy loss spectroscopy, 

together with state-of-the art theoretical calculations at different levels of accuracy. The infor-

mation obtained has allowed to investigate the formation of the most representative anions in 

a wide collision energy range from 10 up to 400 eV in the laboratory frame. Special attention 

has been paid to the non-dissociated parent anion, NIMO•−, NO2
− and other fragment anions 

stemming from the 4-nitroimidazole and morpholine rings. Although we observe a rich frag-

mentation pattern related to both rings multiple bond breaking, their yields are not significant 

when compared to NIMO•−at 226 u and NO2
− at 46 u. The role of K+ in the collision complex 

(K+NIMO•−⋕) seems to be a relevant stabilizing effect at low-energies (ECM < 70 eV) opening up 

different fragmentation channels, despite their lowest BRs, whereas at higher energies the col-

lision dynamics is mostly dictated by the efficient energy redistribution within the different 

degrees of freedom of NIMO temporary negative ion, resulting mostly in a stable non-disso-

ciated parent anion and a minor fragmentation yield (~15%). 

Potassium cation energy loss spectrum in the forward scattering direction (θ ≈ 0°) at 157 

eV in the centre-of-mass frame (205 eV in the lab frame), shows a dominant feature with a 

vertical electron affinity of (7.21 ± 0.03) eV, and assigned to a transition from NIMO neutral 

ground state to a repulsive σCN
∗  antibonding state of the TNI resulting in NO2

− formation. This 

energy loss feature shows a threshold at ~ 5 eV which is in excellent agreement with the ob-

tained value of 5.26 eV.  

We also note some differences in the rich fragmentation pattern and the anion yields 

obtained from the present experiments, and those from electron attachment studies. Yet, 
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NIMO is extremely efficient in capturing an extra electron either from a bound atomic com-

pound via an electron transfer process or from a simple associate electron attachment mecha-

nism. The present results also give relevant information as to the underlying molecular mech-

anisms governing the electron transfer process, showing the strong ability of this molecule to 

scavenge an electron supporting therefore the premise that NIMO is selectively cytotoxic to 

tumour cells via its reduction as a requirement for accumulation in the cell [243]. Thus, radical 

formation upon electron capture has been identified to be a pivotal mechanism for radiosen-

sitisation of hypoxic cells by using nitroimidazoles’ compounds as is the case of NIMO. The 

radiosensitisation effect is only operative if these chemical compounds are incorporated in 

cells prior to irradiation of the biological material [244]. Upon redox reactions in cells, for-

mation of a non-dissociated parent anion (radical anion) is not responsible for cytotoxicity to 

DNA. The mechanism that seems to be operative in hypoxic cells, requires a proton transfer 

to the reduced chemical compound yielding a neutral radical species that will bind to DNA 

resulting in strand breaks [245]. Also, interesting to note is the relevance of OH° radicals from 

water radiolysis which attack DNA at specific sites where nitroimidazoles’ agents bind to 

DNA, making these chemical compounds well-attuned to mimicking oxygen in hypoxic tu-

mours. Finally, we believe that the present investigation is relevant to understand how NIMO 

accumulating in tumour cells can be used for further formulation of new radiopharmaceutical 

compounds. 
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7.  

 

ELECTRON TRANSFER PROCESSES IN BIO-

LOGICALLY RELEVANT 𝐇𝟐𝐎 AND 𝐃𝟐𝐎 

In this chapter an attempt to electron transfer processes in H2O and D2O will be given with the 

aid of experimental results from the crossed molecular beam setup. TOF−MS of the different 

anions formed have been recorded and the post collision energy loss of the projectile have 

been obtained in the forward scattering direction. A manuscript about these results is under 

preparation to be submitted soon to an international peer review journal. 

7.1 Introduction 

H2O is a triatomic and key biological molecule and yet it still gets the attention of the interna-

tional scientific community. A literature survey reveals that within the community there is still 

no general agreement as to the position of some of water's resonances related to its anionic 

fragments [246]. 

7.2 Results and discussion 

A comprehensive crossed beam experimental study on potassium collisions with H2O and D2O 

has been performed, where the dissociation dynamics in a wide energy range has been inves-

tigated. As a normal procedure successfully implemented with other molecules, alkali energy 

loss spectroscopy in post collision experiments in the forward direction gives valuable insight 

into the accessible electronic states upon formation of a transient negative ion. 

Negative ion formation in K + H2O collisions was investigated using the r−TOF−MS, where 

all previously reported anions (H−, O−, and OH−) were observed. Thresholds of formation for 

each fragment anion were obtained, with values higher than the thermodynamically 
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calculated energies. Such difference can be due to kinetic energy imparted to fragment anions 

upon the collision induced dissociation process. 

From the branching ratios obtained (Figure 39), we can infer that the OH− anion is the 

most dominant and has the lowest threshold of formation in such electron transfer experi-

ments. OH− anion accounts for almost 80% of the total fragment anion yield in the collision 

energy range probed, i.e., from ~9 up to 200 eV in the centre−of−mass frame.  

The alkali-energy loss K+ in the forward direction upon collision with H2O and D2O, 

allows to obtain the different vertical electron affinities attained. A comparative study of H2O 

and D2O energy loss data shows that up to 21 eV energy loss (Figures 42 and 43), both H2O and 

D2O have similar features as to their energy positions. However, D2O energy loss differs from 

H2O for an energy loss above 16 eV. The energy loss spectrum for D2O between 16 and 20 eV 

are enhanced in comparison to H2O and the former extends to higher energies that the latter. 

At the moment the solely explanation for that can be related to dipolar dissociation. However, 

the on-going theoretical calculations from our close collaborations may give further insight 

about the collision dynamics of the process at these energies.   

 Electron transfer processes in H2O  

Upon electron transfer in potassium K − H2O collisions, negative ion mass-spectrometry 

was performed, with H−, O−, and OH−  just the three fragment anions formed. 

