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Abstract 

Doubly charged cations (dications) of molecular and atomic species are predicted to be 

influential in high-energy environments such as the interstellar medium, the ionospheres of 

planets and satellites, and plasmas. However, definitive detection of dications in these 

environments are not yet available and the presence of these ions is often overlooked. Early 

investigations of dication-neutral collisions, often at high collision energies, only resulted in 

the observation of electron-transfer reactivity. Modern experiments, using lower collision 

energies, have revealed a range of exotic chemistry such as bond-formation with rare gas 

elements. This chemistry, coupled with the significant abundance of dications predicted in 

ionospheres, suggests that these ions could play important roles in atmospheric processes. For 

example, dications could be involved in the chemistry of complex molecule assembly. The 

study of dications and their reactions is clearly important to understanding ionospheric 

processes in planets and satellites including the prebiotic Earth. 

This thesis explores the bimolecular reactivity of various dications with neutral species 

in order to better understand the processes occurring in the ionospheres of planets and satellites. 

The position-sensitive coincidence mass spectrometry technique employed in this work utilises 

coincident, position-sensitive, detection of ions to reveal comprehensive information 

concerning the dynamics and energetics of the consequences of dication-neutral reactions. 

Specifically, the reactions following collisions of Ar2+, S2+ and CH2CN2+ with atoms 

and small molecules have been investigated. These dication-neutral collision systems exhibit 

intriguing reactivity clearly demonstrating the diversity of dication chemistry. For example, 

many of the electron-transfer reactions observed show evidence of proceeding via collision 

complexes, contrary to the orthodox (direct) mechanism. Of the bond-forming reactions 

detected, those generating molecular species containing a rare gas, such as ArO+ and ArN+, are 

the most notable. Despite the observation of the involvement of collision complexes in electron-

transfer, many of the bond-forming reactions described in this thesis have been shown to occur 

via direct mechanisms. The observation of bond-forming reactions and the involvement of 

collision complexes clearly shows the facility of dications to form associations despite their 

often-high potential energies.  
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Impact Statement 

Space has captured human imagination since prehistory. We are at the beginning of the 

space age, where our knowledge of and use of space is exponentially increasing. However, we 

still do not understand many of the chemical processes occurring in space. This thesis hopes to, 

in part, address this deficiency. The aim of this research was to develop the overall picture of 

dication-neutral collisions to better understand processes occurring in high-energy 

environments, such as the ionospheres of planets and satellites. From studying a number of 

these systems, we have discovered a rich picture of the bimolecular reactivity of dications 

including the dynamics and energetics of the processes. 

The Ar2+ + O2 and Ar2+ + N2 collision systems are representative of rare-gas-molecule 

systems and have been the subject of previous investigations. In this thesis we report a 

previously unknown reaction as well as unexpected dynamics and more comprehensive 

energetic information. One bond-forming channel, generating ArN+, potentially accounts for 

contamination observed in plasma-based mass spectrometry. We have also demonstrated the 

propensity for dication-neutral reactions to generate molecular species containing rare gas 

elements. This approach could be further utilised in syntheses of exotic species. The observation 

of both collision complexes in electron-transfer reactions, and bond-forming reactions 

occurring via direct mechanisms in these collision systems, challenges the current orthodoxy 

concerning these classes of reactions and is a valuable, and fundamental, result. 

Observations from collisions of S2+ with the neutral species Ar, H2 and N2 are presented. 

The S2+ dication is one of few dications detected, to date, in the ionosphere of a planet or 

satellite. These results are therefore especially relevant to the studies of Io and Jupiter where 

S2+ has been observed. Moreover, S2+ is present in plasmas used in manufacturing. Thus, the 

reactions presented are of relevance to industry, aiding the research and development of new 

plasma-based techniques. 

The reactions of the CH2CN2+ dication presented in this thesis are highly relevant to 

processes occurring in the ionosphere of nitrogen rich Titan. Therefore, these reactions are 

greatly pertinent to future studies of the satellite, including undoubtedly results of Titan’s 

atmospheric composition from future explorations. 

Each of the dications studied in this thesis are relevant to space, now that dications have 

been detected in the interstellar medium and planetary ionospheres. The reactions presented 



 

6 

 

here are therefore of use to the academic community. The results can be used to produce models 

describing and predicting the chemistry and chemical populations of these environments. 

Additionally, we suggest models of plasmas should include dications due to their significant 

reactivity. By broadening the database of dication-neutral reactions, we learn more about the 

chemistry of ionospheres and plasmas and how they evolve. Astronomers can now search for 

the products of the reactions observed in this thesis in the interstellar medium and ionospheres. 

Dications may hold the answers to questions of atmospheric erosion and the formation of 

complex molecules, potential precursors to life, which have been observed in atmospheres but 

cannot be accounted for with simple monocation-neutral chemistry.  
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Chapter 1: Introduction 

Ions are atoms or molecules possessing an imbalanced number of protons and electrons. 

Ionic properties are fundamental to many of the chemical processes that dictate the universe 

that we live in.1,2 A cation is a positively charged ion, with fewer electrons than protons. The 

properties of cationic species and their gas-phase bimolecular reactivity are especially 

important in understanding highly energised environments such as plasmas and planetary 

atmospheres.  

The removal of two electrons from a neutral species results in the formation of a doubly 

charged cation, termed a ‘dication’. Chemists are familiar with dications in solution, where 

solvating effects (often from water) can stabilise two positive charges in close proximity. 

However, molecular dications can also be stable with respect to dissociation in the gas-phase, 

existing without the stabilising effects of solvation. The first detection and identification of a 

gas-phase molecular dication was of CO2+ in the early twentieth century, during the 

development of mass spectrometry (MS).3,4 Since their discovery, the intriguing properties of 

dications have inspired further research with implications that have challenged fundamental 

aspects of chemistry and bonding. One example is the dication of the helium dimer, He2
2+, 

which is more strongly bound and has a shorter bond length than the corresponding monocation, 

He2
+.5–7 The stronger bond of the dicationic molecule compared to the monocation is counter 

to chemical intuition. Despite being discovered a century ago, dications have been largely 

neglected as an interesting but irrelevant species. However, in more recent times, dications have 

been investigated more intensely, due in part to the results from atmospheric modelling 

investigations that predict dications to be present in ionospheres with concentrations 

comparable with chemically significant monocations.8–10 

Chemical intuition suggests that with two positive charges in close proximity, molecular 

dications should be unstable, with a high potential energy. One might expect molecular 

dications to spontaneously dissociate, resulting in the formation of two monocations, the 

‘charge-separated’ products. Indeed, a typical energy release resulting from the dissociation of 

a molecular dication is ~6 eV, equivalent to ~580 kJ mol-1.11 Therefore, He2
2+ has been proposed 

as a candidate for an energy source due in part to its long lifetime, small mass and high energy 

release associated with dissociation.12 Molecular dications are normally short lived, however, 
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they often have metastable states; minima in the potential energy surface (PES) that lie above 

the asymptote for charge separation. The fact that molecular dications can be detected by mass 

spectrometry experiments indicates that their lifetimes can be on at least the order of 

microseconds. In fact, the lifetimes of some molecular dications have been measured to be on 

the order of seconds; essentially such dications are stable to dissociation in collision-free 

conditions.13 Atomic dications are, of course, stable under collision free conditions. These 

metastable molecular dication states and stable atomic dications allow us to study dications and 

their interactions with other species. 

This thesis presents an experimental investigation of the bimolecular reactivity of 

dications with neutral species. The experimental apparatus used in the studies presented 

throughout this thesis is described in detail in Chapter 2. The reactions following the collisions 

of the argon dication, Ar2+, with molecular oxygen, O2, and molecular nitrogen, N2, are 

presented in Chapters 3 and 4 respectively. Chapter 5 presents a study of the bimolecular 

reactivity of the S2+ dication with the neutral species Ar, H2, and N2. An investigation of the 

reactivity of the molecular dication, CH2CN2+, with the neutral species Ar, N2, and CO is 

detailed in Chapter 6. The current chapter describes the relevant background information on the 

formation, properties, and prior experimental work on dications that are fundamental to the 

investigations of dication-neutral reactivity outlined in this thesis. 

1.1 Relevance of dications 

Dications can be formed from collisions between atoms or molecules and high energy 

particles or photons (described in Section 1.2). Dications have been detected in a range of high 

energy environments including in the ionospheres of planets and satellites, discussed in detail 

in Section 1.1.1.8–10,14–18 In the interstellar medium (ISM), dications can form in the proximity 

of high energy photon sources. Atomic dications including N2+, O2+, S2+, Ar2+, and Ne2+ have 

been identified in various nebulae, including in other galaxies, using emission spectroscopy.19–

26 Spectral lines from nebulae observed as early as the 1860s were later identified as emission 

lines of O2+.27 Figure 1.1 shows Ou4, known as the ‘Squid Nebula’, which is a greenish colour 

due to the O2+ emission line at 500.7 nm.28,29 Moreover, in the ISM polyaromatic hydrocarbons 

can be sequentially ionized to make dications, which might contribute to the convolved 

aromatic infrared bands observed in astronomy.30,31 The presence of dications could impact 

reactivity in these cold interstellar environments. For example, dications can undergo Coulomb 
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explosion, fragmenting into two monocations with a high potential energy. Coulomb explosion 

can result in the formation of monocations with high translational energies, enabling reaction 

barriers to be overcome at low temperatures.32 It is also suggested that metal ions, including 

Mg2+, could be involved in mediating interstellar processes, lowering the barriers to reaction.33 

On Earth, dications have been observed to result from anthropogenic processes, such as the 

etching of semiconductors. For example, S2+ has been detected in plasma etching with SF6.
34 

Additionally, as mentioned above, MS ionization techniques often result in the formation of 

dications such as CO2+ and Ar2+.35–38 

 

Figure 1.1: Picture of Ou4, known as the ‘Squid Nebula’. The turquoise light 

results from O2+ emission. Reproduced with permission.39  

Dications have also attracted interest due to their unusual properties. For example, the 

bimolecular reactivity of dications can lead to the generation of species involving rare gas 

bonds, including long-lived molecular dications such as ArN2+,40 ArC2+,41 and HCCKr2+.42 The 

bimolecular reactivity of dications with neutral species is discussed in detail in Section 1.4, and 

is a key focus of this thesis. 
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1.1.1 Dications in the solar system 

Ionospheres are regions of the outer atmosphere of planets and satellites that contain 

significant concentrations of ionized species. The varied atomic and molecular species present 

are ionized by the absorption of energetic photons or collisional processes. Ionospheres have a 

relatively low density of species and experience a relatively high flux of radiation. Therefore, 

there is an increased chance of sequential ionization of neutral species to form dications, as at 

higher densities increased interspecies collisions act to neutralise the intermediate 

monocations.1,43,44 Modelling has indicated that atomic and molecular dications are present in 

ionospheres with concentrations similar to chemically important monocations and therefore 

should not be neglected from atmospheric chemistry models.8 The presence of dications in the 

ionospheres of planets and satellites in the solar system is reviewed by Thissen et al.,45 

considering C2+, N2+, O2+, CH4
2+, CO2+, N2

2+, NO2+, O2
2+, Ar2+ and CO2

2+. 

The few examples of dications that have been detected in planetary ionospheres are 

currently limited by the number and instrumentation of spacecraft sent to these environments. 

Dications in ionospheres are generally difficult to detect. In principle, mass spectrometry can 

be used for the detection of dications. However, homonuclear diatomic dications are impossible 

to distinguish from their corresponding atomic monocations. For example, N2
2+ and N+ have 

identical mass-to-charge ratios. Spectroscopic methods of identifying dications have also been 

considered. Unfortunately, dications often exist in low concentrations in ionospheres compared 

to the other species present, making their identification difficult.45 Additionally, only a handful 

of molecular dications have been well characterised spectroscopically.46  

1.1.1.1 Dications detected and predicted in the solar system 

On Earth, MS analyses have detected O2+ and N2+ in the ionosphere and 

magnetosphere.16,47,48 Visible emission lines from O2+ have also been detected originating in 

the Earth’s upper atmosphere.49 Such spectroscopic identification of dications in ionospheres is 

important because it can be carried out remotely, removing the need to send instruments to 

these environments. As well as these atomic dications, modelling predicts that the molecular 

dications N2
2+ and O2

2+ are present in the Earth’s ionosphere.8 These models show that the main 

loss mechanism for these dications is through collisions with neutral species. 

Further afield, O2+ ions have been detected in the Venusian atmosphere by MS on the 

Pioneer Venus Orbiter spacecraft.15,50 The Mars Atmosphere and Volatile Evolution spacecraft 
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(MAVEN) detected O2+ in the Martian ionosphere with MS.51 Previous missions have shown 

that the Martian atmosphere is dominated by CO2,
52,53 and modelling has predicted the presence 

of a CO2
2+ layer in the upper atmosphere of Mars.10 Indeed CO2

2+ has recently been detected in 

the Martian ionosphere by MAVEN. This first detection of a molecular dication in a planetary 

atmosphere was possible utilising increased resolution MS on board MAVEN.54 An analysis of 

the electrons in the outer atmosphere of Mars was also undertaken by MAVEN.55 The electron 

energy distribution spans a wide range of energies. A distinctive peak is observed at ~27 eV, 

enough energy to result in the ionization of most monocations to form a dication, and for some, 

larger, molecules enough to form a dication directly from the neutral.  

Io, one of the satellites of Jupiter, experiences intense volcanic activity, releasing SO2, 

resulting in an atmosphere dominated by S and O containing species. S2+ has been detected in 

the ionosphere of Io by the Galileo56 and Voyager I57,58 spacecraft, as well as spectroscopically 

by the Hubble telescope.59 O2+ and S2+ have been detected in the Jovian magnetosphere, likely 

emanating from Io.14,60 Additionally, UV-emission spectra of the Io plasma torus also exhibit 

transitions attributed to Cl2+, C2+ and even the triply charged S3+.61 

Saturn’s largest moon Titan has a dense atmosphere dominated by N2 and CH4.
62,63 Titan 

has a rich chemistry involving many organic species, initiated by photon absorption.64 These 

organic species result in the ‘haze’ observed in photographs of the satellite. Titan is seen as a 

model for prebiotic chemistry, making it a proxy for exoplanets with atmospheres. Modelling 

predicts the presence of N2
2+ in the upper atmosphere of Titan, in chemically significant 

concentrations.9,17 Dutuit et al.65 review the ionospherically relevant processes associated with 

N2+ and N2
2+ in Titan’s atmosphere, including the bimolecular reactivity of these species with 

neutrals. The reactions of N2
2+ with neutrals relevant to the ionosphere of Titan have been the 

subject of previous studies in our group.66–69  

The formation of dications can occur in other gaseous regions in the solar system which 

experience an appropriate flux of radiation. For example, the molecular dication CO2
2+ has been 

detected in the gas envelope of a comet, using MS on the Rosetta spacecraft.70 Dications are 

also present in the stellar wind, which is partially comprised of He2+.1 These He2+ dications 

could interact with species in the outer atmosphere of planets and satellites, resulting in the 

formation of new species, including dications. For example, collisions between He2+ and 

hydantoin, a model biological molecule, resulted in the formation of new dications, among other 
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species.71 The effects of the He2+ dication in the solar wind interacting with comet comas have 

also been modelled and found to be a minor contribution to the source of ions in comets.72  

Modelling has indicated that dications should be an important trace species in the 

atmospheres of Mars, Titan, Earth and Venus, with chemical abundances comparable with 

chemically significant monocations in these ionospheres.8,9 Figure 1.2 illustrates calculated 

densities of dications in the atmospheres of Venus, Earth, Mars and Titan. For example, in 

Figure 1.2, the density of N2
2+ ions in Titan’s atmosphere (panel D) is clearly greater than the 

monocations CH+, CN+, and C2H
+. 

 

Figure 1.2:  Selected ion densities in the atmospheres of Venus, Earth, Mars, 

and Titan, calculated from numerical simulations. Reproduced from 

reference.45 

The results of models suggesting that dications are present in chemically significant 

concentrations, as well as cases of detection in ionospheres, show that dications are an important 
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species in these environments. The recent detection of a molecular dication CO2
2+ by MAVEN 

could be the first of many molecular dications detected in ionospheres. Future missions with 

the capability to detect dications are clearly required. 

1.1.1.2 Processes involving dications 

As demonstrated in several studies, both atomic and molecular dications exhibit 

significant bimolecular reactivity following collisions with neutral species.37,73–76 Such 

collisional processes are expected to be the major route which limits the lifetimes of atomic 

dications in planetary ionospheres.45 In addition, despite their inherent thermodynamic 

instability, compared to the charge separated products of dissociation, the metastable electronic 

states of many molecular dications have been shown to possess lifetimes sufficient to allow 

collisions with other species in planetary environments.37 For example, the primary loss 

mechanisms of the CO2
2+ and O2+ dications detected in ionospheres are predicted to be via 

bimolecular reactivity.51,54 The reactive nature of dications, coupled with their significant 

abundance in ionospheres, suggests that the bimolecular chemistry of these species could play 

a role in ionospheric chemistry.65 For example, dication reactions could be involved in the 

chemistry of complex molecule assembly.45 Indeed, carbon-carbon coupling reactions have 

been observed following interactions of aromatic dications with methane,77,78 ethyne79 and 

benzene.80 Dications made from nitrogen containing compounds, such as pyridine and 

benzonitrile, were used in some of these bond-forming reactions.78 These bond-forming 

reactions could therefore be of relevance to processes in Titan’s nitrogen-rich atmosphere.  

Another remarkable ionospheric phenomenon involving dications is atmospheric 

depletion. When a molecular dication dissociates, the kinetic energy released can be enough to 

allow the product ions to escape the atmosphere.81 Indeed, the influence of such unimolecular 

chemistry of molecular dications in atmospheric erosion has been recently recognized.44,81–83 

Molecular dication dissociation and therefore atmosphere erosion are expected to be important 

for Mars and Titan.83  

Whilst there have been observations of dications in planetary ionospheres, including, 

encouragingly, the molecular dication CO2
2+ in the atmosphere of Mars, dications have been 

historically neglected in models of ionosphere chemistry, likely due to the difficulties 

mentioned above.45 In order to identify dication reactions of ionospheric interest, laboratory-

based experiments to probe dicationic reactivity, along with spectroscopic identification 

techniques, are vital.84 By studying bimolecular processes involving dications, we can learn 



   Chapter 1: Introduction 

32 

 

about ionospheric phenomena, such as atmosphere depletion and complex molecule formation, 

elucidating processes of the ionospheres of planets and satellites including the prebiotic Earth. 

Greater understanding of the properties and reactivity of dications will also enhance our 

understanding of processes occurring in the ISM, and in anthropogenic manufacturing 

techniques involving plasmas. 

1.2 Formation of dications 

Dications can be formed via several different methods. A dication can be formed 

directly from a neutral species if an atom or molecule is given enough energy to overcome its 

double ionization energy, resulting in the loss of two electrons. Generally, the cross section for 

the direct formation of a dication from a neutral is at least an order of magnitude less than to 

form the corresponding monocation, making it sometimes challenging to study these species. 