7.2.1.1 𝐎𝐇−  formation 

OH−  formation dominates the TOF-MS in the whole collision energy range and accounts for 

approx. 80% of the total anion yield. The formation of such anion in potassium water collisions 

can proceed through the following reaction:  

 K +  H2O → (K+H2O−#) → K+ + H + OH− (49) 

where, the OH − H bond has to be cleaved.  In the unimolecular decomposition of the water 

temporary negative ion, the extra charge is delocalized to the OH end. The enthalpy of for-

mation from the above reaction pathway can be estimated thermodynamically: 

 ∆(HR
0) =  ∑ ∆Hf(Products) − ∑ ∆Hf(Reactants) (50) 

and if the enthalpy of formation of a negative ion is not available, then:  

 ∆Hf(Anion) = ∆Hf(Neutral) − VEA(Neutral) (51) 

Hence, the thermodynamic threshold of formation Eth (OH−) can be estimated as: 

 Eth(OH−) = D(OH − H) − VEA(OH) (52) 

Note that Equation (52) is considered to proceed with no excess of energy. Taking IE(K) = 4.34 

eV[8], the EA(OH) = 1.83 eV[247], and the bond dissociation energy D (H − OH) = 498 kJ/mol 

(5.16 eV), then Eth (OH−) = 7.67 eV. Here, the experimental observed threshold for OH− is 
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approx. 9.38 eV. The difference of 1.71 eV can be attributed considering the possibility of ki-

netic energy imparted to OH− during the collision. Although we have not yet accurately de-

termined such KERD, such assumption seems reasonable given the recent data on the hy-

droxyl anion produced from methanol in electron transfer experiments[248].  

 

7.2.1.2 𝐇− formation 

The H− anion can proceed through the following reaction to water upon electron transfer:  

 K +  H2O → (K+H2O−#) → K+ + OH + H− (53) 

The hydrogen anion BR in Figure 39 shows that is the lowest yield across the entire collision 

energy range investigated and on average it contributes to a constant value of approx. 10 % of 

the total anion yield. Such does seem reasonable given the lowest electron affinity of water 

fragments, EA(H) = 0.76 eV [235]. From the bond dissociation energy D (H − OH) = 498 kJ/mol 

(5.16 eV), the threshold of formation is obtained as Eth (H−) = 4.4 eV. 

 

Figure 39 Branching ratio for H−, O−, and OH− formation from threshold up to 200 eV in the 

centre-of-mass frame. 

Adding the potassium ionization energy, we reach a value of 8.74 eV. The experimental thresh-

old is obtained at 10.52 eV, 1.78 eV above the expected value. Given that H− is the lighter 

fragment anion stemming from water negative ion, the excess energy can certainly be accom-

modated as kinetic energy of the fragment anion. This result is in good agreement with 1.55 

eV kinetic energy released when accessing the 2A1 resonance[249]. 

                           

 

   

   

   

   

 

 
  

    

 
  

 
  

  
 
  

 
  
 

  

  

   



 97 

7.2.1.3 𝐎− formation 

A close look at the oxygen anion branching ratio indicates that as soon as it is formed the 

intensity of the H− anion is reduced, suggesting that the O−  formation channel dominates the 

formation of H−. In collision energies above 40 eV (in CM frame) the branching ratios are al-

most insensitive to the collision energy. The formation of O− in potassium water collisions can 

proceed through the following reactions: 

 K +  H2O → (K+H2O−#) → K+ + 2H + O− (54) 

 K +  H2O → (K+H2O−#) → K+ + H2 + O− (55) 

 

Figure 40 Branching ratio for H−, O−, and OH− formation from threshold up to 40 eV. 

 

Formation of the oxygen anion requires the excision of H − OH and O − H bonds and electron 

capture from the oxygen atom. If we take the bond dissociation energies, D (H − OH) = 498 

kJ/mol (5.16 eV) and D (O − H) = 428 kJ/mol (4.436 eV), and EA(O) = 1.44 eV[235] the expected 

threshold is Eth (O−) = 8.156 eV. Now adding the potassium ionization energy, we obtain a 

value of 12.50 eV. We note that the experimental threshold value is 12.08 eV. This value is in 

good agreement with 0.12 and 0.19 eV kinetic energy released when accessing the 2B1 and 2A1 

resonances, respectively[249].  

 Electron transfer processes in 𝐃𝟐𝐎  

In the case of electron transfer to D2O yielding negative ion formation, the process is identical 

as in the case of H2O. Although, the heavier mass of D relative to H, one would expect that in 

the unimolecular decomposition of the temporary negative ion formed in electron transfer ex-

periments, autodetachment may strongly compete with dissociation. We have noted that 
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under the same experimental conditions, the energy loss spectra of H2O relative to D2O, yielded 

a much higher signal in the accumulation time window used to record such data. If we com-

pare the branching ratios from H2O (Figure 40) and D2O (Figure 41), above threshold in the 

former O− is ~ 20% whereas in the latter amounts to ~ 30%. 

 

Figure 41 Branching ratio of D−, O− and OD−formation upon electron transfer in potassium 

collision from threshold up to 220 eV in the centre−of−mass frame. 

7.2.2.1 𝐎𝐃− formation 

In D2O negative ion formation, as expected OD− is the most dominant fragment anion 

given the electron affinity of OD relative to the other fragments. A close inspection of the 

branching ratio (Figure 41) indicates that O− formation in D2O has an increasing trend in higher 

energies which directly competes with OD− formation. This indicates an interplay of different 

electron-transfer mechanism for ion-pair formation in D2O than H2O. Another interesting fact 

is the difference in threshold of formation for D− from D2O, in comparison to H− from H2O. 

The formation of OD− in potassium D2O collisions can proceed through the following reaction: 

 K +  D2O → (K+D2O−#) → K+ + D + OD− (56) 

Taking the IE(K) = 4.34 eV[8], the EA(OD) = 1.83 eV[247], and the bond dissociation energy D 

(D − OD) = D (H − OH) = 498 kJ/mol (5.16 eV), then Eth (OD−) = 7.67 eV. Here, the experimental 

observed threshold for OH− is approx. 9.92 eV. The difference of 2.15 eV can be attributed con-

sidering the possibility of kinetic energy imparted to OD− during the collision. Yet, this will 

need to be proved through the KERD of the fragment anion in a L−TOF−MS. 
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7.2.2.2 𝐎− formation 

A detailed study of the branching ratio of D2O also indicate that O− formation in D2O has an 

increasing trend in higher energies which directly competes with OD− formation. The for-

mation of O− in potassium D2O collisions can proceed through the following two reaction: 

 K + D2O → (K+D2O−#) → K+ + 2D + O− (57) 

 K + D2O → (K+D2O−#) → K+ + D2  + O− (58) 

Now taking the bond dissociation energies, D (D − OD) = D (H − OH)= 498 kJ/mol (5.16 eV) 

and D (O − D) = D (O − H) = 428 kJ/mol (4.436 eV), and EA(O) = 1.44 eV[235] the expected 

threshold is Eth (O−) = 8.156 eV. Now adding the potassium ionization energy, we obtain a 

value of 12.50 eV. We note that the experimental threshold value is 12.08 eV. This value is in 

good agreement with 0.14 and 0.31 eV kinetic energy released when accessing the 2B1 and 2A1 

resonances, respectively[249]. 

7.2.2.3 𝐃− formation 

The D− branching ratio is above 50 eV, as in the case of H2O, just ~10% of the total anion yield 

(Figure 41). Currently the calculated and experimental theresholds show a considerable dif-

ference in energy which cannot solely be expoleined in terms of kinetic energy release. We do 

not have an explanation for that, yet at collision energies as those probed here, in particular 

above 30 eV, dipolar dissociation can be operative. 

7.3 Alkali energy loss data of 𝐇𝟐𝐎 and 𝐃𝟐𝐎 

 

Figure 42 K+ energy loss data upon collision with (a) H2O and (b) D2O in the forward scattering 

direction. 
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The next table is just a compilation of the most accessible electronic stest in electron transfer to 

H2O and D2O with the experimental electron affinities and their related dissociative electron 

attachment resonances from ref.[249].   

Table 7 Fitted energy loss features of H2O and D2O. 

𝐊+ energy loss 

feature (eV) 
VEA (eV) 

DEA 

resonances[249] 

9.1 ± 0.1 − 4.8 ± 0.1 4.6; 4.8 (H−, D−) 

11.3 ± 0.1 − 7.4 ± 0.1 7.0 (O−, OH−) 

13.9 ± 0.1 − 9.6 ± 0.1 9.0 (O−, H−) 

15.6 ± 0.1 −11.3 ± 0.1 11.5 (OH−, H−) 

17.0 ± 0.1 − 12.7 ± 0.1 12.0 (O−) 

18.6 ± 0.1 − 14.3 ± 0.1  

20.2 ± 0.1 − 15.9 ± 0.1  

21.6 ± 0.1 − 17.3 ± 0.1  

23.1 ± 0.1 − 18.8 ± 0.1  

 

A comparative study of thermodynamic thresholds for various anionic formations from 

H2O and D2O can be found in the following. The enhancement in peak intensities above 18 eV 

in the case D2O is clearly visible in the energy loss data. The role of doubly excited states in 

H2O and D2O can not be ignored, especially above ~18 eV energy loss [250], [251]. 

The reported bond dissociation energy for the D(H − OH) is 5.16 eV , where as from H2O 

energy loss feature of 11.3 ± 0.1 eV, we can attribute D(H − OH) ≅ 5.2 ± 0.1 eV experimentally, 

which is in excellent agrrement within the experimental error. 

Similary, in the case of D2O the bond dissociation energy for D(D − OD) is not reported 

in the literature. If we follow the above−mentioned methodology, then from energy loss fea-

ture of D2O at 11.3 ± 0.1 eV, we can attribute D(D − OD) ≅ 5.4 ± 0.1 eV . Considering the higher 

boiling point of D2O with respect to H2O, signifiers the difference of ≅ 0.2 eV between 

D(D − OD) and D(H − OH).   

Table 8 Comparison of thermodynamic thresholds and experimentally observed thresholds  

for various anions from H2O and D2O. 

Source Fragment Anion 
Thermodynamic 

threshold (eV) 

Experimental 

threshold (eV) 

Comment 

H2O H− 8.74 10.52 ± 0.2 Assuming E# ≈ 1.78 eV 

H2O O− 12.50 12.08 ± 0.2  

H2O OH− 7.67 9.38 ± 0.2 Assuming E# ≈ 1.71 eV 

D2O D− 8.85 10.98 ± 0.2 Assuming E# ≈ 1.0 eV 

D2O O− ≤ 12.64  13.58 ± 0.2 Assuming E# ≈ 0.9 eV 

D2O OD− 7.77 8.02 ± 0.2  
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Where, E# Is the expected kinetic energy release for anionic fragment in consideration 

upon dissociation. 

Currently our theoretician co−workers are performing quantum chemical calculations 

on water to give details Information about the most accessible molecular orbitals in the elec-

tron transfer process. So, no further discussion will be given at this stage. 

 

7.4 Summary  

To summarize, it can be concluded that the mechanism of electron transfer in D2O is similar to 

H2O up to 15 eV energy loss, and OH− and OD− fragment anions are the most dominant in 

TOF−MS among all other fragment anions from H2O and D2O respectively. And differ by the 

threshold of formation of D− , H−,  and O−, as is evident from experimental results from nega-

tive ion formation TOF−MS and alkali energy loss spectroscopy. 

 





 103 

8.  

 

CONCLUSION AND FUTURE DIRECTIVES 

In this chapter a summary of results and broad outcome of the experiments will be provided 

along with the future possibilities to further enhance our understanding in such collisions. 

  

8.1 Introduction 

In this thesis we started the discussion about molecules from three different perspectives. The 

first class included astrochemically relevent molecules. These molecules also provided a 

hands-on indepth experience of performing charge transfer experiments, such were the model 

compounds namely 4 different chlorinated benzenes. We have thorughly investigated the col-

lision dynamics of these systems in atom-molecule collision experiments. Some of the results 

are first ever reported, especially in the case of C6Cl6, which led us to probe dichlorobenzene 

isomers for Cl2
− formation. 