Dications can also be formed sequentially, via a monocation. The two main methods of 

ionization are photoionization and electron ionization, discussed in more detail below. 

Additionally, dications can be formed from collisions between a neutral or monocation and 

other charged particles. For example, collisions with He+ can result in the loss of an electron 

from a monocation through an electron-transfer (ET) process, forming a dication. Negative ions 

can also be used to ionize neutrals. For example, calcium-containing diatomic dications, such 

as CaP2+, have been formed as a result of sputtering powder samples with high energy O— 

ions.85 New dications can also form as a result of dication-neutral reactions, the focus of this 

thesis. 

Electron ionization (EI) can occur following inelastic collisions between electrons and 

an atom or molecule. If enough energy is transferred to the neutral species, an electron can be 

ejected, depicted in equation (1.1). Electron ionization is commonly used to produce ions 

experimentally, including in the experiments described in this thesis, due to its relative 

simplicity to implement.37 A heated filament can be used to produce electrons via thermionic 

emission with tuneable energies capable of ionizing a target precursor gas. EI can result in the 

formation of dications with a range of internal energies. Some electronic states are unstable to 

dissociation, therefore EI of molecular precursor gases often results in a significant amount of 

fragmentation. An alternative ionization method that could be employed to aid the production 

of molecular dications is electrospray ionization (ESI) because it is ‘softer’ and limits 
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fragmentation. However, ESI is usually used to aid in the production of larger molecular 

dications that exist chemically in solution. 

e— + AB → AB+ + 2e—     (1.1) 

Photoionization (PI) involves the neutral species absorbing a photon with sufficient 

energy to cause ejection of an electron, shown in equation (1.2). Photoionization can be 

achieved with the use of a laser, which typically offers more control in the vibronic states of 

the dication accessed. The disadvantage with lasers is that they are expensive and complicated 

to use, as well as it being logistically difficult to incorporate a laser into the position-sensitive 

coincidence mass spectrometry (PSCO-MS) apparatus used for the experiments described in 

this thesis. For example, with a laser it is difficult to obtain high enough repetition rates to make 

coincidence experiments feasible whilst maintaining sufficient flux of ions. 

hν + AB → AB+ + e—     (1.2) 

1.3 Properties of dications 

Molecular dications are often thermodynamically unstable due to Coulomb repulsion 

between the two positive charges. This repulsive force can result in dissociation and the 

formation of two separate monocations, shown in equation (1.3). 

AB2+ → A+ + B+     (1.3) 

Some molecular dications have metastable states which are kinetically stable to 

dissociation with long lifetimes. One model to account for the existence of dicationic metastable 

states is with avoided crossings of the potential energy surfaces. In this model the metastable 

AB2+ dication state arises from an avoided crossing between an electronic state that converges 

to A2+ + B at large interspecies separations and one that converges to A+ + B+ at large 

interspecies separations. Such potential energy curves for a diatomic dication, AB2+, are shown 

in Figure 1.3a. The potential energy curve for two monocations, A+ + B+, is dominated by the 

inter-species Coulomb repulsion, shown in equation (1.4),  

V(r) = 
𝑞1𝑞2

4𝜋𝜀0𝑟
 ,      (1.4) 

where q1 and q2 are the charges of the monocations, ε0 is the permittivity of a vacuum, and r is 

the interspecies separation. At large interspecies separation, the potential curve for a dication 
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and neutral species, A2+ + B, is dominated by the polarisation attraction, shown in equation 

(1.5), 

V(r) = – 
𝑍2𝑒2𝛼

32𝜋2𝜀0
2𝑟4 ,     (1.5) 

where Z is the nuclear charge number of the dication (+2), e is the electronic charge, and α is 

the polarizability of the neutral species. The A2+ + B potential is dominated by electrostatic 

repulsion at short range. The dominance of repulsive forces at short range and attractive forces 

at long range leads to a minimum in the potential energy curve, resulting in a bound diatomic 

dication, AB2+. As shown in Figure 1.3b, an avoided crossing results in a minimum in the PES 

that has a barrier to dissociation, therefore the dication is kinetically stable. Typically, this AB2+ 

minimum lies higher in energy than the asymptote of the repulsive potential of A+ + B+, 

therefore the dication is thermodynamically unstable to dissociation, but kinetically stable in 

the minimum (metastable), as shown in Figure 1.3b. If the AB2+ minimum is lower in energy 

than the repulsive A+ + B+ potential, then the dication can even be thermodynamically stable to 

dissociation. For example, computational studies have predicted that CrO2+ and BaO2+ are 

thermodynamically stable relative to their charge separated products of dissociation.86,87 

Metastable dications can dissociate by tunnelling through the potential barrier to the charge 

dissociated monocation + monocation asymptote. However, the barrier to dissociation is often 

wide, and therefore the primary mechanism for the dissociation of dications is via curve 

crossings. The species can cross to a different curve that is either repulsive, or from which it 

can easily transition to a repulsive state, and then dissociate.  

Dications can be stable with large well depths, for example, O2
2+ has a well depth of 

>2 eV, capable of supporting many vibrational levels.88–90 Polyatomic dications are more 

complex, yet still form metastable states via the same route - the formation of potential barriers 

in the PES resulting from avoided crossings. The presence of these long-lived metastable states 

means that a significant mode of decay for dications can be via bimolecular reactivity. Such 

dication reactions with neutral species, are discussed in the following section. 
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Figure 1.3: Schematic potential energy curves for a dication, AB2+. The two 

limiting approaches to form AB2+ are from A+ + B+ or A2+ + B. (a) 

The diabatic model where the curves cross. (b) The adiabatic model 

where an avoided crossing results in a minimum in the potential 

energy curve. 

1.4 Reactions of dications with neutral species  

In high energy environments such as planetary ionospheres dications often have 

lifetimes long enough that their primary loss mechanism is through bimolecular reactions with 

neutral species.37,65 When a dication and a neutral species interact, there are a number of 

possible processes that can occur. Generalised forms of these processes are shown in Table 1 

and are described below. 
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Table 1: Generalised reactivity that can occur following dication + neutral 

interactions. 

Process Equation  

Collision-induced dissociation AB2+ + CD → A+ + B+ + CD 

AB2+ + CD → AB2+ + C + D 

(1.a) 

(1.b) 

Non-dissociative single electron-transfer AB2+ + CD → AB+ + CD+ (1.c) 

Dissociative single electron-transfer AB2+ + CD → AB+ + C+ + D 

AB2+ + CD → A+ + B + CD+ 

AB2+ + CD → A+ + B + C+ + D 

(1.d) 

(1.e) 

(1.f) 

Non-dissociative double electron-transfer AB2+ + CD → AB + CD2+ (1.g) 

Dissociative double electron-transfer AB2+ + CD → AB + C+ + D+ (1.h) 

Bond-formation with charge separation AB2+ + CD → ABC+ + D+ (1.i) 

Bond-formation forming a new dication AB2+ + CD → ABC2+ + D (1.j) 

 

1.4.1 Collision-induced dissociation 

Collision-induced dissociation (CID) involves the dissociation of the dication or neutral 

species due to energy transfer in a collision. In Table 1 equations (1.a) and (1.b) represent this 

process. The key feature of CID is that there is no transfer of electrons between the reactants or 

new chemical bonds formed. In a collision, energy can be transferred from the rotational, 

vibrational, or electronic modes of one reactant to the other. This transfer of energy can result 

in one or both of the species transitioning to a state unstable to dissociation, or more easily 

tunnelling through a potential barrier due to inhabiting higher vibrational modes. Additionally, 

the translational energy of the reactant species could promote the internal energy of the reactants 

resulting in the population of dissociative states. CID is distinct from unimolecular dissociation, 

which does not require a collision to occur. CID and unimolecular dissociation can both lead to 

either charge separation, where two monocations are formed, or ‘neutral loss’, where a dication 

and a neutral are formed. 
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The formation of two monocations resulting from bimolecular collisions of molecular 

dications with neutral species is often observed because of the relative thermodynamic driving 

force of forming the charge separated products.91–93 Of course, the dication could also lose a 

neutral fragment. If CID results in the formation of new charged species (equation (1.a)) it is 

generally easy to study such a process, however, if just the neutral collision partner dissociates 

(equation (1.b)) it is less straightforward due to the difficulties associated with detecting neutral 

species. An example of a CID reaction is shown in equation (1.k).94 

CF3
2+ + Xe → CF2

2+ + F + Xe     (1.k) 

1.4.2 Electron-transfer  

1.4.2.1 Single electron-transfer 

Electron-transfer (ET) processes are often found to dominate reactions between 

dications and neutral species.11,95 Single electron-transfer (SET) is the transfer of one electron 

from the neutral species to the dication, producing two monocations. Non-dissociative single 

electron-transfer (NDSET) is when SET does not result in the fragmentation of either of the 

monocationic products, as shown generally in equation (1.c). An example of a NDSET reaction 

observed experimentally is given in equation (1.l).96 

CO2+ + He → CO+ + He+      (1.l) 

If either of the product monocations are formed in a dissociative state, fragmentation 

will follow, a process termed dissociative SET (DSET), shown in equations (1.d), (1.e), and 

(1.f). Due to the high potential energy of dications, when SET occurs, often one of the products 

is formed with enough vibronic excitation to cause dissociation. Example DSET reactions 

observed experimentally are shown in equations (1.m) and (1.n).97,98 

Ne2+ + N2 → Ne+ + N+ + N      (1.m) 

SF2+ + Ar → S+ + F + Ar+      (1.n) 

1.4.2.1.1 Reaction window theory 

To describe the electron-transfer between a dication and neutral species, ‘reaction 

window’ theory is often employed.37 Reaction window theory is an application of Landau-

Zener (LZ) theory,99 which offers a semi-classical description of the probability of transitioning 



   Chapter 1: Introduction 

38 

 

from one potential energy curve (PEC) to another (reactant to product), at their intersection. LZ 

reaction window (LZRW) theory is a semi-classical model which allows the probability of SET 

to be determined in dication-neutral systems.93 

Schematic potential energy curves for the dication + neutral reactants, and the 

monocation + monocation products for a SET reaction are shown in Figure 1.4. The product 

potential is dominated by the Coulomb repulsion between the two monocations, and the reactant 

potential is dominated by the polarisation attraction (ion-induced dipole interactions) between 

the dication and neutral species. Reaction window theory indicates that SET occurs near the 

curve crossing, rc, the point where the reactant and product PECs intersect.  

 

Figure 1.4: Schematic showing the potential energy curves involved in the 

single electron-transfer reaction between AB2+ and CD. The 

reactant curve is dominated by attraction between the dication and 

neutral species. The product curve is dominated by Coulomb 

repulsion between the singly charged AB+ and CD+ ions. The 

curves cross at separation rc. The ‘reaction window’ is also shown.  

The probability of the system remaining on the same surface as it passes through the 

curve crossing is given by δ, determined by the extent of the coupling between the curves. As 

the interspecies distance of the crossing decreases, the coupling between the two curves at the 

crossing increases. In a collision between a dication and a neutral, the system passes the curve 

crossing at rc twice, once as the reactants approach each other and once as they depart. Thus, 

the probability of net SET occurring, P, is given by equation (1.6). 
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𝑃 = 2𝛿(1 − 𝛿)     (1.6) 

If the curve crossing occurs at a large interspecies separation, the coupling between the 

two potentials is poor and the electron is unable to move between them (δ >> 0.5, P → 0). If 

the curve crossing occurs at a small interspecies separation, the potentials are coupled very 

strongly, and the electron is easily able to transfer between them (δ << 0.5). However, the 

electron will, with high probability, transfer twice, as the species move towards each other and 

again as they move apart, resulting in no net electron-transfer (P → 0). Therefore, efficient SET 

can only occur between these two limits, when the curve crossing is situated where the PECs 

are not too weakly or strongly coupled. This region is known as the ‘reaction window’ and in 

dication-neutral systems is typically where the interspecies separation is ~2–6 Å.11,100–102 Given 

the shapes of the potential curves in the AB2+ + CD system, this interspecies separation 

corresponds to a reaction exothermicity of ~2-6 eV. It should be noted that LZ theory is based 

on atomic species and therefore reaction window theory may be less appropriate for larger 

species with more internal modes and different geometries. For example, the orientation of the 

reactants is not considered. 

1.4.2.2 Double electron-transfer 

Double electron-transfer (DET) is a collisional process where two electrons move from 

the neutral species to the dication, shown by equation (1.g) in Table 1. This process results in 

the formation of a new neutral species and a new dication. Either of the products formed from 

DET could subsequently dissociate. The nascent dication often fragments into two 

monocations, shown in equation (1.h). An observed example of a DET reaction in which the 

nascent dication dissociates is shown in equation (1.o).95 

Ar2+ + C2H2 → CH+ + CH+ + Ar     (1.o) 

Typically, in dication-neutral systems, the reaction cross section for DET is smaller than 

that for SET. DET can, in theory, proceed via two mechanisms: sequential (via the SET 

products), or concerted. These mechanisms can be explained using simple, one-dimensional, 

electrostatic models for the reaction AB2+ + C → AB + C2+.95 In sequential DET (Figure 1.5a), 

the reactant and product potentials are represented by simple polarization-attraction forces 

arising from dication-neutral interactions. The DET reaction proceeds via the SET products, 

AB+ + C+, the PEC for which is repulsive due to Coulombic repulsion, as discussed above. In 

order for DET to proceed via this sequential mechanism, both the product and reactant curves 
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must cross the monocation + monocation curve within the reaction window in order for an 

electron to transfer each time.  

 

Figure 1.5: Schematic potential energy curves for double electron-transfer 

between a dication, AB2+, and neutral species, C via (a) sequential 

and (b) concerted mechanisms. 𝑟𝐴𝐵−𝐶 is the interspecies separation 

between AB and C. 

In the concerted model (Figure 1.5b), the dication + neutral potential crosses the neutral 

+ dication potential. In order for the reactant and product potentials to cross within the reaction 

window, centred on an interspecies separation of 4 Å, the neutral reactant and neutral product 

must have different polarizabilities and the product asymptote must lie close in energy to the 

reactant asymptote (<1 eV difference). Indeed, previous work has shown that when a collision 

system exhibits a significant yield of DET, the reactant and product asymptotes conform to the 

above energetic constraints and appropriately favoured crossings in the Landau-Zener window 

exist.95 The sequential mechanism proceeds via the SET products, and therefore there is an 

inherent competition between SET and DET. In theory, in the sequential mechanism, both sets 

of curve crossings can be within the reaction window over a wider range of reaction 

exothermicities than the range of exothermicities over which the concerted model allows 

efficient DET. It follows that if the sequential mechanism was favoured, DET should be a more 

common occurrence following the collisions of dications and neutral species at low collision 

energies. The relative scarcity of DET observed in studies of dication-neutral collision systems 
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suggests that concerted DET is indeed responsible for the majority of dication-neutral 

DET.95,103  

1.4.3 Bond-formation 

Bond-forming reactions have been observed resulting from collisions of dications with 

neutral species at low collision energies (<10 eV).11,97,100 At these low energies the reactants 

can interact for longer, allowing new bonds to form. Additionally, at low collision energies 

bond-forming complexes, close-range associations between the reactants, will likely have less 

internal energy and therefore be more stable to dissociation. Thus, these bond-forming 

complexes can have longer lifetimes, increasing the likelihood of bond-formation.  An example 

bond-forming reaction is shown in equation (1.p), involving the formation of a new S-O 

bond.104 

O2
2+ + OCS → SO+ + CO+ + O    (1.p) 

This bond-forming reactivity marks dications as potential precursors for the 

development of complex molecules in the ISM or planetary ionospheres. Dication-neutral 

interactions can result in carbon-carbon coupling reactions, as alluded to in Section 1.1.1.2.77–

80 For example, equation (1.q) shows a carbon-carbon coupling reaction between C7H6
2+, 

formed from EI of toluene, and ethylene.105 The reaction shown in (1.q) involves the addition 

of carbon atoms to the dication species, building on the original molecule. This reaction is 

especially interesting as a molecular dication is produced, despite the Coulomb repulsion of the 

double charge. Further addition reactions could be a pathway to the formation of the complex 

hydrocarbons observed in space. 

C7H6
2+ + C2H2 → C9H7

2+ + H     (1.q) 

The reaction of dications with neutrals also offers one of few pathways to form species 

that include rare gases. For example, Bassi and co-workers40,41,106 observed the formation of 

ArC2+ and ArN2+ resulting from reactions of Ar2+ with N2, CO and CO2. Ascenzi et al.107 

observed the formation of ArO2+ and ArO+ following the collisions of Ar2+ with O2; an 

investigation discussed in more detail in Chapter 3. The formation of ArN+ and ArNH+ was 

observed to result from the reaction of Ar2+ and NH3, proceeding via the formation of a 

complex, [ArNH3]
2+.108 HCCRg2+ dications (Rg = Ar, Kr) were observed resulting from C2H2

2+ 

+ Rg collisions.42 Bonds with Ar, including with C and S, have also been formed by reacting 
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Ar gas with dications such as CF3
2+.98,106,109 Additionally, Si-Ne and Si-Ar bonds have been 

observed to form resulting from SiF3
2+ + Ne/Ar collisions.110 These examples of the formation 

of unusual species, involving rare gases, demonstrates the rich range of chemistry possible with 

dications. 

1.4.3.1 Herman model 

Experiments show that collision complexes are often involved in dication-neutral bond-

forming reactions.66,67,111,112 Herman et al.113 developed a model for explaining dication-neutral 

bond-forming reactivity and its competition with SET. This model is shown in Figure 1.6, for 

a system with a dication, AB2+, and neutral species, C. As the two species make their initial 

approach, starting on the left side of Figure 1.6, the potential energy surface is dominated by 

the polarisation attraction between the dication and neutral. This approach channel is crossed 

by a number of repulsive curves that result in SET, forming AB+ + C+ and their excited 

analogues. If the system does not cross onto one of these repulsive states then a collision 

complex, [ABC]2+, can be formed at a small interspecies separation. In the collision complex, 

chemical bonds can be broken and made due to the close proximity of the atoms. 

The collision complex can either dissociate back along the entrance pathway, or along 

a new reaction coordinate of A + BC2+, with the A-B bond broken and B-C bond newly formed. 

The exit channel is also crossed by a number of (often more energetically favourable) repulsive 

states that result in SET, forming A+ + BC+. If the system does not cross to one of these repulsive 

states, then a new dication is formed, BC2+. For example, the dication ArC2+ was observed 

following collisions between Ar2+ and CO.40,41,105,106 

In order to form a collision complex, the system must negotiate curve crossings with a 

number of different repulsive asymptotes leading to SET. Often, at least one of these curve 

crossings lies within the reaction window, making the formation of a collision complex 

difficult. As a result, reaction cross sections for bond-forming reactions are generally 

significantly lower than for competing SET reactions. Bond-forming reactions can also occur 

via more direct mechanisms,95 including some of the bond-forming reactions studied in this 

thesis.114 For example, the ArO+ + O+ products resulting from collisions of Ar2+ and O2 

described in Chapter 3 are generated via a ‘stripping’ mechanism, where the Ar2+ abstracts an 

O— from the O2 at long range.115 
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Figure 1.6: Schematic potential energy curves involved in complex formation 

and bond-forming reactivity between AB2+ and C. The AB2+ + C 

curve is dominated by polarisation attraction. The [ABC]2+ 

complex is found at the minimum, at short interspecies separations, 

r. The dication + neutral potential energy curves are crossed by the 

repulsive states corresponding to the SET products. Adapted from 

reference.113 

1.5 Experimental techniques for investigating dications 

Experimental investigations can provide vital information on the properties and 

reactivity of dications. The vibronic structure of a dication, or the double ionization energy of 

a neutral species are essential, among other details, when predicting which reactions may occur 

from the collisions of dications with neutral species. In this way we can predict if SET or DET 

is likely to occur. As will be seen for the dication + neutral systems presented in this thesis, 

relevant thermodynamic information such as the enthalpies of formation of the reactants and 

products can aid models that explain the observed reactions. The following sections address the 

experiments used to study the properties of dications and the interactions of dications with 

neutral species. 

Of course, whilst we focus on experimental studies, computational techniques allow for 

the increasingly accurate determination of dicationic properties such as conformation and 
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energy, and therefore must be mentioned. Such computational studies often provide vital 

information to aid with the interpretation of experimental results, or even predict which 

molecular dications might be stable enough to generate in a laboratory experiment. Indeed, 

many of the experimental investigations of dications discussed throughout this thesis are 

supplemented with computational calculations to help rationalise the results. A variety of ab 

initio methods, based on solving the Schrödinger equation, have been applied to determine 

dicationic properties. Potential energy curves of many diatomic dications have been calculated, 

such as CrO2+,86 HF2+,116 and HS2+.117 Indeed, recent studies have predicted that the diatomic 

group 12 dications M2
2+ (M = Zn, Cd, Hg) are all kinetically stable with ~1 eV barriers to 

dissociation.118 BaO2+ and BaH2+ are predicted to have low lying electronic states that are 

thermodynamically stable.87 Polyatomic dications have also been studied computationally, for 

example, the potential energy surface of CH3Cl2+ was recently calculated, in order to look at 

the formation of H3
+, an important astrochemical molecular ion.119 Calculations have also 

predicted that, curiously, the lowest energy structure of the dication of benzene is pyramidal, 

with a five-membered ring.120 

In the remainder of this section, the current and historical experimental techniques used 

to probe dication properties and their bimolecular reactivity are discussed. 

1.5.1 Determining the properties of dications 

Collisional techniques have been used to study dications including electron ionization 

(EI), translational energy spectrometry (TES), and double charge transfer spectrometry (DCT). 

EI can be used to determine the energy threshold of formation for a particular ion, by 

measuring the onset of a product ion signal (typically detected with MS) as a function of 

electron energy. EI studies can therefore yield double ionization energies as well as which ionic 

products are formed as a result of electron bombardment. EI can also be used to determine 

ionization cross sections. In order to be detected using conventional MS methods, the lifetime 

of a species needs to be on the order of ~10 µs.117,121 The lifetimes of molecular dications 

generated by EI have also been determined using a storage ring.13 Several molecular dications, 

including N2
2+ and CS2

2+, were found to have lifetimes greater than a few seconds, limited by 

collisions with the background gas in the apparatus. Recent investigations utilised EI in a 

systematic search of metastable dications derived from benzene, resulting in the detection of 

several C6Hn
2+ dications.122 
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Auger spectroscopy involves the detection of secondary electrons emitted 

accompanying the relaxation of an outer electron to fill a core vacancy. The detection of 

secondary Auger electrons after EI or PI of a species can reveal the energies of the electronic 

states of dications. Particularly when these Auger electrons are detected in coincidence with the 

dication.123–125 High resolution (with vibrational structure) spectra of molecular dications can 

be obtained from the detection of Auger electrons in coincidence with threshold 

photoelectrons.126 For example, the PECs of CO2+ states have been determined with the aid of 

synchrotron experiments detecting the Auger electrons from photoionization.127 

TES involves collisions of a high energy ion with a neutral target in a collision cell 

followed by the measurement of the translational energy (ET) loss (or gain) of the fast ion as a 

result of the collision.128 This loss or gain of ET allows electronic and vibrational states of an 

ion to be determined. For example, Jonathan et al. employed TES to study the lowest energy 

electronic states of NO2+.129 TES is especially useful for determining information on the mutual 

positions of the ground and excited electronic states of molecular dications. 

DCT is similar to TES except it involves collisions between cations, usually protons, 

and a neutral species. The collision results in the transfer of two electrons from the neutral to 

the monocation, forming a dication (from the neutral) and an anion (from the monocation). 

Translational energy loss from the nascent anion is therefore used to determine the double 

ionization energy of the neutral species.130 Typically performed using MS apparatus with a 

collision chamber, previous investigations utilising DCT with high energy (~keV) H+ ions have 

been used to determine double ionization energies of CH4,
131 allene (C3H4),

132 N2, O2, NO, and 

others.133,134 

Ionization techniques involving PI typically offer greater selectivity in the dication 

states accessed than electron ionization. This is because in PI all of the energy from the photon 

is absorbed compared with a collision with an electron which will cause excitation with a range 

of energies. The spread (full width at half maximum, FWHM) of ionizing energy is also 

generally larger for electrons than the spread of ionizing photon energy. To this end, 

synchrotron radiation offers a highly tuneable photon source, for example the CERISES 

apparatus on the DESIRS beamline at the synchrotron SOLEIL has been used to probe dication 

formation, determining the double-ionization energy of cycloheptatriene (C7H8) and the 

appearance energy of C7H6
2+.73 
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Dications are commonly identified using MS, however, spectroscopic identification 

techniques are a valuable tool to detect dications in faraway astrophysical 

environments.23,25,59,61 Atomic dications are well characterised spectroscopically, however, the 

same cannot be said about the corresponding molecular species. Spectroscopy can also reveal 

information on the specific states of a dication as well as their identity. Excited dication states 

can sometimes fluoresce, for example, a N2
2+ fluorescence band was observed in rotationally 

resolved spectra as early as 1958.135,136 While some work is ongoing,137 in order to detect more 

dications in space, laboratory based spectroscopic studies of dications are required, as well as 

more sensitive spectroscopic techniques to aid detection. 

The auto-dissociation dynamics of molecular dications have been studied, often using 

velocity map imaging (VMI) which can reveal the velocity distribution of the product fragments 

and therefore energetic information. PI coupled with VMI detection has been recently employed 

to study the dissociation of dications generated from 1,2-bromochloroethane138 and CD3OD.139 

A statistical technique has been developed to study the fragmentation of multiply charged 

molecular cations, termed covariance-map imaging, often used with PI-VMI.140 Covariance-

map imaging quantifies the correlation between two product fragments in order to determine if 

they are formed in the same process. For example, the fragmentation of CF3I
2+ has been recently 

studied with this technique, revealing mechanisms of the various dissociation channels.141 The 

dissociation dynamics of doubly ionized adamantane, a proxy for interstellar carbonaceous 

species, has also recently been investigated using covariance techniques coupling extreme UV 

(EUV) radiation and VMI detection.142 Whilst the use of covariance mapping can provide 

information on the pathways and energetics of the fragmentation of dications, the use of 

coincidence techniques removes the need for statistical methods and can offer greater 

sensitivity. 

1.5.1.1 Coincidence techniques 

Coincidence techniques involve the detection of two or more products from a single 

event. From a coincidence experiment, we can unambiguously assign products, and infer the 

dynamics and mechanisms of reactions. To demonstrate the power of coincidence techniques, 

consider the following reaction: 

AB2+ + C → A+ + B+ + C      (1.7) 
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The dication AB2+ reacts with a neutral species, C, resulting in the formation of three 

products: A+, B+ and C. However, the formation of each of these individual products could also 

proceed via multiple pathways. A traditional mass spectrometry experiment would detect A+ 

and B+, however, either of these products could also form from dissociative SET along with C+. 

Therefore, in conventional experiments, the products of dicationic dissociation are largely 

indistinguishable from the products of single ionization or other processes. With the application 

of a coincidence method that detects pairs of cations, the simultaneous formation of A+ and B+ 

in this channel can be distinguished from two parallel dissociative SET reactions. 

As discussed above, statistical methods (such as covariance-map imaging) have also 

been developed to study the dissociation of a molecule without the coincident detection of 

product fragments.143 However, coincidence techniques detect the products of single reactive 

events and allows the complete and direct reconstruction of the correlation between the 

particles. While covariance-map techniques are statistical and hence still look at ensemble 

processes with the inherent averaging that involves. Covariance-map techniques will also 

struggle to detect weak channels. Coincidence measurements are powerful as they are 

unambiguous, without using averaging or statistical methods. Thus, coincidence experiments 

can give comprehensive insight into the dynamics of processes involving dications.  

Ion coincidence experiments typically involve there being fewer than one event per 

detection cycle, to ensure that any products detected originate from a single reactive event. The 

experiments are therefore repeated over many cycles to build a statistically significant 

distribution of the correlation between the variables of interest. A high repetition rate is required 

to mitigate for the low count rate and allow for reasonable experimental run times. This need 

for a high repetition rate makes the use of lasers in coincidence experiments difficult. Most 

laboratory based high power lasers have low repetition rates of a few Hz. The use of lasers with 

coincidence experiments is now more feasible with the availability of high-power Ti:sapphire 

laser systems. However, the need for multiphoton ionization schemes makes the use of lasers 

in coincidence challenging. 

Coincidence techniques were first applied to the study of dications by McCulloh et al.144 

to investigate the decomposition of isolated multiply charged ions, including CO2
2+ and CH4

2+. 

Positive ions or ion pairs generated by EI were detected in coincidence with an ejected electron. 

Subsequently, a variety of coincidence techniques have been developed, especially by 

Eland66,145–147 and co-workers, to encompass many ionization and detection methods. 
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Coincidence techniques involving photoionization are especially informative because of the 

control over ionizing energy. For example, the state selective ionization of neutrals to dications 

is possible with photoionization. 

Photoelectron-photoelectron coincidence (PEPECO), involving the coincident 

detection of two photoelectrons, has been used to obtain double photoionization spectra, 

equivalent to photoelectron spectra for a dication, of many small molecules.145,148,149 The 

detection of threshold electrons, with near zero kinetic energy, in coincidence (TPEsCO) allows 

for enhanced resolution spectra to be obtained.150,151 

Time-of-flight (TOF) MS is ideally suited for coincidence experiments as it allows the 

detection of more than one ion in the same TOF cycle of the same detector. In pioneering 

experiments, Curtis and Eland152 used a photoion-photoion coincidence (PIPICO) technique to 

probe the dicationic states of several molecules. This first PIPICO study of double 

photoionization revealed the dissociation pathways and energetics of a number of small 

dications for the first time. PIPICO has been performed with synchrotron radiation, for example, 

in investigations of the fragmentation of SO2
2+ generated from ionization of SO2.

153,154 

Techniques such as these, involving the detection of more than one product ion in coincidence, 

have allowed the dissociation of dications to be explored in more detail. 

1.5.1.1.1 Coincidence techniques to investigate the dissociation of dications 

The EI apparatus at UCL, shown in Figure 1.7, is capable of detecting multiple ions in 

coincidence following electron ionization of a neutral species. The cross sections for the 

formation of ions resulting from EI of neutrals, as well as the corresponding fragmentation 

pathways resulting from ionization are easily determined.155–157 Recent work investigating the 

EI of PF3 has shown that F+ ions are, in fact, primarily formed as a result of processes involving 

multiple ionization.158 Indeed, multiple ionization processes generally account for a large 

proportion of the total ion yields from collisions of molecules by 200 eV electrons. Ion-ion 

coincidence techniques have also been used to study the fragmentation dynamics of the doubly 

ionized amino acids glycine and analine, formed from collisions of the neutral amino acids with 

Xe25+ and O6+ respectively.159,160 
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Figure 1.7: Schematic of the electron ionization apparatus at UCL. MCP stands 

for microchannel plate, CFD stands for constant fraction 

discriminator, TDC stands for time-to-digital converter, ECL stands 

for emitter-coupled logic, and NIM stands for nuclear 

instrumentation mode. Reproduced from reference.161 

The use of time- and position-sensitive detectors with multi-ion detection can allow the 

determination of the dynamics and kinetic energy releases of a reaction, as demonstrated by the 

investigations presented in this thesis.146,162 Additionally, the momentum of a third, neutral, 

fragment can be determined using conservation of momentum. For example, in this way the 

two and three body Coulomb explosion of N2O
2+ was studied, revealing the dynamics and 

branching ratios of the competing N-NO and NN-O bond cleavages.163 Such set ups are 

sometimes described as ‘momentum imaging’, other examples of the applications of such 

experiments include a study of the fragmentation of C2H2
2+.164  

Coincident cation detection was employed by Lundqvist et al. in 1995 to study the 

dissociation of dications with a technique termed ‘doppler free kinetic energy release 

spectroscopy’ (DFKER).165 CO2 was ionized by EI in the middle of two TOF tubes, with a 

detector at each end. By detecting each product monocation resulting from a two-body Coulomb 

explosion the energy of each fragment can be determined. The centre-of-mass (CM) can then 

be accurately determined using conservation of momentum. The CM kinetic energy can then 

be subtracted from the fragment energies, thus eliminating any error arising from thermal 

motion of the reactant. Using DFKER, it is possible to obtain kinetic energy release spectra of 

dicationic dissociation with vibrational structure, also demonstrated with N2
2+,166 and O2

2+.167  
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In photoelectron-photoion-photoion coincidence (PEPIPICO) spectroscopy the flight 

times of the two product ions can be measured relative to the ejected electron. Thus, the masses 

of ions generated from dication dissociation are directly determined, a capability especially 

useful when studying dications with multiple fragmentation pathways. The use of PEPIPICO, 

especially when coupled with position-sensitive ion detection, means that the three-body decays 

of dications are better characterised than for three-body decays of neutrals or monocations.146,147 

Recently, PEPIPICO has been used to investigate the fragmentation of doubly ionized water, 

D2O
2+.168 Similarly, an electron-ion-ion coincidence technique has been used to show that after 

double ionization by EI, the ethanol dication can undergo significant rearrangement before 

Coulomb explosion.169 

The Elettra synchrotron, in Trieste, has been used in various coincidence experiments 

involving dications. Elettra gives tuneable and intense UV and EUV photons. The double 

ionization of HBr was studied at Elettra using PEPICO and PEPIPICO.170 TPEsCO was also 

used to obtain high resolution spectra resulting from double ionization of HBr,171 HI,172 HCl,173 

and more recently, H2O.174 At Elettra, PEPIPICO coupled with position-sensitive ion detection 

has been used to characterise the dications of atmospheric species including CO2
2+,175,176 

N2O
2+,177,178 benzene,179,180 acetylene,181,182 and other species relevant to astrochemical 

environments.183–185 These studies involved the determination of the kinetic energy releases 

accompanying Coulomb explosion, concluding that processes involving dications could be 

important in atmospheric erosion. 

Another class of apparatus used to study the dissociation of dications are termed 

‘reaction microscopes’ where the products are ‘imaged’. This term is used to describe 

methodologies which involve the coincident detection of several product fragments (ions and 

electrons) generated from interactions between molecules and particles or photons, often with 

full solid angle detection, and with high momentum resolution.186,187 These experiments are 

also known as recoil ion momentum spectroscopy (RIMS), and the low temperature analogue 

cold target recoil ion momentum spectroscopy (COLTRIMS). A schematic of a typical reaction 

microscope experiment is shown in Figure 1.8. Typically, a collimated beam of cold atoms or 

molecules is crossed with a beam of photons, electrons, or charged particles in the interaction 

region. A weak electrostatic field is applied to the interaction region to extract the product 

fragments, often resulting from a Coulomb explosion after multiple ionization. At each end of 

the electrostatic field is a position-sensitive detector, one side for positive ions and the other 
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side for electrons. The side for electrons often has an extra magnetic field applied to ensure that 

electrons with high transverse velocities are detected. The momentum of each ion is determined 

from the TOFs and detector hit positions. Energetic information can be calculated from the ion 

momenta information. Reaction microscopes are able to reveal branching ratios, and the 

dynamics of dissociation, for example, rearrangements after excitation can be detected. Due to 

the precise imaging of the product ions, the energetics of dissociation can also be determined. 

 

Figure 1.8: Schematic of a typical reaction microscope apparatus. Reproduced 

from reference.187 

Reaction microscopes using EI as the ionization method have been used to study the 

formation of H3
+ resulting from the double ionization of ethane188 and methanol.189 The 

fragmentation of ethylene, allene and CS2, induced by multiple ionization via EI, have also been 

investigated.190,191 The reaction microscope methodology has led to the determination of which 

specific NH3
2+ dication states are populated from PI of NH3.

192 The kinetic energy releases 

accompanying dissociation of N2 and O2 molecules following multiple ionization by EUV 

radiation from a free electron laser have also been reported.193 Finally, collisions with multiply 

charged ions have been used to ionize neutral species in COLTRIMS experiments. Energetic 

Ar8+ and Ne8+ ions have been used to form dications ionized from methane, ethene, propyne, 

and allene.194,195 These studies elucidated fragmentation dynamics of the dications involved, for 

example, the formation of H3
+ from methane and ethene dications proceeds via a ‘H2 roaming’ 

mechanism. 

The techniques described above have contributed to an increasingly detailed picture of 

dicationic properties. Many small dications are now well characterised with accurate double 
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ionization energies, and even dicationic electronic structures with vibrational resolution, being 

available for a number of small molecules. Kinetic energy releases accompanying the 

unimolecular fragmentation of dications, and their corresponding lifetimes are also available 

for an increasing number of small molecules. Knowledge of these properties allows for the 

accurate determination of the dynamics and energetics of reactions between dications and 

neutrals, such as those presented in Chapters 3 – 6. The bimolecular reactivity of dications has 

been less explored. There have been several methods applied to the study of dication-neutral 

reactions, typically appropriating apparatuses designed for the investigation of monocation-

neutral reactivity. These experiments are described in the following section. 

1.5.2 Probing bimolecular dication reactions  

1.5.2.1 Crossed-beam experiments 

The first gas-phase ion-molecule reactions were carried out in the ionization chambers 

of MS instruments before the development of specialist apparatus.196 To study the reactivity of 

dications, generally, the dications of interest need to be generated and selected before 

interacting with another species within a short time-frame to prevent unimolecular dissociation. 

Dications are typically generated by electron ionization before being mass filtered and passed 

through a collision cell containing the target species. The products of dication-neutral 

interactions occurring in the collision cell are then usually detected by MS. Early experiments 

studying the interaction of dications and neutrals used dication beams with high collision 

energies (~1 keV), and the experiments therefore only identified ET and CID products, without 

the observation of bond-formation.96,197–200 Recent examples of the application of this method 

include a study of the dissociation of peptide dications following collisions with Na and Cs 

atoms,201 and the fragmentation of the amino acid alanine following collisions with He2+.202 A 

crossed-beam methodology has also been coupled with luminescence spectroscopy.203 

Fluorescence was detected from CO+ monocations formed from collisions of CO2+ with various 

neutrals, showing that the CO+ B state was primarily involved. 