The second class deals with nimorazole (NIMO), a radiosensitizer. Radiosensitizers have 

been the topic of investigation among the international scientific community due to their ap-

plications in cancer treatments. We have investigated the charge transfer mechanism in ni-

morazole upon potassium collision with the aid of state-of-the-art quantum calculations in the 

low energy collision region, i.e., from 10 eV up to 1 keV, and provided insight about the elec-

tronic state spectroscopy with the post collision alklai energy loss spectroscopy. 

Finally, in biological environments, water is a key molecule, that still   attracts the atten-

tion of the international scientific community, in a diverse of experimental setups and quan-

tum chemical calculations as a phase of stage and aggregation. 

In the upcoming sections, we will provide insight about the conclusions drawn from the 

experimental perspectives, and a possible extension of this work by proporsing a set of meth-

odologies that can be implemented in the future. 
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8.2 Molecules of astrochemical relevance 

We have reported a comprehensive investigation about the kinetic-energy release distribu-

tions of chlorobenzene −h5 and −d5, chlorocyclohexane and hexachlorobenzene at collision 

energies in the centre-of-mass frame of about 12, 40 and 118 eV. Such distributions have been 

obtained from the shape and width of the time-of-flight mass spectra of Cl− ions. Collision 

induced dissociation results in an energy redistribution either through the different internal 

degrees of freedom (via vibrational excitation) or direct transformation of the excess energy 

via translational motion of the fragment anions involved. The statistical fittings of Cl− distri-

butions at low kinetic-energy release, 𝜀𝑑, reveal at least three effective degrees of freedom, 

while the role of statistical and direct dissociation has been thoroughly discussed according to 

the nature of the different resonances obtained by dissociative electron attachment and/or 

electron transmission spectroscopy, where applicable. Additionally, we have made some con-

siderations on the collision dynamics for the set of chosen molecules, and the conclusions 

drawn lend support to previous investigations of hexachlorobenzene negative ion formation 

in electron transfer experiments, while for the remaining molecular systems the present results 

will serve to help interpreting the underlying molecular mechanisms within electron transfer 

induced fragmentation. 

In case of Cl− formation from chlorinated benzenes, the influence of the vibration motion 

seems to reveal itself in the shape of the cross section at low energy collisions where tcoll is of 

the order of tvib. The structures in the cross section seem to be reminiscent of vibrational mo-

tion with changing collision time, which significantly also affects the probability of population 

of different electronic states. 

We have presented a novel comprehensive study on TOF mass spectrometry negative 

ion formation in neutral potassium atom collisions with neutral hexachlorobenzene molecules 

in the lab frame energy range from 10 up to 100 eV. The TOF mass spectra are dominated by 

the undissociated parent anion C6Cl6
−, and Cl− and together with C6Cl5

− these anions contribute 

to more than 80% of the ions recorded, where other fragments assigned to C6Cl4
−, C3Cl2

−, 

C2Cl− and Cl2
−, amounting to less than 20% of the total anion yield. Theoretical calculations on 

the vertical excitation energies were performed at different levels of theory to help us in as-

signing the electronic transitions.   

Potassium cation post-collision energy loss data has been obtained in the forward direction (θ 

≅ 0°) at 162.2 eV in the centre−of−mass frame (205 eV lab frame), with a dominant feature 

assigned to an electronic transition with a vertical electron affinity of (–3.76 ± 0.20) eV. This 

has been assigned to a purely repulsive transition from C6Cl6 ground state to a σC−Cl 
∗ state of 

the temporary negative ion yielding Cl− formation. The energy loss data has revealed a weak 
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feature at (3.1 ± 0.3) eV, yielding a positive electron affinity of (1.24 ± 0.3) eV, where its lower 

limit value (0.94 eV) was assigned to C6Cl6 adiabatic electron affinity and is in very good agree-

ment with the values reported in the literature. Moreover, the C6Cl5
−and Cl2

− thresholds of for-

mation have been obtained from the experimental energy loss data, the former allowing to 

estimate a bond dissociation energy D (C6Cl6 − Cl) = (3.26 ± 0.30) eV. We have also compre-

hensively investigated the reduction of hexachlorobenzene and dichlorobenzene isomers in 

electron transfer processes and obtained selective C − Cl  bond excisions to both molecular 

compounds in the gas-phase. This is achieved by the combined balance between bond disso-

ciation energies and electron affinity of the chlorine molecule. The reactions are all endother-

mic and, corresponding to the different isomers, the presence of a barrier results in an energy 

balance that favors the ortho configuration. Although the efficiency in producing Cl2
− is not 

particularly significant from the TOF negative ions branching ratios relative to other fragment 

anions, this is due to a relevant energy redistribution within the TNI upon electron capture 

that involves the different internal degrees of freedom through relevant vibronic coupling. The 

present findings may have implications in the role of a transition state in chemical reactions 

which are prevalent in different environments not only in the gas but in bulk systems. The 

sensitization of ortho positions in C6Cl6 and C6H4Cl2 can be achieved upon molecular reduction, 

which in the present case is obtained through a potassium atom, making these geometrical 

effects in polyatomic molecules important in single electron transfer reactions. We can antici-

pate that within the scope of redox reactions, the effect of an electron donor (oxidized species) 

and an electron acceptor (reduced species), may offer in solution a particular selectivity as to 

the role of reactants and products. 