Later, crossed-beam apparatus, including the PSCO-MS apparatus used for the 

experiments presented in this thesis, were used to study dication-neutral collisions at lower 

collision energies (a few eV). These experiments involve the production of a mass-selected 

beam of dications, crossing this ion beam perpendicularly with a neutral collision gas, and then 

extracting and identifying the charged products, typically with MS. Price and others91,93 studied 
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the reactions of dications with neutrals including CO2+, OSC2+ and CO2
2+ with rare gases using 

the apparatus shown in Figure 1.9. These collision systems involved CID and SET, with the 

total reaction cross section increasing with the atomic mass of the rare gas. Importantly, the use 

of these lower collision energies allowed bond-forming reactions to occur.204 For example, the 

collisions of CF2
2+ + Xe resulted in the generation of XeF+. More recent studies using the 

crossed-beam apparatus at UCL investigated the bimolecular reactivity of PF3
2+ with Ar, O2, 

CO, and Ne.158 The collisions of PF3
2+ with Ar resulted in the formation of ArF+. 

The use of crossed-beams allows for a more localised interaction region, compared to a 

collision cell, and therefore allows for more dynamical information about the dication-neutral 

interaction to be determined.196 If the spread in collision energy can be minimised, informative 

data on the angular and energy distributions of the product ions can be obtained. However, by 

localising the reaction to such a small area, the ion yield is dramatically reduced, and 

determining the absolute neutral reactant concentration is also problematic. Therefore, it is 

difficult to obtain absolute reaction cross sections using the crossed-beam methodology. 

 

Figure 1.9: Schematic of the crossed-beam apparatus used by Price and co-

workers. Reproduced from reference.91 

EVA II is a crossed-beam apparatus built by the Herman group, shown in Figure 

1.10.205–207 By rotating the two beams around the scattering centre, the angular distribution of 

the product ions is obtained. Therefore, the dynamics of the reaction and the relative differential 

cross section of products following collisions of atomic dications with atomic neutrals can be 
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determined. The reaction dynamics can be interpreted to indicate the mechanisms involved. 

The dynamics and energetics of charge transfer and chemical reactions resulting from collisions 

of many dication-neutral systems have been studied with EVA II, including CHCl2+ + D2,
205 

CF2
2+ + D2/H2,

113 CO2
2+ + D2,

208 CF3
2+ + D2,

209 and CO2
2+ + CO2.

210  

 

Figure 1.10: Schematic of the EVA II apparatus. Reproduced from reference.113 

1.5.2.2 Guided ion-beam experiments 

Another experimental method used to study the interactions between dications and 

neutrals involves guided ion-beams (GIB). In a GIB experiment, a mass selected beam of 

dications interacts with a neutral species in a collision region. However, unlike a crossed-beam 

experiment, this collision region is electrostatically constrained by a multipole ion guide. The 

products are then identified with a subsequent quadrupole MS. GIB apparatuses therefore tend 

to have a linear configuration. The guide acting on the collision region helps to prevent the loss 

of ions formed with transverse velocities; therefore, ions are more efficiently collected to the 

detector. The measurement of precise ion yields with GIB experiments allows for the 

determination of accurate reaction cross sections and branching ratios. The collision energy of 

a GIB experiment is simply controlled by varying the potential of the octopole and CM collision 

energies of close to 0 eV are attainable. Therefore, the collision energy dependence of reaction 

cross sections can be easily quantified. Results from GIB experiments have revealed that the 

cross sections for bond-forming reactions resulting from dication-neutral collisions decrease 

rapidly with increasing collision energy. However, because all of the ions are directed into the 
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final quadrupole regardless of their velocity, most of the dynamical information (the angular 

distribution of the velocities) is removed. Therefore, the crossed-beam and GIB methodologies 

can be used in tandem to get a more complete picture of dication neutral reactions. 

The Trento group have used the GIB methodology to study dication-neutral collisions.40 

Dications are generated by EI before being selected by a quadrupole. The ions then pass through 

an octopole collision cell where the dications can interact with the neutral species before being 

detected by a channeltron following a second quadrupole. The quadrupole-octopole-quadrupole 

(QOQ) arrangement, shown in Figure 1.11, is typical for a GIB apparatus. Amongst other 

studies, the Trento GIB has been used to investigate reactivity following the collisions of Ar2+ 

+ O2,
107 discussed in Chapter 3, and also CO2

2+ + Ar,106 with both systems resulting in bond-

forming reactions. The Trento GIB was also used to investigate the collisions of C7H6
2+ with 

N2 and Xe, resulting in the generation of the adducts C7H6N2
2+ and C7H6Xe2+ respectively.73 

 

Figure 1.11: Schematic of a guided ion beam apparatus, with typical 

quadrupole-octopole-quadrupole arrangement. Reproduced from 

reference.211 

Roithová and co-workers have also used the GIB methodology extensively.212 Dications 

are generated by EI before being guided by an octupole into a QOQ arrangement, similar to 

that of the apparatus used by the Trento group. The apparatus also has the option to couple the 

GIB technique with a selected ion flow tube (discussed further in Section 1.5.2.3). After 

generation, the ions can be directed into a flow tube before the QOQ section. In the high-

pressure flow tube collisions with a buffer gas act to thermalise the ions. Differential pumping 

is required to maintain the balance of pressures throughout the apparatus. Roithová and 

Schrӧder79,105 studied the collisions of various aromatic hydrocarbon dications, CmHn
2+ (m = 6-
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14, n = 6-10), with acetylene, which resulted in the formation of new carbon-carbon bonds, 

mentioned in Sections 1.1.1.2 and 1.4.3. The bimolecular reactivity of SiF3
2+, generated via EI 

of SiF4, has also been studied.74 Several species with new bonds were observed. For example, 

at low collision energies, SiF2N2
2+ was the most abundant product following the collisions of 

SiF3
2+ with N2. 

The CERISES experiment also employs the GIB methodology. Dications are generated 

via photoionization from synchrotron radiation, allowing for the generation of energy selected 

dications. After the dications are generated, there is the familiar QOQ GIB arrangement. 

CERISES has been employed to investigate the collision energy dependence of the reaction 

cross sections of charge transfer and bond-forming reactions following the collisions of CHCl2+ 

with Ar and D2,
213 and CO2

2+ with CO2 and CO.214 The GIB methodology has also been used 

to study dication-neutral collisions in other laboratories, such as at Utah, where the energy 

dependence of the reactivity of Ta2+ + CH4 was investigated.215  

1.5.2.3 Selected ion flow tube experiments 

The selected ion flow tube (SIFT) methodology involves a beam of mass selected ions 

injected into a flow of buffer gas.216 The neutral reactant is also injected later in the flow. Ion-

neutral reactions can occur, and the products are detected at the end of the tube with quadrupole 

MS. By including multiple injection points, consecutive reactions can be studied. Due to 

interactions with the buffer gas, the reactant species are thermalised. The SIFT technique can 

be described as a ‘swarm’ experiment because a reactant ion can undergo multiple collisions, 

typically in a high-pressure environment.  

The SIFT technique has been used to determine rate constants and branching ratios for 

dication-neutral reactions. Early SIFT experiments resulted in the determination of the rate 

coefficients for the SET and DET reactions of rare gas dications, Rg2+ (Rg = Ne, Ar, Kr, Xe), 

with atoms and small molecules, including Rg, H2, N2, CO, CO2, and C2H2.
103,217–220 Curiously, 

the reactions of Ar2+ + C60, studied using a SIFT technique, resulted in formation of C60
3+, 

undoubtedly due to there being multiple collisions and low triple ionization energy of C60.
221 

Reactions of the oxygen dication, O2
2+, with O2, N2, CO2, NO and Ne have also been studied 

using the SIFT methodology.222 The low collision energies accessible with this technique 

resulted in the first observation of a bond-forming dication-neutral reaction: O2
2+ + NO → NO2

+ 

+ O+. 
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1.5.3 Experimental outlook 

Since the discovery of dications there have been numerous studies of their properties 

and reactivity, aided by the development of a number of experimental methodologies and 

enhanced computational power. Another technique recently applied to dication-neutral 

reactions involves trapping C2+ ions at 20 K before introducing H2, to look for the formation of 

new C-H bonds.223 

The methodologies applied to studies of dication-neutral reactions, discussed in the 

above sections, namely the GIB and crossed-beam techniques generally only result in one-

dimensional data, therefore, it is difficult to differentiate which processes lead to the 

observation of any product monocations. Thus, the use of a methodology employing coincident 

detection of product ions is required to unambiguously assign reaction pathways. 

There are examples of dication-neutral collisions studied employing coincidence 

methodologies, but these typically involve high collision energies (>100 keV), and therefore 

bond-forming chemistry is unlikely to be observed. For example, the dynamics and energetics 

of the dissociation of NH3 and H2O following collisions with Ar2+ and C2+ respectively has 

been investigated.75,76 Whilst these studies revealed the fragmentation dynamics of the neutrals 

after ionization, as expected, no bond-forming chemistry was observed. 

The PSCO-MS apparatus used for the experiments described in this thesis couples the 

crossed-beam methodology with the position-sensitive coincident detection of ions. This setup 

allows for the kinematics of dication-neutral reactions to be characterised more thoroughly than 

before. For example, evidence for the formation of a short lived complex, [NeN2]
2+, was 

observed in the DSET reaction following the collisions of Ne2+ + N2.
97 The use of low collision 

energies (<10 eV) allows for bond-forming chemistry to occur following dication-neutral 

collisions. The PSCO-MS methodology is discussed in detail in Chapter 2. 

1.6 Summary 

This chapter has introduced dications, discussing their formation and properties. The 

reactivity of dications with neutrals has been discussed in a general sense, including the 

description of models used to rationalise dication-neutral reactivity that involve potential 

energy surfaces. The relevance of dications has been discussed, especially to planetary 

ionospheres. A thorough review of the current techniques used to study the properties and 
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reactions of dications, and the outcomes of these studies has been presented. This thesis helps 

to address the need to study dication-neutral reactions in order to reveal information on 

processes occurring in ionospheres, as well as other high energy environments. The following 

chapter provides a comprehensive description of the PSCO-MS apparatus. Chapters 3 – 6 detail 

the bimolecular reactions of three ionospherically relevant dications with several neutral 

species.  
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Chapter 2: Experimental Methods and Data Analysis 

This chapter provides a detailed description of the position-sensitive coincidence time-

of-flight mass spectrometry (PSCO-MS) apparatus that was used to carry out the experiments 

reported in this thesis. Following the physical description of the apparatus, this chapter then 

describes how the raw data is processed to give insight into dication-neutral reactivity using 

scattering diagrams and kinetic energy release histograms. The PSCO-MS apparatus has been 

specifically designed to study dication-neutral reactions that produce pairs of monocations, 

detecting them, in coincidence, with a position-sensitive detector. As well as the identity of the 

products, position-sensitive detection allows for the determination of the velocity vectors of the 

product ions. These velocity vectors can be used to determine reaction dynamics as will be 

explained in this chapter. The PSCO-MS apparatus has been described in detail in the 

literature.1–3 

2.1 Overview 

Bimolecular reactions of dications with neutral species often generate pairs of 

monocations; the PSCO-MS apparatus detects these pairs of ions in coincidence. A schematic 

of the experimental apparatus is shown in Figure 2.1. Briefly, a pulsed beam of dications is 

produced and directed into the field-free source region of a time-of-flight mass spectrometer 

(TOF-MS). In the TOF-MS source region, the dications interact with an effusive jet of the 

neutral reactant species. Subsequent application of an extraction voltage to this source region 

allows the TOF-MS to detect the cation pairs generated in the dication-neutral interactions. The 

detection of these ions involves recording their time of flight and arrival position at a large 

microchannel-plate detector. The raw data consists of a list of flight times and arrival positions 

of the ions detected in pairs. From the time of flight data two-dimensional mass spectra are 

prepared, revealing various reactive channels. The positional data accompanying the ionic 

detections can be processed to reveal the relative motion of the products of each reactive event, 

providing a detailed event by event insight into the mechanisms of each reactive channel.3  

Cations are formed in the ion source region before being extracted and focussed into the 

hemispherical energy analyser (HEA). The HEA energy-selects the ions before the ions are 

periodically swept across an aperture, dividing the continuous beam into packets of ions: ion 

‘pulses’. A set of accelerating and focussing lenses then guide the monoenergetic ions into a 
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commercial velocity filter, that effectively selects the ions based on their m/z ratios. The ions 

are then decelerated to <10 eV before entering the interaction region where they can react with 

the desired neutral species. The unreacted dications, and the charged products from any 

reactions, are detected in coincidence by a TOF-MS. 

 

Figure 2.1 Schematic representation of the PSCO-MS apparatus. Reproduced 

from reference.1 

The PSCO-MS setup described above is contained in a series of stainless-steel chambers 

in which high-vacuum conditions (~10-8 Torr) are maintained to minimise collisions of the 

dications, or product ions, with background gases. Such low pressures are realised by three 

diffusion pumps and a turbomolecular pump that are all backed by rotary pumps. The following 

sections provide a detailed description of each stage of the PSCO-MS experiment including the 

data processing and analysis. 

2.2 PSCO-MS apparatus 

2.2.1 Ion formation 

In the PSCO-MS apparatus, the ions are formed by electron ionization (EI). A filament 

operating at a current of ~4 A ejects electrons by the process of thermionic emission. A tungsten 

or yttria-coated tungsten filament is typically used. The electron energy is typically between 

100 eV – 200 eV, set to maximise the cross section for the production of the desired dication. 

In this work all the dications were produced using an electron energy of 100 eV. These electrons 
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are accelerated into the ion source region, the inside of the ‘source block’, to collide with the 

chosen precursor gas. The precursor gas is effusively admitted to the ion source region via a 

needle valve. The pressure inside the chamber that houses the ion source is kept below ~2 × 10-

6 Torr, however the pressure inside the source block is likely to be at least two orders of 

magnitude higher. The precursors for the Ar2+, S2+, and CH2CN2+ dications used in the 

experiments described in this thesis were Ar (BOC, 99.998 %), H2S (CKgas, 99.5 %), and 

CH3CN (BDH, >99.9 %, purified by the freeze-pump-thaw method using liquid nitrogen) 

respectively. 

A potential, Vsb, is applied to the source block that defines the ‘rest potential’ of the ions 

that are formed. The rest potential determines the kinetic energy that the ions have as they 

ultimately enter the interaction region and, therefore, the collision energy of the experiment. By 

manipulating Vsb, the collision energy of the experiment can be tuned. Vsb typically has values 

between 2 V – 6 V. 

2.2.1.1 Ions produced by electron ionization 

EI is a simple and robust method of making ions. The obvious alternative, 

photoionization with a laser, can offer more control of the dication states accessed but is not 

appropriate for the PSCO-MS setup. For example, lasers are expensive and coincidence 

experiments require high repetition rates, which are challenging. A disadvantage of EI is that 

ions are formed in a wide range of electronic and vibrational states, and molecular dications 

can be formed in more than one conformation. Such a broad population is undesirable as it 

increases the spread of exoergicities observed from reactions. However, collisions in the high-

pressure ion source can result in vibrational and electronic relaxation. Additionally, it takes on 

the order of 100s of µs for an ion to reach the interaction region after being created in the ion 

source. This flight time is sufficiently long enough that radiative electronic relaxation can occur, 

reducing the amount of excitation that a dication has when it arrives in the interaction region. 

Furthermore, ions in states that are unstable to dissociation with lifetimes of less than ~100 µs 

will dissociate before reaching the interaction region. Despite this relaxation, the reactant 

dication is usually present in more than one electronic state with potentially non-thermal 

internal energy when it arrives at the interaction region. 
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2.2.2 Extraction and focussing  

The ions formed in the ion source region are extracted and focussed by a series of 

electrostatic lenses, see Figure 2.2. The first lens extracts the cations with an applied voltage of 

-250 V. A series of three lenses (E1, E2 and E3) then guide the ions into an accelerating lens. 

These three lenses have applied potentials between -10 V and +10 V. The acceleration lens is 

typically set in the vicinity of 0 V. The ions are then passed through a set of vertical deflectors 

and a set of horizontal deflectors which are adjusted to align the trajectory of the ions with the 

entrance to the hemispherical energy analyser.  

 

Figure 2.2: Schematic of the ion source, extraction lenses and deflectors before 

the hemispherical energy analyser. 

2.2.3 Energy selection 

Ions in the ion source region are formed with a range of translational energies centred 

around the ‘rest potential’ (Vsb). In order to improve the energy resolution of our data, and allow 

the formation of well-defined ion pulses, we need to select ions with as small of a range of 

translational energies as practical. After the focussing lenses and deflectors, the ions pass 

around a hemispherical energy analyser (HEA), that filters the ions, only allowing the 

transmission of ions in a specific kinetic energy range. A schematic of the hemispherical energy 

analyser in the PSCO-MS apparatus is shown in Figure 2.3. The analyser is comprised of an 

outer hemisphere H2 (radius, r2 = 170 mm) and an inner hemisphere H1 (radius, r1 = 130 mm). 

The mean radius of the analyser, r0, the path an ion will take in the middle of the two 

hemispheres is 150 mm, therefore the average pathlength an ion takes to travel through the 

hemispherical energy analyser is 471 mm. 
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Figure 2.3: Schematic of the hemispherical energy analyser. 

The pass energy, E0, is defined as the translational energy that an ion must have in order 

to travel through the hemispherical energy analyser. The pass energy is determined by the 

potentials applied to the outer and inner hemispheres. There is an intrinsic spread in the kinetic 

energy of the ions which are transmitted, ΔE. The rate of ion transmission and ΔE must be 

balanced to achieve practical ion fluxes. The energy resolution of the dication beam is defined 

as the ratio between the full width at half maximum (FWHM) of the energy distribution of the 

dications (ΔE1/2) and E0: ΔE1/2 / E0. Generally, the PSCO-MS apparatus is run with an E0 of 

~4 V to give a good energy resolution whilst maintaining enough ion transmission. This 

potential translates to an energy of ~8 eV for a dication. The theoretical value of ΔE1/2 / E0 of 

the HEA is ~1 %, which is defined by its dimensions and assumes that the angular acceptance 

for incoming ions is small. In our case, we increase the angular acceptance of the ions to 

enhance transmission, resulting in an increased value of ΔE1/2 / E0. Due to the angular spread 

of the ion beam, the dication energy resolution achieved by the HEA is ~4 %.  

The energy distribution of the ions in the beam is determined by retarding field analysis, 

for example shown in Figure 2.4. The measured ion flux is plotted against an applied positive 

‘retarding’ voltage (Figure 1.4a). Therefore, the decrease in the number of ions between two 

voltages is effectively the number of ions with ET = qV, where q is the charge of the ion and V 

is the voltage. This is more easily interpreted with a normalised ion loss rate, shown in Figure 

2.4b. Figure 2.4b shows that the mode of the energy distribution of the ions is ~4.4 V, which 

translates to 8.8 eV, and has a FWHM of ~0.16 V, which translates to 0.32 eV. Therefore, ΔE1/2 

/ E0 = 0.037, equivalent to ~4 %.  
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Figure 2.4: Retarding field analysis. a) Graph of dication counts recorded 

depending on retarding voltage applied. b) Normalised loss rate of 

the ions depending on retarding voltage. The error bars represent 

two standard deviations of the counts. 

2.2.4 Pulsing 

The continuous beam of ions exiting the HEA then passes through another set of 

horizontal and vertical deflectors. The vertical deflectors tune the trajectory of the beam 

whereas the horizontal deflectors’ primary function is to ‘pulse’ the beam, dividing it into well 

defined ‘packets’ of ions. Voltages which follow oscillating triangular waveforms are applied 

to each of the horizontal deflectors. The oscillating waveforms are 180° out of phase with each 

other. The application of these oscillating voltages causes the ion beam to oscillate around the 

central aperture of the next set of lenses. Therefore, the ions are only periodically able to pass 

through the lenses, so the ions are temporally separated into pulses. The amplitude and 

frequency of the waveforms determines the length of the ion pulse and separation between the 

pulses respectively. Typically, the waveforms involve amplitudes of ~10 V and frequencies of 

~30 kHz. The oscillating waveforms must be perfectly 180° out of phase otherwise 

asymmetrical ion pulses will be formed. The reasons for pulsing will be discussed in more detail 

in section 2.2.9.1. 

2.2.5 Acceleration and focussing lenses  

After the ion beam is pulsed by the deflectors at the exit of the HEA, the ion pulses are 

passed through a series of lenses which have potentials optimised to accelerate and focus the 

ions. By manipulating the potentials applied to these lenses, the angular spread (shape) and 

transmission of the beam can be optimised. After this section of lenses, shown in Figure 2.5, 

the ions pass through a velocity filter. 
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Figure 2.5: Schematic showing the deflectors, accelerating lenses, and 

focussing lenses between the hemispherical energy analyser and the 

velocity filter. 

2.2.6 Velocity selection 

After the acceleration and focussing lenses the ions are energy selected, however, the 

ion source produces a range of different ions which must be filtered to allow only the 

transmission of the desired reactant ions. For example, EI of the atomic precursor Ar forms Ar+, 

Ar2+ and Ar3+ ions. Because the different ions have equal translational energies, filtering by the 

velocity is the same as filtering by a specific m/z (remembering 𝐸𝑡 =
1

2
𝑚𝑣2). 

Velocity selection is achieved with a commercial velocity filter. This filter consists of 

an electro-magnet and a pair of electrostatic deflection plates. The components generate 

perpendicular magnetic and electric fields. The force exerted on an ion moving through a 

magnetic field, FB, is equal to the magnitude of the field multiplied by the charge of the particle 

and the velocity of the ion, 𝐹𝐵 = 𝐵𝑞𝑣. The force exerted on an ion in an electric field, FE, is 

determined by the magnitude of the electric field multiplied by the charge of the ion, 𝐹𝐸 = 𝐸𝑞. 

The electric and magnetic fields in the velocity filter are set up to act in opposing directions. In 

order for an ion to traverse the velocity filter unperturbed, FE must be equal to FB, therefore, Bv 

= E. The magnetic field strength, B, is kept constant, thus changing the electric field strength E 

determines the velocity v with which an ion will pass unperturbed through the filter. 

The velocity filter selects for m/z (and not m), therefore, ions with the same m/z ratio 

cannot be separated, for example, S2+ and O+ (m/z = 16). Obviously, reactions involving 

monocations cannot produce pairs of product ions, so will generally not be detected by 

coincidence experiments such as the PSCO-MS apparatus that detect pairs of cations. However, 

in some cases monocations can lead to the detection of errant coincidences, explained in Section 
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2.3.2. These errant coincidences can generally be easily distinguished from those resulting from 

real dication + neutral reactions, however, in some cases the events resulting from the reactions 

of monocations can obscure real events the coincidence spectra. 

2.2.7 Deceleration 

After the velocity filter, the pulses of ions are decelerated to the desired collision energy 

using a commercial decelerator. Typical collision energies are <10 eV in the laboratory frame. 

These collision energies are employed because dication-neutral reactions have been shown to 

have higher cross sections for bond-forming reactions at lower collision energies.4 A schematic 

of the decelerator is shown in Figure 2.6. 

 

Figure 2.6: Schematic of the commercial decelerator. 

The first two lenses, 1 and 2, are held at the beam potential as it exits the velocity filter, 

-250 V. Lenses 3, 4 and 5 decelerate the ions, with typical voltages of -250 V, -250 V, and -

150 V respectively. The final lenses the ions pass through in the decelerator, 6, 7, and 8 are 

operated as an Einzel lens. Lenses 6 and 8 are held at close to 0 V, whilst 7 is changed to result 

in optimal focussing. Lens 7 typically has a potential of 5 V – 20 V applied. 
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2.2.8 Interaction region 

Following deceleration, the reactant dications pass through a small grid-covered 

aperture in the repeller plate, and then enter the source region of the of the TOF-MS, which is 

also the ‘interaction region’. In the interaction region, the dications can interact with the neutral 

species. The neutral species is admitted to the interaction region as an effusive jet that is 

perpendicular to the dication beam, via a leak valve. The neutral gases used for the experiments 

outlined in this thesis were O2 (BOC, >99.5 %), CO (Aldrich, >99.0 %), H2 (BOC, >99.995 %), 

N2 (BOC, >99.998 %), and Ar (BOC, 99.998 %). Single-collision conditions5 are achieved by 

employing a low pressure of the neutral gas. Hence, most dications do not undergo a collision, 

whilst only a small percentage experience one collision. Such a pressure regime ensures that no 

reactivity due to successive collisions with two neutral species influences the dication reactivity 

we observe.  

The interaction region is initially kept field free to ensure the dication-neutral 

interactions occur at a constant and fixed collision energy. When the dication pulse reaches the 

centre of the interaction region, a positive potential is applied to the repeller plate, which pushes 

any positive species (unreacted dications or product dications / monocations) into the 

acceleration and drift regions of the MS. At the end of the MS recording cycle (the duration of 

which is adjusted to include the heaviest possible products from the reactions of the specific 

reactants involved) the repeller plate is set back to 0 V, so the region is returned to its field-free 

state, ready for the next pulse of dications. 

2.2.9 TOF-MS  

As discussed above, the interaction region is also the source region of the TOF-MS of 

the apparatus. The TOF-MS consists of three regions: the source region, the acceleration region, 

and the field-free drift region. A schematic of the TOF-MS is shown in Figure 2.7. As the 

dication pulse reaches the centre of the source region, a positive potential is applied to the 

repeller plate, creating a potential gradient that accelerates the ions towards the acceleration 

region. The electronic trigger pulse sent to the pulser that applies the voltage to the source 

region also starts the ion timing circuitry, to which the signals from the detector provide stop 

pulses, as discussed below. The guard rings in the acceleration region ensure the ions experience 

a uniform electric field. After the acceleration region, the ions pass through the drift region. At 

the end of the drift region the ions are accelerated further and impinge on the detector, resulting 

in detection.  
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Figure 2.7: Schematic of the TOF-MS (not to scale).  

The fundamental principle of TOF-MS is that ions with different m/z ratios take 

different lengths of time to traverse a field-free distance when they are accelerated to the same 

kinetic energy.6–8 Therefore the m/z of an ion can be determined by its flight time over a known 

distance.  

The first TOF-MS machines used a single acceleration region: the source region, and 

then a drift region. Thus, these early pieces of apparatus were called ‘single-field’ TOF-MS.6–8 

In these early experiments, the ions at different points in the source region experienced different 

levels of acceleration and therefore were accelerated to different maximum velocities as they 

reached the start of the drift region. However, the spread in initial positions is compensated by 

the difference in acceleration that the ions in different initial positions experience. Ions formed 

further back, nearer the repeller plate, will experience more acceleration in the source region 

and therefore will have higher velocities when they reach the drift region. These ions ‘catch-

up’ with the ions formed nearer the drift region, resulting in a single TOF for ions of the same 

m/z. When ions are formed in different positions in the source region but arrive at the detector 

at the same time, this is called ‘space-focussing’.  

In 1955 Wiley and McLaren9 found that space-focusing could also be achieved by 

employing two distinct accelerating fields with magnitudes set in a specific ratio, termed a ‘two-

field’ TOF-MS. In single-field TOF-MS, in order to achieve space-focussing conditions so that 

ions of the same m/z arrive at a single flight time, the lengths of the source and acceleration 

regions need to be precisely engineered. The focussing conditions of a single-field TOF-MS 
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are constrained by its geometry, and only a specific magnitude of the electric field can be used. 

In two-field TOF-MS the applied fields can be varied to achieve optimal focussing conditions. 

Therefore, in two-field TOF-MS, the dimensions are not as important as for single-field TOF-

MS meaning that the two-field TOF-MS design is more versatile and practical. 

Newtonian mechanics can be used to determine the flight time t for each MS region. 

The resulting equations show that the TOF of an ion is proportional to the square root of its m/z, 

shown in (2.1). 

𝑇𝑂𝐹 = 𝑐√𝑚/𝑧     (2.1) 

where c is a constant encompassing the dimensions of the TOF-MS as well as the magnitudes 

of the source and acceleration fields. 

Both the single-field TOF-MS and the two-field TOF-MS proposed by Wiley and 

McLaren achieve ‘first-order’ space focusing conditions. First-order space focusing means that, 

to the first order, the spread in the TOF of ions with the same m/z ratio is independent of source 

position S from the centre of the source region (S = 0):  

(
𝑑(𝑇𝑂𝐹)

𝑑𝑆
)

𝑆=0
= 0     (2.2) 

In 1993, Eland10 discovered that further improvements to TOF-MS space focussing 

were possible. If the geometry and magnitudes of the fields of the two acceleration regions in 

the two-field apparatus are constrained, it is possible that both the first and second order 

derivatives of the TOF of an ion relative to its initial source position become zero. This ‘second-

order’ focussing results in an even smaller spread of TOFs for ions with the same m/z that have 

different initial source positions compared to first-order focussing. Moreover, second-order 

focussing conditions apply over a larger range of S, again increasing the versatility of the 

design. However, to achieve second-order focussing, longer acceleration regions are required 

to limit the use of impractical voltages.  

The PSCO-MS apparatus employs two-field, second-order space focussing, with 

source, acceleration and drift lengths of 1.63 cm, 11 cm and 27.5 cm respectively.1 The second-

order space focussing specifically allows for a significantly smaller temporal distribution of the 

focussed reactant dications. When the repeller plate is operated with a voltage of 300 V, the 

accelerating voltage used is approximately –1900 V. These conditions typically result in parent 
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ion peaks in the mass spectrum with FWHMs of ~3 ns. The resultant TOF-MS source field, F, 

is typically ~200 V cm-1 and is determined from the calibration in Section 2.4.1.1. Experiments 

can be run with varying TOF-MS source fields. The experiments in this thesis employed either 

high (183 V cm-1) or low (28.5 V cm-1) TOF-MS source fields. The lower source field 

experiments result in better energy resolution in the resulting PSCO-MS data because the ions 

travel in the drift region for longer and therefore their x and y velocities are determined from 

larger distances. However, in these low field spectra ions with high transverse (off-axis) 

velocities do not reach the detector, which can result in ions scattered with angles around 90° 

not being detected. To overcome the individual limitations of each of the high and low TOF-

MS source fields, each dication-neutral system is often studied at both field values, allowing a 

more complete representation of the dynamics and energetics respectively. 

2.2.9.1 Advantages of pulsing  

The primary reason for the pulsing of the dication beam is to reduce background signal 

in the TOF spectra. As shown in Figure 2.8, the operation of a continuous dication beam results 

in a high level of background counts at TOFs shorter than the ion of interest. This high level of 

background counts results from ions which are in the acceleration and drift regions of the MS 

when the repeller plate is pulsed. The ions which are in the source region when the repeller is 

pulsed will be correctly accelerated to the same potential and will therefore have the same TOF 

as other ions of the same m/z. However, ions already in the acceleration and drift regions when 

the repeller is pulsed are not appropriately accelerated and arrive at the detector earlier than 

ions with the same m/z from the TOF-MS source when the repeller is pulsed. This effect would 

affect the pairs spectrum with false coincidences involving TOFs shorter than the reactant 

dication. Conversely, when the beam is pulsed, the packets of ions are finite in length and the 

repeller plate pulse is optimised to trigger only when the whole of the packet of ions is in the 

TOF-MS source region. The ions are therefore appropriately accelerated and focussed to form 

a sharp peak in the spectrum, resulting in a significant decrease in background counts with 

TOFs lower than the reactant dication. There will, of course, still be a small number of errant 

counts, discussed in Section 2.3.2, that are evenly distributed over all TOFs. 
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Figure 2.8: Schematic mass spectra recorded of a continuous ion beam (a) and 

a pulsed ion beam (b). When the ion beam is continuous, a high 

level of background counts are present at TOFs lower than the 

reactant ion due to ions from the acceleration and drift regions. 

Reproduced from reference.11 

During the data processing, it is assumed that interactions happen at a single point in 

the interaction region. Therefore, the more localised the interaction region is, the more accurate 

the resulting data processing. The FWHM of the temporal distribution (the width) of the ion 

pulses can be determined. For example, using the formula relating kinetic energy ET and 

velocity v of a particle, 𝐸𝑡 =
1

2
𝑚𝑣2, where m is mass, an Ar2+ dication with ET ~10 eV gives a 

velocity v of ~0.7 cm µs-1. The FWHM of the pulsed ion beam is generally ~1.5 µs, 

corresponding to a length of ~1 cm. Therefore, the interaction region is reduced in one 

dimension. This reduction in length results in the determination of more accurate product ion 

velocities and, subsequently, a better energy resolution.  

If the amplitude or the frequency of the waveforms that pulse the beam (Section 2.2.4) 

is too large, the translational energy of the ions in the beam can be altered. When the ions do 

not have sufficient time to adjust to the changing voltages, when the rate of change of the 

deflector voltage is similar to the transit time of the lenses, the ion energies can be perturbed. 

To ensure that the kinetic energies of the ions remain unchanged, the TOF of the ions is 

carefully monitored when implementing the pulsing. Generally, the pulsing frequency is set to 

be as high as possible, to result in the temporal length of the pulse being as short as possible 

(~1 cm), whilst ensuring that the ions are not perturbed. Waveform frequencies of <50 kHz are 

typically utilised for the pulsing in the PSCO-MS apparatus. 
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2.2.10 Detector  

After traversing the TOF-MS, the ions are detected by a position-sensitive detector 

(PSD) mounted at the end of the drift region. The PSD is a commercial device (Roentdek), 

comprising a chevron-pair of microchannel plates (MCPs) located in front of a dual delay-line 

anode (DLA), shown in Figure 2.9.12–14 This setup coupling DLAs and MCPs typically gives 

maximum spatial resolutions with FWHM of ~18 µm.15 

 

Figure 2.9: (a) Schematic of the detector, (b) picture of the detector from above, 

looking down on the MCPs, (c) picture of the detector from below, 

looking up at the DLAs.  

MCPs consist of a plate with channels running through that are ~10 µm in diameter. 

When an ion impinges on the front of the plate, a cascade of electrons is emitted from the other 

end of the channel which gives the timing signal for an ion arriving. To ensure that an ion hit 

causes a cascade of electrons, the ions are accelerated before they reach the PSD by applying a 

potential of approximately –2 kV to a grid before the MCP and to the front of the MCP. The 

rear of the MCP is connected to ground. The time between the start of the repeller plate pulse 

and the voltage distortion detected from the MCP gives the experimental TOF of an ion, texpt(i), 

where i = 1 or 2 for events where a pair of ions are detected in coincidence. 

The electron cascade produced by the MCP then impinges on the DLA, which consists 

of two wires wound around a ceramic support, one in the x direction and one in the y direction, 

perpendicular to the axis of the TOF-MS. A potential of 550 V is applied to the DLAs to attract 

the electrons produced by the MCP. When the electrons impinge on the DLA, charge propagates 

along each direction of the x-oriented and y-oriented delay-lines. Each wire therefore generates 
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two signals, so the DLA generates four signals for each ion hit. These signals {txa(i), txb(i), tya(i), 

tyb(i)} are recorded as times relative to the start of the repeller plate pulse. The difference 

between these times can be used to determine where on the anode the pulse of electrons hit. 

The time recorded from the MCP hit and the four times recorded from the DLA give a 

set of five distinct times for each ion hit. Therefore, the detection of a pair of product ions 

resulting from a dication + neutral reaction will result in ten times being recorded.  

2.2.11 Electronics and signal processing  

The signals from the MCPs and DLA are sent to a commercial (Roentdek ATR-19) 

constant fraction discriminator (CFD) that discriminates and amplifies each signal. Each of the 

CFD’s five input channels has a threshold and electronic delays that need to be appropriately 

set to ensure optimal collection conditions: maximising the probability of detecting ‘real’ ions 

whilst rejecting electrical noise. The discriminated signal is then sent to a commercial 

(Roentdek TDC8HP) single-start multi-stop time-to-digital convertor (TDC). 

The start signal to the TDC is given by the delayed trigger pulse sent to the repeller 

pulser. This trigger pulse starts a TOF window, any stop signals registered from the CFD in this 

time are transferred to a PC for further, rapid, online analysis. For an ion hit to be classed as 

real it must consist of 5 times (one from the MCP and four from the separate delay line channels) 

for each detected ion. Events that involve the detection of one ion after the repeller plate pulse 

are termed ‘singles’ and the TOF of each single is added to a 1D mass spectrum. Events where 

a pair of ions (with five times for each ion) are detected following the repeller plate pulse are 

termed ‘pairs’ and all ten times are subsequently stored in a list of pairs data to be analysed as 

described below. Higher order coincidences can also be recorded (for example triples where 

three ions are detected) but are not relevant when only considering dication-neutral interactions. 

2.3 Coincidence processing 

The raw data consists of lists of ten times for each coincidence event. The data is first 

plotted as a ‘coincidence’ spectrum. Then, after identifying the reaction and further processing, 

scattering diagrams can be produced to reveal dynamical information about each reaction 

channel. Kinetic energy releases can also be determined that give energetic information about 

a reaction. 
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2.3.1 Coincidence ‘pairs’ spectra 

The first step of the analysis procedure is to plot the time-of-flight of each ion (texpt(1) 

and texpt(2)) in a coincidence spectrum. A coincidence spectrum is a two-dimensional histogram, 

where texpt(1) is plotted on the x-axis and texpt(2) is plotted on the y-axis for each ion pair 

detected, as shown in Figure 2.10. Peaks in the coincidence spectrum readily identify 

bimolecular reaction channels that result in a pair of positively charged product ions. The group 

of events from each peak corresponding to a specific pair of ions (an individual reaction 

channel) can then be selected for further off-line analysis, as described in Section 2.4. 