8.3 Molecules of biological relevance 

The current comprehensive study on collisions of neutral potassium atoms with neutral NIMO 

molecules, constitutes the most detailed and unique assignments on electron transfer experi-

ments. Here we combine experimental TOF mass spectrometry and energy loss spectroscopy, 

together with state-of-the art theoretical calculations at different levels of accuracy. The infor-

mation obtained has allowed to investigate the formation of the most representative anions in 

a wide collision energy range from 10 up to 400 eV in the laboratory frame. Special attention 

has been paid to the non-dissociated parent anion, NIMO∗−, NO2
− and other fragment anions 

stemming from the 4-nitroimidazole and morpholine rings. Although we observe a rich frag-

mentation pattern related to both rings multiple bond breaking, their yields are not significant 

when compared to NIMO∗− at 226 u and NO2
− at 46 u. The role of K+ in the collision complex 

(K+NIMO∗−⋕) seems to be a relevant stabilizing effect at low-energies (ECM < 70 eV) opening 
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up different fragmentation channels, despite their lowest BRs, whereas at higher energies the 

collision dynamics is mostly dictated by the efficient energy redistribution within the different 

degrees of freedom of NIMO temporary negative ion, resulting mostly in a stable non-disso-

ciated parent anion and a minor fragmentation yield (~15%). 

Potassium cation energy loss spectrum in the forward scattering direction (θ ≈ 0°) at 157 

eV in the centre-of-mass frame (205 eV in the lab frame), shows a dominant feature with a 

vertical electron affinity of (7.21 ± 0.03) eV, and assigned to a transition from NIMO neutral 

ground state to a repulsive σCN
∗  antibonding state of the TNI resulting in NO2

− formation. This 

energy loss feature shows a threshold at ~ 5 eV which is in excellent agreement with the ob-

tained value of 5.26 eV.  

We also note some differences in the rich fragmentation pattern and the anion yields 

obtained from the present experiments, and those from electron attachment studies. Yet, 

NIMO is extremely efficient in capturing an extra electron either from a bound atomic com-

pound via an electron transfer process or from a simple associate electron attachment mecha-

nism. The present results also give relevant information as to the underlying molecular mech-

anisms governing the electron transfer process, showing the strong ability of this molecule to 

scavenge an electron supporting therefore the premise that NIMO is selectively cytotoxic to 

tumour cells via its reduction as a requirement for accumulation in the cell [243]. Thus, radical 

formation upon electron capture has been identified to be a pivotal mechanism for radiosen-

sitisation of hypoxic cells by using nitroimidazoles’ compounds as is the case of NIMO. The 

radiosensitisation effect is only operative if these chemical compounds are incorporated in 

cells prior to irradiation of the biological material [244]. Upon redox reactions in cells, for-

mation of a non-dissociated parent anion (radical anion) is not responsible for cytotoxicity to 

DNA. The mechanism that seems to be operative in hypoxic cells, requires a proton transfer 

to the reduced chemical compound yielding a neutral radical species that will bind to DNA 

resulting in strand breaks [245]. Also, interesting to note is the relevance of OH° radicals from 

water radiolysis which attack DNA at specific sites where nitroimidazoles’ agents bind to 

DNA, making these chemical compounds well−attuned to mimicking oxygen in hypoxic tu-

mours. Finally, we believe that the present investigation is relevant to understand how NIMO 

accumulating in tumour cells can be used for further formulation of new radiopharmaceutical 

compounds. 
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8.4 Molecules relevant to biological environments 

A comprehensive crossed beam experimental study on H2O and D2O has been performed. Us-

ing neutral potassium as a projectile, we have probed the dissociation dynamics in a wide 

energy range, from 10 eV up to 1keV. Alkali energy loss spectroscopy in post collision experi-

ments in the forward direction gives valuable insight about the electronic states accessed in 

the formation of a temporary negative ion (TNI). 

Negative ion formation in K + H2O collisions was investigated using TOF−MS from r−TOF. 

All previously reported anions (H−, O−, and OH−) were observed. Thresholds of formation for 

each fragment anion were obtained, and these were found higher than the expected thermo-

dynamically calculated energies. Such difference seems to be related to an excess of kinetic 

energy that is carried away by the fragment naion in the TNI unimolecular decomposition. 

From the branching ratios obtained, we can infer that the OH− anion is the most dom-

inant and has the lowest threshold of formation in such electron transfer experiments. OH− 

anion account for almost 80% of the total fragment anion ratio in the wide collision energy 

range probed. 

 The second mosty intense fragment anion is assigned to H−, which accounts for approx. 

10% of the total ratio. 

 The less intense naion is assigned to O− and a close look at its branching ratio indicates 

that as soon as it is formed the intensity of the H− anion is reduced.  

 In collision energies above 50 eV (in CM Frame) the braching ratios show a linear ten-

dency. However below 40 eV collision energy, the braching ratio have slightly different pat-

tern, careful analysis of such results may indicate contributions from different channels of an-

ionic formation being activated. 

In D2O, negative ion formation, as expected OD− is the most dominant fragment anion. 

However, as the collsion energy increases O−, fragment anion appears before D−, which is in 

contrast with H2O where, O− was observed after H−. Another interesting fact is the different in 

threshold of formation for D− from D2O, in comparison to H− from H2O. Which is significantly 

huge. A detailed study of branching ratio of D2O also indicate that O− formation in D2O has an 

increasing trend in higher energies which directly competes with OD−  formation. This indi-

cates an interplay of different electron−transfer mechanism for ion-pair formation in D2O than 

H2O. 

Finally, in analysis of alkali-energy loss spectroscopy of K+ in forward direction upon 

collision with H2O and D2O. Assignemnt of the various vertical electron affinities was possible. 

A comparative study of H2O and D2O energy loss data tells us that upto 21 eV energy loss, 

both H2O and D2O have similar features. However, D2O energy loss starts to differ from H2O 



 108 

energy loss above 16 eV. The energy loss spectra for D2O between 16 and 20 eV are enhanced 

in comparison to H2O. which tells us that in D2O these channels are more dominant that H2O. 

 Another interesting feature in energy loss of D2O is spectra above 21 eV, which is absent 

in H2O. this lends support to our branching ratio data, informing a diferent charge transfer 

mechanism. 

It is possible that in alkali energy loss spectroscopy, our potassium approaches H2O and D2O 

with significantly high energy, and possibility of dipolar dissociation and or ionization can 

not be ignored.  

To summarize, it can be concluded that mechanism of electron transfer in D2O is similar up to 

15 eV in energy loss, and OH− and OD− fragment anions are most dominant. and differes by 

the formation of D−, H−, and O−, as is evident from experimental results from negative ion 

formation TOF-MS and alkali energy loss spectroscopy. 

8.5 Future perspective: An experimental point of view 

This thesis sheds some light on the fact that negative ion formation in electron transfer pro-

cesses have significance in various biological and astrochemical environments. Negative ion 

chemistry of halogens can provide siginificant insight to cyano compounds due to their 

pseudo halogenic nature like CN−, which are of great interest among the astrophysics and as-

trochemical community.  Such charge transfer experiments mimic more realistic apporach to 

electron transfer mechanism in astrochemically environmets than DEA reactions. On the other 

hand, the dominance of electron transfer processes in biological environmets give these exper-

iments an edge over free electron experiments. The mere possibility of probing vibration stru-

ture and their geometrical dependence from a weakly bound valence electron, as is the case in 

potassium, can provide detailed insight in terms of electron transfer reactions and possible 

fragmentation channels. Hence, these experiments can be extended to other stages of aggrega-

tion of the target beam, allowing to explore other molecular compounds that are found in 

prevalenet environments rather than gas-phase. 

 In order to achieve that, some experimental modifications can give deeper understand-

ing of electron-transfer processes. Alkali energy loss spectroscopy is an excellent tool to probe 

vertical electron affinities (VEA) and may characterize vibrational as well as electronic state 

spectroscopy of various molecules. The present alkali-energy loss experimental setup, which 

is restricted by the beam current (in less than pA) resoultion and experimental configuration. 

Since the neutral beam produces a current in the order of pA, and depending on the reaction 

cross-section of charge transfer, upon collision with molecule it reduces further.  
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Some drastic changes to the experimental setup would require recharacterization of all other 

parameters, which would require at least two PhD projects working at the same time. 

 Future perspective: Modification of target source 

Development of a cluster source to fully utilize and mimc the biological environmets would a 

great extension of this work. The alkali energy energy loss spectroscopy of such collisions 

would open up a completely new and unique field of research. With such improovment, it can 

play a significant role in understanding various mechanism at the forefront of physics, chem-

istry, and biology. A team of such experts would be a best combination to start with. These 

charge transfer processes have a great potential from calculation of electron affinities to meas-

urement of cross-section, braching ratios, which can give insight about the role of fragment 

anions, and threshold of formations. 

 Future perspective: Modification of energy-loss analyzer 

Due to immense potential of alkali-energy loss spectroscopy, a different dimension to it can 

be added by:  

• Making the hemisherical energy loss analyzer rotatable, thus giving access to posibility 

of measurements of post collision cation formation at various scattering angles. This 

may allow the possibilty of measurements of ionic and covalent trajectories in electron 

transfer experiments. 

• It would also give the possibility of differential cross-section measurements.  

• By fixing the transmission energy into the energy loss analyzer and varying the beam 

energy would give insight about strength of a particular channel in such collision ex-

periments.  
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A  

 

SUPPORTING MATERIAL FOR HEXA-

CHLOROBENZENE  

This appendix serves as a supplementary information for the chapter 5. A detailed the-

oretical methodology implemented using various basis sets and complementary experimental 

results are provided. 

A.1 Theoretical Methodology  

Hexachlorobenzene molecule was considered in the D2h symmetry for benchmarking the cal-

culations and choice of the molecular framework. Then, the geometry of the ground S0 1A′ 

singlet state of C6Cl6 was considered to be of C2ν symmetry and has been optimized by means 

of Møller-Plesset perturbation theory (MP2) calculations with the balanced polarized triple-

zeta def2-TZVP basis set[200] which has been shown to be computationally efficient and pro-

vides accurate structures and transition energies. All calculations have been performed using 

the ORCA and MOLPRO packages of ab initio programmes.[201], [202] The energy of the op-

timized molecule is EMP2 = -2986.35880 a.u. The HOMO is located at 20b1 with an energy EHOMO 

= -9.68 eV and the LUMO at 22a1 with an energy ELUMO = 1.83 eV. The LUMO-HOMO energy 

difference is 11.51 eV. 
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A.2 𝐂𝟔𝐂𝐥𝟔 Molecular orbitals 

 

  

HOMO-7, 𝑛𝐶𝑙 (out-of-plane) HOMO-6 

  

HOMO-5, 𝑛𝐶𝑙 (out-of-plane) HOMO-4, 𝑛̅𝐶𝑙 (in-plane) 

  

HOMO-3, 𝑛̅𝐶𝑙 (in-plane) HOMO-2, 𝑛̅𝐶𝑙 (in-plane) 
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HOMO-1, πCCl HOMO, πCC 

  

LUMO, πCC* LUMO+1, πCC*/σCC* + σCCl* 

  

LUMO+2, πCC* LUMO+3, σCC* 

  

LUMO+4, σCC* LUMO+5, σCC* + σCCl*  
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LUMO+6, σCC* LUMO+7, σCC* 

 

 

LUMO+8, σCC*  

Fig. A1 Selection of the molecular orbitals for  K + C6Cl6 (K = Magenta, C= Grey, Cl= Green) 

at CAS (13,16). 

  

HOMO-5, 𝑛𝐶𝑙 (out-of-plane) HOMO-4, 𝑛̅𝐶𝑙 (in-plane) 
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HOMO-3, 𝑛̅𝐶𝑙 (in-plane) HOMO-2, 𝑛̅𝐶𝑙 (in-plane) 

  

HOMO-1, πCC HOMO, πCCl 

  

LUMO, πCC*/σCC* + σCCl* LUMO+1, πCC* 

  

LUMO+2, πCC* LUMO+3, σCC* 
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LUMO+4, σCC* LUMO+5, πCC* + σCC* 

Fig. A2 Selection of molecular orbitals for C6Cl6 (C= Grey, Cl= Green) at CAS (12,12). 