 

Figure 2.10: A coincidence spectrum recorded following the interactions of 

Ar2+ + O2. Four peaks that correspond to pairs of product ions are 

labelled, (a) Ar+ + O2
+, (b) Ar+ + O+, (c) ArO+ + O+, and (d) O+ + 

O+. Magnifications of peaks (a), (c) and (d) are also shown. The 

exclusion zone is shown by the blank strip through the spectrum. 
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Figure 2.10 shows the coincidence spectrum collected following the interactions of Ar2+ 

with O2. Half of the coincidence spectrum is blank, simply because it is symmetrical; by 

convention ion 1 is heavier than ion 2, therefore, texpt(1) > texpt(2). 

The well-defined, intense peaks in the coincidence spectra arise from dication-neutral 

reactions occurring in the interaction region. These well-defined peaks are indicative of 

accurate second-order space focussing of the cations from the two-field set up described in 

Section 2.2.9. However, the peaks arising from reactions occurring in the interaction region are 

still bigger than perhaps would be expected, considering that the FWHM of a TOF for a single 

ion is typically ~3 ns. The peaks are lozenge shaped and their major axis is ‘extended’ due to 

the kinetic energy releases accompanying the reactions. The specific shape of the peak is due 

to the momentum sharing between the products: peaks resulting from two-body reactions 

should have gradients of -1, the same as peaks resulting from the detection of two monocations 

following the unimolecular dissociation of dications in PIPICO spectra.16,17 

Additionally, some reaction channels have long, curved tails such as peak (b) in Figure 

2.10. These tails originate from dication-neutral reactions producing the same two product ions, 

but from reactions that occur in the acceleration region of the TOF-MS, rather than the 

interaction region. The neutral reactant is admitted to the apparatus as an effusive jet which 

travels through the interaction region. The neutral reactant will also be present in a low 

concentration throughout the apparatus, as a residual gas, including in the acceleration region. 

As dications enter the acceleration region they can react with neutral species that are present 

there. The subsequent products will not be appropriately focussed, and their TOFs will be 

different to the same product ions formed in the interaction region. The differing TOFs recorded 

from coincidences resulting from reactions happening in the acceleration region result in these 

pairs being plotted away from the main peak in the coincidence spectrum. The relative masses 

of the reactants and products determine the direction of the tail and the further from the 

interaction region that the dication-neutral reaction occurs, the further away from the original 

peak the event will appear in the coincidence spectrum. For example, for the reaction A2+ + BC 

→ A+ + BC+, if the reaction occurs in the acceleration region, then the A+ product will have 

spent more time as A2+ and the BC+ will have spent more time unaccelerated as BC compared 

to those products formed in the interaction region. The m/z of A2+ is, obviously, less than A+, 

so the A+ will have experienced greater acceleration and therefore its flight-time will be shorter 

than that of an A+ formed in the interaction region. Conversely, BC+ formed in the acceleration 
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region will have experienced less acceleration than a BC+ ion formed in the interaction region 

and will therefore have a longer flight-time. In the above scenario, if m(A) > m(BC), since the 

heavier product ion is plotted on the x-axis, the tail would therefore curve to the high t2, low t1 

direction (top-left) from the main peak, as seen in Figure 2.10 (b). Conversely, if m(A) < m(BC), 

a tail would be formed to the low t2, high t1 direction (bottom-right) from the main peak. Given 

that these tails result from reactions happening in the acceleration region, where the dications 

have increased translational energy, these reactions are also occurring at a significantly higher 

collision energy than those in the interaction region. Therefore, it follows that the intensity of 

the tails is convolved with the CM collision energy dependence of the reaction cross-section. 

Sometimes, peaks are observed that do not have any accompanying tails, for example, 

peak (c) in Figure 2.10. Peaks without tails are indicative of reactions in which the cross-section 

sharply declines with increasing collision energy. These reactions cannot occur in the 

acceleration region because the CM collision energy is too high. As discussed above, the 

reaction cross-sections for dication-neutral reactions that involve the formation of new chemical 

bonds usually decrease strongly at collision energies higher than several eV. Therefore, peaks 

in the coincidence spectrum without tails are generally due to reactions that involve the 

formation of new chemical bonds. 

2.3.2 Errant counts 

Like any dataset, there are counts in coincidence spectra that do not result from reactions 

of the dication and neutral species of interest. These can be broadly defined as ‘false 

coincidences’, ‘background counts’ or ‘noise’ and are discussed in more detail here. All of these 

counts convolve the spectrum and make it appear more ‘noisy’. 

Additional counts can also result from further reactions of the products formed in a 

dication + neutral reaction. For example, in the reaction A2+ + BC → A+ + BC+, the A+ product 

could react with another BC species, to form A + BC+, giving the final ionic products as BC+ + 

BC+. These counts can only occur as a result of multiple collisions occurring, a higher likelihood 

of which there is occurring if the pressure of neutral species is too high. As discussed in section 

2.2.8, single-collision conditions5 are maintained in the interaction region to prevent a 

significant number of events resulting from multiple collisions. 
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2.3.2.1 Background 

Background counts are real ion coincidences that do not result from interactions 

between the dication and neutral species that we are interested in. For example, if the dication 

reacts with one of the background gases in the chamber, instead of the intended target species, 

to produce two monocations, the detection of the products would result in a count in the 

coincidence spectrum. Background counts can also result from impurities in the beam; for 

example, other dications and monocations that are not removed from the beam, especially, for 

example, a monocation with the same m/z ratio as the dication. Despite only having a charge of 

+1, monocations can result in the detection of coincidences. For example, if an unreacted 

monocation enters the drift tube, and then gains an electron from a neutral species, the nascent 

neutral species can have enough kinetic energy to be detected by the MCP. This newly 

generated neutral species can be detected in coincidence with the nascent monocation, thereby 

resulting in a count in the coincidence spectrum.11 However, because these reactions do not 

occur in the interaction region the counts resulting from reactions with monocations usually 

only contribute to diffuse tail structures in coincidence spectra. The counts arising from 

monocation reactions can therefore generally be easily distinguished from structures resulting 

from the reaction channels of interest. 

2.3.2.2 Noise 

Noise does not result from a real ion signal, but from another source such as electrical 

noise, or cosmic radiation. An errant count can therefore be recorded resulting from the 

detection of two noise events or a noise event coupled with the detection of a single ion, most 

likely the dication. The effects of noise are minimised by ensuring the apparatus is well 

grounded and the electrical signals are well shielded. Furthermore, the signal to noise ratio for 

real ions from the detector is high and the discrimination level of the CFD is correctly set. 

2.3.2.3 False coincidences and the exclusion zone 

A ‘false coincidence’ is a count in the coincidence spectrum that is not the result of two 

ions produced by the same reactive event. False coincidences are uncorrelated, arising from 

statistical effects, and are especially prevalent when there are high counts of a specific ion. 

False coincidences resulting from two abundant ions can give localised peaks in coincidence 

spectra much like you expect from real peaks, however, peaks arising from false coincidences 

are not lozenge shaped nor have discrete gradients that would be expected.1,18 Instead they 

appear as lines in the 2D spectra at the mass of the abundant ions. The operating conditions of 
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the PSCO-MS apparatus are set to reduce false coincidences and maximise real counts. Optimal 

conditions are obtained by the use of a high repetition rate and low dication flux. Therefore, 

most cycles will have no dications in them, however the probability of there being two dications 

in the same cycle is significantly diminished. 

Despite the relatively low intensity of false coincidences, there is still an intense strip 

of false coincidences in the area of the TOF of the dication, resulting from unreacted dications. 

In spite of the relatively low dication intensity (there are on average ~0.1 dications per pulse), 

the unreacted dication signal vastly outweighs the signal from all product ions. Therefore, 

unreacted dications are likely to cause false coincidences by being detected in coincidence with 

another ion. The false coincidences in the region of the TOF of the dication have a significant 

intensity that would overwhelm the spectrum, therefore, an ‘exclusion zone’ is set up around 

the TOF of the unreacted dication, within which signals are not appended to the data. This 

exclusion zone is visible in the coincidence spectrum in Figure 2.10. The implementation of an 

exclusion zone does not result in the loss of many ‘real’ product ions and at the normal operating 

conditions, the number of remaining false coincidences in coincidence spectra are negligible. 

In some dication + neutral systems, the exclusion zone can be problematic if the m/z of the 

dication is similar to the m/z of one of the product ions, resulting in a partial obscuration of 

these product peaks. Background ions can also contribute to the detection of false coincidences, 

either coupled with the dication of interest or another background ion. 

2.4 Detailed event analysis 

A specific region (peak) of the coincidence spectrum that corresponds to a reaction 

channel can be selected for further analysis. To get information about the dynamics and 

energetics of a reaction we need the velocity vectors of the product species. The velocity vectors 

are determined from the sets of ten times, five each for a pair of product ions detected in 

coincidence. We start by determining the x, y, and z components of the velocity vectors in the 

laboratory (LAB) frame. 

2.4.1 Product fragment velocities in the LAB frame 

In the lab frame, the movement of the ions is defined relative to the axes of the PSCO-

MS apparatus, where z is defined as the axis along which the dication beam travels, from the 

interaction region towards the detector.1 
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The four times from the DLA signals of each ion are used to derive the x and y 

components of a product ion’s velocity. The DLA signals are the times that the separate 

electrical signals reach the ends of each delay line (txa and txb are the times from one delay line, 

which runs in the x direction, and tya and tyb are the times from the other delay line running in 

the y direction) and can be converted to the x(i) and y(i) position that the ion impacts on the 

detector relative to the centre of the detector, using (2.3) and (2.4).1 

𝑥(𝑖) = [𝑡𝑥𝑎(𝑖) − 𝑡𝑥𝑏(𝑖)]/𝑠𝑥     (2.3) 

𝑦(𝑖) = [𝑡𝑦𝑎(𝑖) − 𝑡𝑦𝑏(𝑖)]/𝑠𝑦     (2.4) 

where sx and sy are the propagation speeds of the charge pulse along the x- and y-oriented delay-

lines respectively. The propagation speeds are determined by calibration and are intrinsic to the 

specific DLA. To determine how far the ions have moved in the x and y directions, the x and y 

coordinates of the reactant dications in the reaction region (x0 and y0) must also be accounted 

for, approximated by the impact position on the detector of the unreacted dication beam. 

Finally, the TOF of the ion, texpt(i), with a correction compensating for the electronic delay 

between the start of the repeller plate pulse and the start of the data collection, c, is required. 

To determine the x and y components of the product ion velocities, vx(i) and vy(i), equations 

(2.5) and (2.6) are used respectively. 

𝑣𝑥(𝑖) =
𝑥(𝑖)− 𝑥0

𝑡𝑒𝑥𝑝𝑡(𝑖)+𝑐
     (2.5) 

𝑣𝑦(𝑖) =
𝑦(𝑖)− 𝑦0

𝑡𝑒𝑥𝑝𝑡(𝑖)+𝑐
     (2.6) 

The z component of the product ion velocity, vz(i), is determined from the deviation of 

texpt(i) from the TOF of an ion with the same m/z but with zero initial kinetic energy, t0(i). The 

value of vz(i) is particularly important for transposing to the CM frame, explored in Section 

2.4.2. The Wiley-McLaren ‘braking-time’ relationship, shown in (2.7), is used to determine 

vz(i).
1,9  

𝑣𝑧(𝑖) =
−(𝑡𝑒𝑥𝑝𝑡(𝑖)−𝑡0(𝑖))𝑒𝑍𝐹

𝑚𝑖
     (2.7) 

where e is the charge of an electron, Z is the magnitude of the charge of the ion, mi is the mass 

of the ion, and F is the electric field strength in the TOF-MS source region. During the analysis 
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procedure t0(i) is determined on a case by case basis using the Wiley-McLaren formula with 

the known energy of the ions in the beam, ET, and the electric field strength in the TOF-MS 

source region, F. The values of ET and F can be determined in two ways. Firstly, use of the 

calibration experiment described in Section 2.4.1.1 provides the approximately correct values. 

These values are then finely adjusted in a self-consistent manner as part of the analysis of a 

two-body decay. The values of ET and F are adjusted so that the experimentally determined and 

expected values of the velocity of the CM of the system (vcm, explained in Section 2.4.2.1) agree 

and that the curvature in the experimental scattering diagrams are correct. 

Using the above procedure, the LAB frame velocity vectors, v(i) = (vx,vy,vz), for each 

product ion are derived for every pair of ions selected in a reaction channel. 

2.4.1.1 Calibration of the electric field strength in the TOF-MS source region 

Calibration of the electric field strength in the TOF-MS source region, F, is carried out 

by measuring the flight-time of a known ion (texpt(i)) at different rest potentials (Vsb) and 

applying the following procedure. By rearranging the Wiley-McLaren braking formula, (2.7), 

and substituting in 𝑣𝑖 =  √
2𝐸𝑇

𝑚𝑖
 (a rearrangement of 𝐸𝑇 =

1

2
𝑚𝑣2), where ET is the translational 

energy of the dication in the beam which is equal to 2𝑉𝑠𝑏, we get the following: 

𝑡𝑒𝑥𝑝𝑡(𝑖) = 𝑡0(𝑖) −
√2𝑚𝑖

𝑒𝑍𝐹
√𝐸𝑇    (2.8) 

By plotting a graph with texpt(i) vs √𝐸𝑇, as shown in Figure 2.11, the gradient, Δt, is 

equal to −
√2𝑚𝑖

𝑒𝑍𝐹
. Considering that the values of mi, e and Z are known, we can obtain the value 

of F from the gradient using formula (2.9). The calibration graph shown in Figure 2.11 has a 

line of best fit of -61.88 s J-1/2, which corresponds to F = 183.8 V cm-1. 

𝐹 = − 
√𝑚𝑖

𝑒𝑍𝛥𝑡
     (2.9) 
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Figure 2.11: Calibration graph used to determine the electric field in the source 

region of the TOF-MS F. The gradient of the line of best fit,                            

-61.88 s J-1/2, corresponds to a value of F = 183.8 V cm-1. 

From equation (2.8) it is also clear that the TOF of an ion with the same m/z but with 

zero initial kinetic energy, t0(i), is the y-axis intercept 

2.4.2 Product fragment velocities in the CM frame 

The overwhelming momentum of the reactant dication means that, in the LAB frame, 

the products will travel in the same direction as the reactant dication, and therefore it is difficult 

to easily determine the dynamics. Therefore, in order to aid the interpretation of the dynamics, 

the product velocities are converted into the centre-of-mass (CM) frame. That is, the velocity 

vectors are expressed relative to the motion of the CM of the reactants. In the LAB frame the 

reactant dication travels with a large velocity in the z direction, and the neutral reactant is 

stationary. In the CM frame the reactants travel towards each other and have equal and opposite 

momenta, therefore, the sum of the momenta of the reactant species is equal to zero. The CM 

frame is the universal frame for a chemical reaction, the dynamics are simplified and the energy 

of the collision in the CM frame is the energy available for chemical processes to occur. The 

CM frame is therefore a more natural frame to work in, removing the effect of experimental 

choices. 

2.4.2.1 Deriving the velocity of the CM 

In order to convert the LAB frame velocities into the CM frame, the velocity of the CM 

of the system must first be determined. The CM of the reactants can be determined in two ways. 

The first method uses the velocities of the reactant dication, vd, and reactant neutral species, vn. 
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Given that the angular spread of the dication beam is negligible, the x and y components of vd 

are assumed to be equal to zero, and therefore vd is equal to the z component of the dication 

velocity, vdz. The velocity of the CM of the system, vcm, can be calculated using equation (2.10). 

𝑣𝑐𝑚 =
𝑚𝑑𝑣𝑑+𝑚𝑛𝑣𝑑

𝑚𝑑+𝑚𝑛
    (2.10) 

where mn and md are the masses of the neutral and dication species respectively. In our 

experiment, the momentum (p = mv) of the reactant neutral species is negligible compared to 

the momentum of the dication. Therefore, equation (2.10) reduces to (2.11) and can be used to 

calculate a single value for vcm that can be subsequently used to process every reactive event. 

𝑣𝑐𝑚 =
𝑚𝑑𝑣𝑑

𝑚𝑑+𝑚𝑛
     (2.11) 

The second method for determining the CM velocity of the collision system involves 

calculating vcm separately for each product ion pair. Calculation of vcm using this second method 

is only possible for two-body reactions, those dication + neutral reactions that result in the 

generation of two ionic fragments, without the generation of an additional neutral species. The 

second method requires knowledge of the LAB frame velocities, v(i) i =1 or 2, and masses, m(i) 

i =1 or 2, of the two ionic products. The CM velocity of the system can then be calculated using 

equation (2.12). Conservation of momentum dictates that the CM velocity of the system 

remains constant throughout the reaction, therefore, the product velocities can be used to 

determine vcm. Both methods are used in conjunction to corroborate the calibration of the PSCO-

MS data and are in good agreement.1,19 

𝑣𝑐𝑚 =
𝑣(1)𝑚(1)+𝑣(2)𝑚(2)

𝑚(1)+𝑚(2)
     (2.12) 

2.4.2.2 Converting the LAB frame velocities into the CM frame 

The CM velocities of the product ions, w(i), can be calculated using equation (2.13) 

with the newly calculated vcm. 

𝑤(𝑖) = 𝑣(𝑖) − 𝑣𝑐𝑚    (2.13) 

By further analysis of the product ion velocities in the CM frame, angular scattering 

information and kinetic energy release (KER) distributions can be extracted from the data with 

ease. Henceforth after the above conversions, the data set consists of pairs of velocity vectors 

in the CM frame for the product monocations. 
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2.4.2.3 Velocity of a third product 

Often the reaction between a dication and a neutral produces a pair of detected 

monocations accompanied by a neutral species: a ‘three-body reaction’. These neutral products 

are generally not detected by the detector. However, using the momenta of the ionic products, 

the velocity of the neutral species can be determined in the CM frame via conservation of 

momentum using equation (2.14):1 

𝑤(3) =  −
[𝑚(1)𝑤(1)+𝑚(2)𝑤(2)]

𝑚(3)
    (2.14) 

Hence the CM frame velocity vectors and therefore the full dynamics and energetics 

can be determined for all products of two-body and three-body reactions.  

2.4.3 Scattering diagrams 

In order to examine the relationships between the velocity vectors of the product species 

and give insight into the mechanisms involved, we display the product ion velocities pictorially 

in the form of scattering diagrams. Scattering diagrams display the velocity vectors of the 

products relative to a specific frame of reference, either the CM frame or an internal frame. 

Note that scattering diagrams are also known as ‘Newton’ diagrams because Newton’s laws 

govern the asymptotic behaviour of the reacting species.20 

The angle between the velocity vectors of the ionic products Θ (shown in Figure 2.12a) 

can be determined from the dot product of the two CM velocity vectors: 

cos(𝛩) =  
𝑤(1)•𝑤(2)

|𝑤(1)||𝑤(2)|
     (2.15) 

Note that for a two-body reaction, conservation of momentum dictates that Θ = 180°. 