A.3 Parent anion (𝐂𝟔𝐂𝐥𝟔
−) molecular orbitals 

  

68, π (-3.366 eV) 69, π (-3.148 eV) 

  

70, SOMO, πCCl (-1.096 eV) 71, σCCl* (1.918 eV) 
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72, π* (2.174 eV) 73, σCCl* (2.435 eV) 

Fig. A3 C6Cl6
− molecular orbitals (C=Grey, Cl= Green) 

In case of parent anion, 68 and 69 represent highest doubly occupied molecular orbitals. Where 

70 is the singly occupied molecular orbital. 71, 72 and 73 are the lowest unoccupied molecular 

orbitals, performed at (RKS, B3LYP+D3) level. 

A.4 𝐂𝐥𝟐
− formation 

Potassium cations formed post-collision experiments were energy loss analyzed in the for-

ward scattering direction, where such experiments were not performed in coincidence with 

TOF mass spectrometry. The analyzer was operated in constant transmission mode, hence 

keeping the resolution constant throughout the entire scan. The estimated energy resolution 

during the experiments was ~1.2 ± 0.2 eV. The energy loss scale was calibrated using the K+ 

beam profile from the potassium ion source serving as the elastic peak. Hexachlorobenzene 

(C6Cl6) and 1,2−, 1,3− and 1,4−dichlorobenzene (C6H4Cl2) were supplied by Aldrich with a 

stated purity ≥ 98%, 99%, ≥ 99% and ≥ 99%. The liquid samples (1,2− and 1,3 − C6H4Cl2) were 

degassed through repeated freeze−pump−thaw cycles. The solid samples (C6Cl6 and 1,4 −

C6H4Cl2) were used as obtained and gently heated up to 340 K and 363 K through a tempera-

ture PID (proportional-integral-derivate controller) unit. In order to test for any thermal de-

composition products within the different molecular beams, mass spectra were recorded at 

different temperatures and no differences in the relative peak intensities as a function of tem-

perature were observed. 

Energy thresholds for the dissociation of Cl, Cl2 and their anions from C6Cl6 and C6H4Cl2 

were calculated by means of quantum chemistry. The B3LYP-GD3 density functional with the 

aug-cc-pVTZ basis-sets and the quantum thermochemical extrapolation methods G4MP2 and 

CBS-QB3 served as model chemistries. The results from these independent methods are as 

close as can reasonably be expected, thus lending credibility to our data. All possible configu-

rations and isomers were considered. The vibrational modes of C6Cl6 (neutral and anion 
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species) and C6H4Cl2 (ortho, para and meta isomers) were also calculated (B3LYP-GD3/aug-

cc-pVTZ), together with various orbital energies and charge distributions. All calculations 

were performed using the software package Gaussian 16 at the LEO HPC facilities of the Uni-

versity of Innsbruck. 

We explored asymmetric internal Cl migration pathways as precursor to Cl2
− detachment. 

The lowest-energy reaction pathways were obtained from calculations with the density func-

tional M062X and the 6-31G (d, p) basis set. 

Finally, the symmetric direct abstraction of Cl2
− was studied. The Cl − Cl distance in the 

leaving Cl2 was decreased to its equilibrium value, while also setting the C − C bond length of 

the carbon atoms from which Cl2 dissociates to its equilibrium value in C6Cl4. 

 

Fig. A4 TOF mass spectrum of Cl2
− anion at 100 eV collision energy and fitted with Gaussian 

functions to reproduce its isotope contributions at 70 u (100%), 72 u (~65%) and 74 u (~15%). 
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A.4.1 𝐂𝐥𝟐
− (𝐂𝐥𝟐) detachment reaction via asymmetric internal Cl mi-

gration 

 

Fig. A5 Detachment of Cl2 and Cl2
−  from sites at ortho position in C6Cl6. Energies in eV; values 

in parenthesis are for the anionic system. 

 

Fig. A6 Detachment of Cl2 and Cl2
− from sites at para position in C6Cl6. Energies in eV; values 

in parenthesis are for the anionic system. 
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A.4.2 TOF-MS of negative ions from 𝐂𝟔𝐂𝐥𝟔 and 𝐂𝟔𝐇𝟒𝐂𝐥𝟐 Isomers 

 

Fig. A7 Time-of-flight mass spectra of negative ions formed in electron transfer experiments 

from potassium atoms to hexachlorobenzene (C6Cl6)and dichlorobenzene (DCB) isomers at 

100 eV collision energy in the lab frame. 

A.5 Character and energy of calculated molecular orbitals 

Table A1 Character and energy of calculated molecular orbitals for K + C6Cl6 with an active 

space CAS (13,16) at the MP2/def2-TZVP level of theory in C2ν symmetry. 

Character Energy (a.u.) Energy (eV) 

HOMO-2 -0.4420 -12.027 

HOMO-1 -0.3903 -10.621 

HOMO -0.3884 -10.569 

SOMO -0.0604 -1.644 

LUMO 0.1061 2.887 

LUMO+1 0.1138 3.097 

LUMO+2 0.3617 9.842 

LUMO+3 0.5812 15.815 

LUMO+4 0.5946 16.180 

LUMO+5 0.6113 16.634 

LUMO+6 0.6537 17.788 

LUMO+7 0.6746 18.357 

LUMO+8 0.9701 26.398 
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Table A2 Character and energy of calculated molecular orbitals for C6Cl6 with an active space 

CAS (12,12) at the MP2/def2-TZVP level of theory in C2v symmetry. 