In order to construct a scattering diagram, the angle θ between the velocity vector of the ionic 

product w(i) and the CM velocity of the system vcm must also be determined (shown in Figure 

2.12b). The angle θ is determined by using the dot product of w(i) and vcm. 
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Figure 2.12: (a) A schematic diagram of the angle between the velocity vectors, 

Θ, of the ionic products A+ and B+ in the CM frame. The black dot 

indicates the position of the CM. (b) A schematic diagram of the 

scattering angle θ of the ionic product A+ in the CM frame. 

2.4.3.1 CM scattering diagrams 

A CM scattering diagram is a polar histogram including each event collected for a given 

reaction channel. For each product ion, the diagram plots the magnitude of the CM velocity |wi| 

as the radial co-ordinate, and the scattering angle θ between wi and the vcm as the angular 

coordinate. From our assumptions, vcm has the same direction as the velocity vector of the 

reactant dication, so the velocity vectors of the product species are expressed relative to the 

direction of the reactant dication. An example of a CM scattering diagram is shown in Figure 

2.13, with the local density displayed as a heat map; the areas with the highest density of ions 

are dark red in colour. The scattering of each ion is azimuthally symmetric about vcm, therefore, 

we plot the data for one product in the upper semicircle of the figure and the data for another 

product in the lower semicircle. Therefore, the scattering velocity vectors of both products can 

be displayed simultaneously. Correlations between the reactant and product velocity vectors 

are readily identified in scattering diagrams of this type. 

There are two commonly observed scattering diagram motifs which are due to 

mechanisms involving ‘forward scattering’ and ‘isotropic scattering’ of the product species. 

The scattering diagram shown in Figure 2.13, which shows the scattering of the S+ and N2
+ 

products of a SET reaction between S2+ and N2, displays strong forward scattering. That is, the 

velocity of the S+ product ion is strongly oriented with the incident dication velocity, w(S2+). 

Conversely the velocity of the N2
+ product ion is directed anti-parallel to w(S2+) and strongly 

oriented with the velocity vector of the neutral reactant w(N2). This forward scattering occurs 

because the reaction (the transfer of an electron from the neutral species to the dication) 
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occurred at a relatively large interspecies separation. As discussed in Section 1.4.2.1.1, LZ 

reaction window theory suggests that dication + neutral SET reactions are generally more likely 

to occur at interspecies separations of 2 Å – 6 Å. At these large interspecies separations, there 

is no long-term association between the reactant species and they simply travel past each other 

allowing an electron to transfer. The product monocations therefore largely retain the directions 

of their reactant precursors, resulting in the scattering observed in Figure 2.13. As well as 

commonly occurring for SET reactions, forward scattering can be seen in reactions that involve 

the formation of new chemical bonds. 

 

Figure 2.13: CM scattering diagram for the reaction S2+ + N2 → S+ + N2
+. The 

black dot indicates the position of the CM. 

Whilst the bulk of LZ style SET reactions result in product ion velocity vectors being 

oriented with their reactant precursors, the events form a distribution. Despite the prominence 

of forward scattering in Figure 2.13, there are some events where the S+ product ion is scattered 

to higher angles, near 180°. These events arise from ‘head-on’ collisions and result in the S+ 

product ion reversing direction towards where the S2+ reactant came from. There are also very 

few events that result in S+ scattering of near 0°, where the reaction causes no change in 

direction. The reduced probability of events resulting in scattering at 0° and 180° is because 

there are not many reactant trajectories that can result in these scattering angles. The angular 

distributions of the scattering data are also distorted by the data presentation. We transform all 

scattering events over three dimensions, 4π sr, into a simple two-dimensional 0° - 180° 
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projection. This transformation results in a sinusoidal distribution, with less intensity towards 

0 and 180 degrees. Therefore, even for strongly forward scattered reactions, there is still usually 

a tail towards higher scattering angles. 

The second commonly observed scattering diagram motif is isotropic scattering, as seen 

in Figure 2.14. Both the SN+ and N+ product ions are scattered throughout θ = 0° - 180°. This 

form of scattering occurs when the reactant species form a complex. The complex survives for 

at least the period of several rotations before fragmenting into the observed products. These 

rotations scramble the direction of approach of the reactants, resulting in the product fragments 

being ejected with equal probability throughout 4π sr in space. Due to the conversion of the 

three-dimensional scattering data into the two-dimensional diagrams, discussed above, in our 

projection (0° < θ < 180°) truly isotropic scattering throughout 4π sr in space results in 

scattering that is sinusoidal in shape. A true isotropic distribution in our projection can therefore 

be obtained by dividing the angular distribution by sin(θ). 

 

Figure 2.14: CM scattering diagram showing isotropic scattering of the SN+ and 

N+ products from the reaction S2+ + N2 → SN+ + N+. The black dot 

indicates the position of the CM. 

When there are more than two product species, the CM frame may not always be the 

most helpful in interpreting the relationships between the species, instead we use internal frame 

(IF) scattering diagrams. 
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2.4.3.2 IF scattering diagrams 

As discussed in Section 2.4.2.3, for reactions where a third, neutral, fragment is 

produced as well as two monocations, each of their velocity vectors can be determined. Internal-

frame (IF) scattering diagrams can be used to help interpret the dynamics of these three-body 

reactions. In this class of scattering diagram |wi| is again the radial coordinate, but the angular 

coordinate is now the CM scattering angle with respect to the CM velocity of one of the other 

product species (determined from the dot product of the CM velocities). The data for one of the 

product species is plotted in the upper half of the figure and the data for a second product is 

plotted in the lower half of the figure, both relative to the CM velocity of the third fragment. 

Thus, IF scattering diagrams offer a method to examine the relative motions of three different 

products in the same figure. In IF scattering diagrams, any of the three products can be used as 

the reference. Figure 2.15 shows the possible IF scattering diagrams plotted for the products of 

the three-body reaction Ar2+ + N2 → Ar+ + N+ + N. Here, for example, (a) shows the scattering 

of N+ and N relative to Ar+. In all three of the scattering diagrams in Figure 2.15 the motion of 

the Ar+ fragment is anti-correlated with the motions of the N+ and N fragments. This correlation 

is indicative of an association between the N+ and N fragments, indicative of DSET. First, a 

SET reaction occurs, forming Ar+ and N2
+, and then, after some time, the N2

+ fragment 

dissociates to form N+ + N, resulting in the scattering shown where the N+ and N fragments are 

correlated. 

 

Figure 2.15: Internal frame scattering diagrams for the products of the reaction 

Ar2+ + N2 → Ar+ + N+ + N. (a) the velocities of the N+ and N 

products are shown relative to Ar+, (b) the velocities of the Ar+ and 

N products are shown relative to N+, (c) the velocities of the Ar+ 

and N+ products are shown relative to N. In each scattering diagram 

the black dot indicates the position of the CM. 
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In the field of reaction dynamics understanding three-body reactions can be complex 

and has long been an experimental issue, resulting in a limited understanding of these 

processes.21 For example, monocation-neutral three-body reactions are hard to probe because 

there are two neutral products which are generally difficult to detect. As discussed, reactions 

involving dications often result in the formation of two monocations, allowing the momentum 

of a third, neutral, body to be determined by detecting the two monocation products in 

coincidence. Thus, we can obtain the complete momenta information of the products from 

three-body reactions involving dications. The use of coincidence measurements involving the 

detection of two particles resulting from a single event eliminates the need for statistical models 

and has allowed for a more comprehensive understanding of chemical reaction dynamics. 

Three-body reactions involving dications are therefore understood more thoroughly than in 

other fields. 

2.4.4 Translational energy release 

The total kinetic energy release (KER) in the CM frame, T, for a given reactive event 

can also be determined from further analysis of the product ion velocities.1 The LAB frame 

velocities, calculated in Section 2.4, are used to determine T for a two-body reaction by using 

equation (2.16). 

𝑇 =  
1

2
µ𝑝 [(𝑣𝑥(1) − 𝑣𝑥(2))

2
+ (𝑣𝑦(1) − 𝑣𝑦(2))

2

+ (𝑣𝑧(1) − 𝑣𝑧(2))
2

] (2.16) 

where µp is the reduced mass of the product ions and vx,y,z(i) are the x, y and z components of 

the velocity vectors for ion i. For a three-body reaction, equation (2.17) is used to determine T. 

𝑇 =  
1

2
[𝑚1𝑣1

2 + 𝑚2𝑣2
2 + 𝑚3𝑣3

2]    (2.17) 

Where mi and vi are the mass and velocity of fragment i respectively. The exoergicity 

of the reaction ΔE can then be determined from T and the CM collision energy, Ecm using 

equation (2.18), where Eproducts and Ereactants are the relative energies of the product and reactant 

states respectively. Ecm can be determined using equation (2.19) where µr is the reduced mass 

of the reactants. Again, the velocity of the neutral reactant is negligible compared to that of the 

dication. 

𝛥𝐸 = 𝑇 − 𝐸𝑐𝑚 = 𝐸𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑠 − 𝐸𝑟𝑒𝑎𝑐𝑡𝑎𝑛𝑡𝑠   (2.18) 
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𝐸𝑐𝑚 =
1

2
µ𝑟𝑣𝑑

2     (2.19) 

Obtaining ΔE for all the events collected for a given reaction channel provides a 

histogram of the exoergicity of the detected reactive events. A schematic diagram showing ΔE, 

T, and Ecm is shown in Figure 2.16. From Figure 2.16, it is clear that ΔE is intrinsic to the 

reactants and is independent of Ecm. An example exoergicity spectrum is shown in Figure 2.17 

for the SET reaction between Ar2+ and O2. From knowledge of the available electronic states 

of the reactants and products of a reaction, the exoergicity spectrum can reveal the electronic 

states, and even the vibrational states, involved in the reaction, as will be shown throughout this 

thesis. 

 

Figure 2.16: Schematic showing the exoergicity 𝛥𝐸 and kinetic energy release 

for a reaction. 
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Figure 2.17: Exoergicity spectrum for the reaction Ar2+ + O2 → Ar+ + O2
+. The 

error bars represent two standard deviations of the counts. 

2.5 Summary 

This chapter has described in detail the PSCO-MS experimental setup at UCL that has 

been used to investigate dication-neutral reactions presented in this thesis. The data processing 

and analysis methods have also been explained in detail. It has been shown that the PSCO-MS 

apparatus can yield rich data, offering detailed insights into the dynamics and energetics of 

dication + neutral reactions, such as the exoergicities and electronic states involved, and if 

collision complexes are formed.  
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Chapter 3: Bond-Forming and Electron-Transfer Reactivity Between 

Ar2+ and O2 

3.1 Introduction 

This chapter presents a thorough investigation of the interactions between Ar2+ and O2, 

giving information on dicationic energetics, reactivity, and the associated reaction mechanisms. 

This detailed information allows a better understanding of the relevance and influence of 

Ar2+/O2 collisions in planetary environments. Argon constitutes ~1 % of the Earth’s atmosphere 

and is one of the most abundant elements in the universe.1,2 Argon is also abundant in the 

atmospheres of the Moon, Mercury and Mars.3–5 In these atmospheres, the formation of the 

Ar2+ dication is likely, as recognised by Thissen et al.6 The bimolecular reactivity of Ar2+ was 

one of the first such dicationic collision systems to be investigated, as beams of Ar2+ are 

relatively easy to generate using electron ionization.7–10 In most of these early investigations of 

Ar2+-neutral collisions, only the dominant single electron-transfer (SET) and double electron-

transfer (DET) channels were observed. These early experiments were usually carried out at 

high laboratory translational energies (0.1 – 20 keV) and involved rare gases or simple 

molecules as the neutral collision partner (e.g. He, H2, N2, CO2, C2H6, C6H6).
8,9,11–13 More recent 

experiments, at lower collision energies (<100 eV), led to the observation of bond-forming 

chemistry following the interactions of Ar2+ with various neutral species, revealing, for 

example, the formation of Ar-O, Ar-N and Ar-C bonds.14–19 Indeed, the bimolecular reactivity 

of rare gas dications is now recognised as an effective route to forming these unusual chemical 

bonds. 

Oxygen is the third most abundant element in the universe, it is a major component of 

the atmosphere of the Earth and is also present in the atmosphere of other planets and 

satellites.2,3 The reactions between Ar2+ and O2 have been studied in experiments over a range 

of supra-thermal energies.8,9,11–13 In the earliest work, no chemical bond-formation was 

observed, and the ion yields were explained using models involving varying contributions from 

SET and DET. In later work, Ascenzi et al.17 studied the reaction of Ar2+ with O2 using a 

combination of experiments and ab initio calculations. This work revealed a reactivity 

involving SET as well as the formation of two different products involving Ar-O bonds: ArO2+ 

and ArO+. 
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Whilst the ionic products of the reaction between Ar2+ and O2 are now reasonably well 

established,17 there has been little investigation of the dynamics and kinematics of these 

chemical processes. To address this issue, this chapter reports an investigation of the reactivity 

of Ar2+ and O2, at collision energies of 2.7 eV and 4.4 eV in the centre-of-mass frame, using 

position-sensitive coincidence mass spectrometry (PSCO-MS). As discussed in Chapter 2, the 

PSCO-MS technique couples a crossed-beam collisional methodology with the coincident 

detection of the cationic products of dication-neutral collisions, providing a comprehensive 

insight into the reactivity and dynamics involved in dication-neutral interactions.20 

In the study of Ar2+/O2 collisions detailed in this chapter we observe that chemical bond-

formation occurs via a direct mechanism rather than complexation. Conversely, we find strong 

evidence of complex formation ([ArO2]
2+) in the dynamics of the dissociative SET channel; a 

reaction that typically occurs via long-range electron-transfer. 

3.2 Experimental details 

In the work described in this chapter the Ar2+ ions were generated via electron ionization 

of Ar (BOC, 99.998 %) by 100 eV electrons in the ion source. In the TOF-MS source region 

the beam of dications was crossed with an effusive jet of O2 (BOC, 99.5 %). The experiments 

in this work employed both high (183 V cm-1) and low (28.5 V cm-1) TOF-MS source fields. 

As discussed in more detail below, the lower source field results in better energy resolution in 

the resulting PSCO-MS data. However, in these low field spectra ions with high transverse (off-

axis) velocities do not reach the detector. 

3.3 Results and discussion 

PSCO-MS spectra were recorded following the collisions of Ar2+ with O2 at Ecm = 

4.4 eV. Four significant product ions were detected in the coincidence spectrum: Ar+, O2
+, O+ 

and ArO+. Of course, O2
2+ could also be present, although no sharp peak indicative of a dication 

is visible in the m/z = 16 region of the mass spectrum. The experiments were repeated at Ecm = 

2.7 eV and no significant differences in the ratios of products or the derived reaction dynamics 

were apparent. 

Table 3.1 lists the product channels observed in the coincidence spectrum following the 

collisions of Ar2+ with O2. The most intense channel (Rxn. 3.II) is dissociative single electron-
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transfer (DSET), producing Ar+ + O+ + O. Non-dissociative SET (NDSET) is also observed 

(Rxn. 3.I), albeit with only 1 % of the intensity of the DSET channel. The second most intense 

channel involves the production of O+ + O+ (Rxn. 3.IV) and results from double electron-

transfer (DET): the dissociation of a nascent O2
2+ ion into O+ and O+. Finally, a bond-forming 

reaction forming ArO+ + O+ is also observed at low intensity (Rxn. 3.III). Reaction II makes up 

94.5 % of the total counts, indicating a significantly larger reaction cross section for this (DSET) 

reaction than the other channels, in agreement with previous experiments.17 

Table 3.1: Reaction channels following collisions of Ar2+ with O2 at a CM 

collision energy of 4.4 eV, with relative intensities. The modal 

experimental values of the total exoergicity ΔE from each reaction 

are reported. 

Reaction Products Relative 

intensity/% 

Modal 

experimental 

ΔE / eV 

3.I Ar+ + O2
+ 0.9 4.0 

3.II Ar+ + O+ + O 94.5 9.5 

3.III ArO+ + O+ 0.2 10.5 

3.IV Ar + O+ + O+ 4.4 8.5ǂ 

ǂThe exoergicity given for Rxn. 3.IV is the value for the O2
2+ → O+ + O+ 

dissociation. 

As noted above, PSCO-MS data were also recorded at a low TOF-MS source field to 

yield a higher energy resolution in the exoergicity spectrum (Ecm = 4.0 eV). As discussed below, 

these experiments reveal that Reaction II initially involves the population of a number of 

electronic states of the product Ar+ and O2
+* ions, the O2

+* states then dissociating to O+ + O. 

3.3.1 Formation of Ar+ and O2
+  

Figure 3.1 shows a CM scattering diagram for the Ar+ and O2
+ products of the NDSET 

reaction (Rxn. 3.I). Figure 3.1 reveals strong forward scattering, where the velocity of the Ar+ 

ion is strongly oriented with the incident dication velocity, w(Ar2+). This strong forward 

scattering results in the O2
+ product ion’s velocity being directed anti-parallel to w(Ar2+), and 

strongly oriented with w(O2). This form of scattering has been commonly observed for other 
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NDSET processes and arises from a direct electron-transfer mechanism, where the electron is 

transferred between the reactants at a significant interspecies separation (3-6 Å).21–24 Such 

electron-transfer processes are well-represented by a Landau-Zener formalism, discussed in 

Section 1.4.2.1.1.25 

 

Figure 3.1: CM scattering diagram for the reaction Ar2+ + O2 → Ar+ + O2
+ at a 

CM collision energy of 4.4 eV. The black dot indicates the position 

of the CM. See text for details. 

From analysis of the product ion velocities, as previously discussed, the exoergicity 

distribution of Reaction 3.I can be determined (Figure 3.2). The exoergicity for the formation 

of Ar+ and O2
+ (Ecm = 4.4 eV) is found to be centred at ~4.7 eV, with a full width at half 

maximum (FWHM) of 2.1 eV. The experiments performed at a lower TOF-MS source field, to 

give a higher energy resolution, revealed no new structures in this exoergicity spectrum.  

To interpret the exoergicity spectrum for Reaction A (Figure 3.2) we need to determine 

the relative energies of the reactant and product states that could be involved in the reaction. 

For this collision system this energetic data is readily accessible. Previous studies have shown 

that Ar2+  beams, generated in a similar manner to those in our experiments, are composed of 
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ions in all three electronic states (3P, 1D and 1S) arising from the Ar2+ p4 configuration;26 the 

relative abundance of these states appears approximately statistical in these previous 

investigations.27  The reactant O2 molecule, admitted as an effusive beam, will be in its ground 

vibronic state, 3Σg
– v = 0.  The accessible states of the O2

+ product are well studied.28 The ground 

state of O2
+ (X2Πg) lies 12.07 eV above the ground state of the neutral molecule and requires 

an additional 6.7 eV to break the O-O bond to form O+ + O.29 All O2
+ states lying above this 

O+ + O asymptote are unstable to dissociation within the lifetime of our experiment and 

therefore cannot contribute to the formation of the O2
+ observed in this NDSET channel.30 For 

example, metastable minima in the O2
+ c4Σu

– state, and levels of the b4Σg
– state above v = 3 are 

expected to dissociate before they are detected in our experiments.31–34 There are three 

energetically accessible electronic levels for the product Ar+ ions (2P, 2S and 4D).35 

 

Figure 3.2: Experimental exoergicity spectrum for the reaction Ar2+ + O2 → 

Ar+ + O2
+. The exoergicities for potential SET pathways calculated 

from literature values are also shown: (3.a) Ar2+(1S) + O2(
3Σg

–) → 

Ar+(4D) + O2
+(X2Πg), (3.b) Ar2+(1D) + O2(

3Σg
–) → Ar+(2S) + 

O2
+(X2Πg), (3.c) Ar2+(1S) + O2(

3Σg
–) → Ar+(2S) + O2

+(X2Πg). The 

error bars represent two standard deviations of the associated 

counts. 