Character Energy (a.u) Energy (eV) 

HOMO-4 -0.4734 -12.882 

HOMO-3 -0.4734 -12.882 

HOMO-2 -0.4404 -11.984 

HOMO-1 -0.3860 -10.504 

HOMO -0.3848 -10.471 

LUMO 0.1059 2.882 

LUMO+1 0.1090 2.966 

LUMO+2 0.3571 9.717 

LUMO+3 0.6252 17.013 

LUMO+4 0.6310 17.170 

LUMO+5 0.6428 17.491 

 

Table A3 Adiabatic and vertical ionisation energies, adiabatic and vertical electron affinities, 

and vertical detachment energy (VDE) at RKS/B3LYP+D3/aug-cc-pVTZ 

system\method B3LYP+D3 B3LYP RMP2 RHF-SCF 

IE (adiab) – eV 8.84 8.84 9.19 8.67 

IE (vetrical) – eV 9.01 9.01 9.47 8.95 

EA (adiab) – eV 1.05 0.94 0.49 -0.06 

EA (vertical) – eV 0.39 0.39 -0.20 -1.13 

VDE – eV 2.73 2.73 2.58 2.23 

 

Table A4 Energies (in a.u.) of the neutral, anion and cation of C6Cl6 at RKS/B3LYP+D3/aug-

cc-pVTZ in geometry optimized for each molecular system. 

system\method B3LYP+D3 B3LYP RMP2 RHF-SCF 

𝐂𝟔𝐂𝐥𝟔 in anion geometry -2989.601659 -2989.597136 -2986.482425 -2984.343918 

𝐂𝟔𝐂𝐥𝟔 in neutral geometry -2989.577687 -2989.576910 -2986.457291 -2984.304869 
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system\method B3LYP+D3 B3LYP RMP2 RHF-SCF 

𝐂𝟔𝐂𝐥𝟔 in cation geometry -2989.238383 -2989.237596 -2986.126717 -2984.027626 
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B  

 

BOUND ELECTRON ENHANCED RADIOSEN-

SITISATION OF NIMORAZOLE UPON 

CHARGE TRANSFER  

B.1 Calculated Geometry and Molecular orbitals 

 

 

Fig. B1 Fully optimised geometry of nimorazole at the M06-2X/6-311++g (d, p) level of theory. 

Fully optimized molecular structure of the K + nimorazole collisional system K−O ≈ 5.1 Å. K: 

yellow, O: red, C: grey, N: light blue, and H: white. Cartesian coordinates (in Å.) 
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Cartesian coordinates (in Å). 

 

C      -1.420369    0.935288   -0.002623 

C      -2.173875    1.301569    1.093023 

C      -2.763699   -0.681986    0.585502 

N       -1.812232   -0.343711   -0.339432 

H      -2.145992    2.245774    1.609137 

H      -3.241564   -1.651108    0.562053 

N       -0.481321    1.677568   -0.687116 

O      -0.095453    2.803273   -0.171942 

O      -0.108712    1.352728   -1.894973 

C      -1.127140   -1.314816   -1.183171 

H      -1.863916   -2.060121   -1.492879 

H      -0.752059   -0.795845   -2.061864 

C       0.008225   -1.982200   -0.400485 

H       0.468590   -2.770692   -1.019343 

H      -0.419992   -2.467095    0.481591 

N        0.970923   -0.991773    0.034944 

O       3.361762    0.290946    0.792860 

C       2.007597   -0.717105   -0.945513 

H       1.537980   -0.493391   -1.905521 

H       2.686518   -1.582196   -1.061822 

C       2.803816    0.495525   -0.490399 

H       2.127998    1.362282   -0.463349 

H       3.640056    0.686577   -1.166570 

C       2.340919    0.030164    1.742421 

H       2.837580   -0.109915    2.702912 

H       1.660440    0.890794    1.799458 

 C       1.541132   -1.205151    1.354725 

H       2.199143   -2.092655    1.383743 

H       0.729244   -1.347031    2.073211 

N       -3.010278    0.275255    1.441875 

K     0.993434    3.583190   -2.269275 

  

  

HOMO-3 (-8.57) HOMO-2 (-7.86) 
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HOMO-1 (-7.22) HOMO (-5.02) 

  

LUMO (-1.25) LUMO+1 (-0.33) 

  

LUMO+2 (-0.27) LUMO+3 (-0.07) 

  

LUMO+4 (0.01) LUMO+5 (0.23) 
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LUMO+6 (0.26) LUMO+7 (0.38) 

  

LUMO+8 (0.54) LUMO+9 (0.60) 

  

LUMO+10 (0.76) LUMO+15 (1.32) 

  

LUMO+20 (1.84) LUMO+25 (2.39) 
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LUMO+30 (2.93) LUMO+35 (3.51) 

  

LUMO+40 (3.94) LUMO+45 (4.38) 

  

LUMO+50 (4.81) LUMO+55 (5.11) 

  

LUMO+56 (5.20) LUMO+60 (5.69) 
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LUMO+70 (7.01) LUMO+80 (8.28) 

  

LUMO+90 (9.17) LUMO+100 (10.01) 

  

Fig. B2 Energy (in eV) and shape of a selection of the molecular orbitals (VTZ/6-311G) for K 

+ NIMO (K: purple, C: grey, N: blue, O: red, and H: white). The straight lines between the K 

atom and the −NO2 end in the nitroimidazole ring are just to indicate the spatial mutual posi-

tion. 

  

HOMO-3 (-9.91) HOMO-2 (-9.14) 
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HOMO-1 (-8.76) HOMO (-8.12) 

  

LUMO (-1.48) LUMO+1 (-0.38) 

  

LUMO+2 (0.02) LUMO+3 (0.10) 

  

LUMO+4 (0.22) LUMO+5 (0.56) 
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LUMO+6 (0.61) LUMO+7 (0.63) 

  

LUMO+8 (0.75) LUMO+9 (1.00) 

 
 

LUMO+10 (1.16) LUMO+15 (1.66) 

  

LUMO+20 (2.40) LUMO+25 (3.05) 
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LUMO+30 (3.54) LUMO+40 (4.28) 

  

LUMO+50 (5.28) LUMO+56 (5.41) 

  

LUMO+60 (6.68) LUMO+70 (7.80) 

  

LUMO+80 (8.86) LUMO+90 (10.03) 
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LUMO+100 (11.53) LUMO+120 (17.30) 

 

 

LUMO+140 (21.5)  

 

Fig. B3 Energy (in eV) and shape of a selection of the molecular orbitals (M06-2X/6-

311++g(d,p)) for NIMO (C: grey, N: blue, O: red, and H: white). 
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