From the above energetic considerations (see Table 8.1 in Appendix A) we find that 

there are three possible reaction pathways that match the favoured 3-6.5 eV range of 

exoergicities we see in Figure 3.2: reactions (3.a), (3.b) and (3.c). These three pathways all 

involve the formation of O2
+ in its ground electronic state, X2Πg, which is stable to dissociation. 

The exoergicities of these three channels are indicated in Figure 3.2. The match of the calculated 
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exoergicities with the experimental spectrum (Figure 3.2) is good but not perfect due to the 

neglect of product vibrational excitation and the distribution of centre of mass collision 

energies. 

Ar2+(1S) + O2(
3Σg

–) → Ar+(4D) + O2
+(X2Πg) ΔE = 3.3 eV (3.a) 

Ar2+(1D) + O2(
3Σg

–) → Ar+(2S) + O2
+(X2Πg) ΔE = 3.8 eV (3.b) 

Ar2+(1S) + O2(
3Σg

–) → Ar+(2S) + O2
+(X2Πg) ΔE = 6.2 eV (3.c) 

Pathway (3.b) involves Ar2+ in its first excited state, (1D) and, as noted above, the 

abundance of this state in the incident beam is expected to be larger by a factor of 5 than the 

second (1S) excited state involved in pathways (3.a) and (3.c). Therefore pathway (3.b) is likely 

to be the dominant pathway for this channel. Pathway (3.b) involves an exoergicity that should 

result in a favoured Landau-Zener style electron-transfer.25 However, despite these favourable 

factors the relative intensity of this channel (Rxn. 3.I) is low (Table 3.1); specifically, this SET 

channel has only ~1 % of the intensity of the DSET channel. The low propensity for this channel 

is most likely because pathways (3.a), (3.b) and (3.c) all involve two-electron processes when 

the Ar2+ accepts the transferred electron. 

3.3.2 Formation of Ar+ and O+ 

The most intense product channel we observe following the reaction of Ar2+ with O2 is 

dissociative single electron-transfer (DSET), in agreement with Ascenzi et al.17 The well-

established mechanism of such dicationic DSET reactions, in this collision energy regime, is 

that initial Landau-Zener (LZ) style electron-transfer occurs, at significant interspecies 

separations, forming one or both of the nascent product ions in dissociative states. These 

dissociative state(s) subsequently fragment to yield the detected products.7 These dynamics, 

given the LZ curve crossing is favoured in a “reaction window” centred at an inter-reactant 

separation of around 4 Å, result in strong forward scattering. Such strong forward scattering 

has been observed in several different collision systems.7,24,36,37 In this specific reaction 

channel, the nascent O2
+* ion formed in the initial electron-transfer would subsequently 

dissociate, resulting in the formation of Ar+ + O+ + O. 

Figure 3.3a shows the CM scattering diagram for the Ar+ and O+ product ions from this 

DSET channel. The Ar+ is primarily forward scattered but has a significant tail to higher 

scattering angles. Such a tail is indicative of a short-lived association, a collision complex, 
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between the O2 and Ar2+: [ArO2]
2+. Clearly, this collision complex does not live long enough 

for a complete loss of the correlation between the Ar+ velocity and the initial velocity of the 

Ar2+ reactant before fragmenting into O2
+* and Ar+. The observed scattering shows that this 

DSET reaction does not follow the standard (direct) mechanism of dicationic electron-transfer 

outlined above. Dynamics supporting the standard (direct) model of dication SET have been 

revealed, using the PSCO experiment and other angularly resolved techniques, for SET in many 

other collision systems.7,24,36,37 However, other isolated cases of dicationic electron-transfer 

involving significant complexation, as we see for this reaction, have also been previously 

reported.38,39 

 

Figure 3.3: Scattering diagrams for the reaction Ar2+ + O2 → Ar+ + O+ + O at 

a CM collision energy of 4.4 eV. (a) CM scattering diagram 

showing the scattering of O+ and Ar+ relative to the incident 

dication velocity, w(Ar2+). (b) Internal frame scattering diagram 

showing the scattering of O+ and O relative to the velocity of the 

Ar+ product ion. In part (b) the labelled vector, (1), represents 0.55 

cm µs-1. 

Figure 3.3 shows the internal frame scattering of O+ and O, relative to the Ar+ ion. The 

diagram clearly shows the O and O+ fragments are both backward scattered relative to the Ar+ 

ion, clearly indicating that the [ArO2]
2+ complex dissociates into O2

+* and Ar+ before the 

molecular ion subsequently fragments. A similar case of DSET via a collision complex was 

observed following collisions between Ne2+ and N2.
38 In the Ne2+/N2 collision system the 
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dissociative SET reaction proceeded along two competing routes, via a collision complex, 

[NeN2]
2+, and via a fast-sequential pathway. The two different pathways could be distinguished 

by distinct peaks in the product ions’ angular distributions. In the current Ar2+/O2 collision 

system, such peaks are not observed, implying a single mechanism, involving short-lived 

complexation, is responsible for the DSET reaction. 

The internal frame scattering (Figure 3.3b) has a symmetrical character, but the O+ is 

slightly more strongly backward scattered, relative to the Ar+, than the O. This additional 

acceleration of the O+ product is very likely due to Coulombic repulsion with the Ar+. That is 

the scattering indicates that the O2
+ dissociates relatively rapidly, before it leaves the electric 

field of its Ar+ partner. Dissociation of the O2
+ within the electric field of the Ar+ gives the O+ 

a larger velocity away from the Ar+ than the O fragment. By looking at the extra velocity of the 

O+ ion, the point of O2
+* dissociation can be estimated. The difference in velocities between the 

O+ and O fragments corresponds to an energy difference of 3 ± 0.2 eV. The extra kinetic energy 

of the O+ fragment would result from O2
+* dissociation at an interspecies separation of about 

5 Å between the Ar+ and O2
+. This distance corresponds to an O2

+* lifetime of approximately 

50 fs, which is comparable to lifetimes of O2
+ dissociative states determined from the rotational 

bandwidths of photoelectron spectra,32,40 and calculated potential curves.41 DSET reactions 

where the dissociation of one of the product ions occurs within the field of the other have been 

previously observed, for example in the reaction between Ar2+ and C2H2.
7 Here the C2H2

+* 

fragment formed from the initial electron-transfer dissociates into CH+ and CH, and the CH+ 

fragment is backscattered with a larger velocity than the CH fragment relative to the Ar+ ion. 

In this earlier work dissociation of C2H2
+* was estimated to occur at a distance of about 20 Å 

from the Ar+ ion, involving a C2H2
+* lifetime of about 500 fs, values compatible those derived 

for the current collision system. 

The modal total exoergicity of the DSET reaction (Rxn. 3.II) determined experimentally 

is ~9.5 eV with a FWHM of 6-15 eV (see Figure 8.1 in Appendix A). This range of exoergicities 

encompasses a large number of accessible combinations of reactant and product electronic 

states: permutations of the Ar2+ (3P, 1D and 1S) states and the first five dissociation limits of 

O2
+.35,42,43 
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Figure 3.4: Exoergicity spectrum for the initial electron-transfer reaction in the 

DSET channel, Ar2+ + O2 → Ar+ + O2
+*. The exoergicities for 

potential electron-transfer pathways calculated from literature 

values are also shown: (3.d) Ar2+(3P) + O2(
3Σg

–) → Ar+(2P) + 

O2
+(B2Σg

–), (3.e) Ar2+(3P) + O2(
3Σg

–) → Ar+(2P) + O2
+(c4Σu

–), (3.f) 

Ar2+(1D) + O2(
3Σg

–) → Ar+(2P) + O2
+(c4Σu

–). The error bars 

represent two standard deviations of the counts. 

Considering the DSET reaction to be stepwise, an approximation given the above 

analysis of the O and O+ velocities, we can derive the O2
+* precursor velocity from the Ar+ 

velocity. Using this approximation, we find an exoergicity distribution for the initial electron-

transfer step (Ar2+ + O2 → Ar+ + O2
+*) centred at ~5.7 eV with a FWHM of ~1.5 – 7.7 eV 

(Figure 3.4). The broad distribution is indicative of a number of product and reactant electronic 

states being involved in this initial electron-transfer. Considering the accessible reactant and 

product electronic states, specifically the dissociative states of O2
+, and excluding some 

transitions due to poor Frank-Condon overlap, pathways (3.d), (3.e) and (3.f) nicely match the 

peak of the exoergicity distribution for the initial electron-transfer step (Figure 3.4).44 

Ar2+(3P) + O2(
3Σg

–) → Ar+(2P) + O2
+(B2Σg

–) ΔE = 7.3 eV (3.d) 

Ar2+(3P) + O2(
3Σg

–) → Ar+(2P) + O2
+(c4Σu

–) ΔE = 3.1 eV (3.e) 

Ar2+(1D) + O2(
3Σg

–) → Ar+(2P) + O2
+(c4Σu

–) ΔE = 4.8 eV (3.f) 

Looking at the photoelectron intensities of transitions to the excited states of O2
+ 

involved in pathways (3.d)-(3.f), for a vertical transition the O2
+(B2Σg

-) state will likely be 

formed in a range of vibrational levels, from v = 0 to v = 6, and O2
+(c4Σu

–) will likely be formed 
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in its lowest two vibrational levels. This range of vibrational excitation contributes to the spread 

of energies in the exoergicity spectrum.44 There are also accessible O2
+ states higher in energy 

than the c4Σu
–state; population of such states will give exoergicities of less than 3.1 eV for the 

initial electron-transfer step.45,46 

When the PSCO-MS data was recorded at a lower source field, to achieve higher energy 

resolution, peaks at lower energies in the total exoergicity spectrum were revealed. Specifically, 

a distinct peak at around 4 eV is visible (see Figure 8.1 in Appendix A), with another broad 

peak at 5 – 8 eV. In this higher energy resolution experiment, sideways-scattered ions from 

reactions with higher exoergicities are not detected. The exoergicity for the initial electron-

transfer step, determined from the precursor velocity of Ar+ in this low source field experiment, 

shows a broad peak centred at 4 eV and a FWHM from 1.8 – 5.7 eV. This distribution is in 

good general agreement with that derived from the high source field experiments (Figure 3.4). 

The high energy resolution experiment supports the population of O2
+(c4Σu

–), shown by the 

exoergicities of reactions (3.e) and (3.f); these pathways have exoergicities of 3.1 eV and 4.8 eV 

respectively. 

To summarise, there are multiple pathways for the initial electron-transfer reaction in 

the DSET channel. The major pathways are likely (3.d), (3.e) and (3.f), however there may be 

contributions from higher energy O2
+* states. The higher energy resolution experiments confirm 

the presence of pathways (3.e) and (3.f). 

Using the O2
+* precursor velocity, the KER for the dissociation of O2

+* into O+ + O can 

also be extracted from our data.47 This exoergicity for the O2
+ dissociation, from the high source 

field experiment, is shown in Figure 3.5. The broad maximum of the exoergicity distribution is 

at 1.5 – 6.5 eV, with the FWHM from 0.2 – 10.3 eV. Previous work studying the dissociation 

of O2
+* formed from neutral O2 via electron-transfer with O2

2+, in a similar experiment, revealed 

a dominant peak in the exoergicity spectrum at 1.5 – 3.0 eV, this overlaps with the lower end 

of the maximum exoergicity observed in this study.47 Dissociation energies for O2
+* of up to 

~5.8 eV have been previously observed, resulting from dissociation of O2
+(c4Σu

–) to the lowest 

energy dissociation limit of O+ + O.30,31,44,48 In order to explain the higher energy exoergicities, 

higher lying states of O2
+ must be involved. Higher lying states of O2

+ have been observed, 

including one at ~27.5 eV, potentially accounting for the higher exoergicities we observe.45,46 

The broad maximum observed in the current study results from the presence of multiple 

dissociation pathways, derived from the range of O2
+ states, identified above, formed in the 
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initial electron-transfer step which fragment to the first dissociation limit, O(3P) + O+(4S) (L1), 

and second dissociation limit, O(1D) + O+(4S) (L2). The pathways, shown in Figure 3.5, are 

(3.g) B2Σg
– → L2, (3.h) B2Σg

– → L1, (3.i) c4Σu
– → L2, (3.j) c4Σu

– → L1, (3.k) O2
+* (E = 27.5 eV) 

→ L1. The range of exoergicities attributable to each pathway is estimated by considering the 

possible vibrational excitation of the O2
+ product, and these ranges are indicated in Figure 3.5. 

As well as the first two dissociation limits, there are many additional minor O2
+ dissociation 

pathways to higher dissociation limits that have been reported.30,31,48,49 The possibility of 

dissociation to higher energy O + O+ asymptotes, and the array of dissociative states of O2
+ 

available, further broaden the kinetic energy release observed from the O2
+* dissociation, shown 

in Figure 3.5. 

 

Figure 3.5: Experimental exoergicity spectrum for the dissociation of O2
+ to 

form O+ and O. The exoergicities for the potential dissociation 

pathways, calculated from literature values, are shown: (3.g) 

O2
+(B2Σg

–) → O(1D) + O+(4S), (3.h) O2
+(B2Σg

–) → O(3P) + O+(4S), 

(3.i) O2
+(c4Σu

–) → O(1D) + O+(4S), (3.j) O2
+(c4Σu

–) → O(3P) + 

O+(4S), (3.k) O2
+(E=27.5 eV) → O(3P) + O+(4S). The arrows 

indicate the approximate range of exoergicities from the potential 

vibrational excitation of O2
+ in a vertical transition. The error bars 

represent two standard deviation of the counts. See text for details. 

Whilst DSET resulting from the reaction of Ar2+ with O2 has previously been 

observed,12,17 the current work provides much additional information on the dynamics and 

energetics of the reaction. The tail to higher scattering angles in the CM scattering diagram of 

Ar+ and O+ (Figure 3.3a) is evidence for the formation of a short-lived [ArO2]
2+ complex. This 
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collision complex then dissociates into the nascent electron-transfer products Ar+ and O2
+* 

(B2Σg
– and c4Σu

–), with the O2
+* subsequently fragmenting within the field of the Ar+ ion. 

3.3.3 Formation of ArO+ and O+  

 

Figure 3.6: CM scattering diagram for the reaction Ar2+ + O2 → ArO+ + O+ at 

a CM collision energy of 4.4 eV. The scattering of O+ and ArO+ are 

shown relative to the incident dication velocity, w(Ar2+). See text 

for details. 

Figure 3.6 shows the CM scattering for ArO+ + O+, the products of the bond-forming 

reaction we detect in this collision system. Scattering that is distinctly forward is apparent, 

where the velocity of the ArO+ ion is broadly oriented with the velocity of the incident dication, 

w(Ar2+). This form of scattering suggests a stripping-style mechanism, where an O– is 

transferred between the O2 and Ar2+ at a relatively large interspecies separation. Such dynamics 

for bond-forming reactions involving atom transfer have been observed before.7 In their earlier 

work, where this unusual reaction was first observed, Ascenzi et al.17 suggest that this bond-

forming reaction proceeds via a collision complex, ArO2
2+. The scattering data we report here 

shows little evidence for any long-lived association between the reactants. If the channel 

proceeded via a long-lived collision complex, which survived for several rotational periods, 

prominent forward scattering would not be observed, and the scattering would have a more 
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isotropic nature. Such a signature of long-lived collision complexes has been reported in other 

dicationic collision systems.23,50 

 

Figure 3.7: Experimental exoergicity spectrum for the reaction producing ArO+ 

and O+ from Ar2+ and O2. The range of exoergicities indicated by 

(3.l) is determined from literature values for the pathway: Ar2+(3P) 

+ O2(
3Σg

–) → ArO+(2Π) + O+(4S). The arrow represents the possible 

range of exoergicity from the vibrational excitation of 

ArO+.35,42,43,51 The error bars represent two standard deviations of 

the counts. See text for details. 

The exoergicity distribution of the bond-forming reaction, which is determined from the 

velocities of the product ions, is shown in Figure 3.7. The exoergicity distribution has a 

maximum at 10.5 eV, with a FWHM of 5 eV. As above, the exoergicity spectrum can be 

rationalised by considering the possible electronic states of the products. Energetic calculations 

involving ArO+ usually consider the two lowest-bound electronic states: the ground state (4Σ–) 

and the first excited state (2Π).51,52 The minimum of the 2Π state lies ~0.4 eV higher in energy 

than the 4Σ– state minimum, but at a markedly different equilibrium geometry. 

The exoergicity for forming ArO+(4Σ–) + O+(4S) from the ground states of Ar2+ + O2 is 

11.4 eV, whilst populating ArO+(2Π) + O+(4S) would have an exoergicity of 11.0 eV. Both of 

these exoergicities coincide well with the peak in the experimental exoergicity distribution 

(shown in Figure 3.7). We note access to both these asymptotes is spin-allowed from Ar2+(3P) 

+ O2(
3Σg

–). 
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In interpreting the results of their experiments, Ascenzi et al.17 suggest this reaction 

involves ArO+ formed in its ground 4Σ– state along with O+(4S). Considering the formation of 

ArO+ at these two lowest energy product asymptotes, it is perhaps unlikely that a significant 

proportion of any ArO+(4Σ–) products would be long-lived enough to be detected by our 

experiment. Specifically, the ArO+ product is likely to be formed with significant vibrational 

excitation due to the long-range O– abstraction from the O2 by the Ar2+. However, the ArO+(4Σ–

) ground state has only a shallow potential well (~0.4 eV)51 and is most likely to be formed at 

an unstable geometry due to the expected level of vibrational excitation. Conversely, the first 

excited state of ArO+, 2Π, has a well depth of ~2.0 eV, thus would more readily accommodate 

the expected significant vibrational excitation. Given these considerations, we suggest pathway 

(3.l) as the dominant route for this bond-forming reaction: 

Ar2+(3P) + O2(
3Σg

–) → ArO+(2Π) + O+(4S) ΔE = 11.0 eV (3.l) 

Of course, contributions from the excited p4 states of Ar2+ may also be present and 

cannot be resolved in the exoergicity spectrum (Figure 3.7). 

Ascenzi et al.17 also proposed the operation of a markedly less exoergic channel, 

ArO+(2Π) + O+(2P), involving the formation of an excited state of the product oxygen 

monocation. A hint of the involvement of such a channel came from evidence of a threshold in 

their cross sections for the formation of ArO+. The pathway to ArO+(2Π) + O+(2P) (ΔE = 6.0 eV) 

was considered a possible candidate for such a threshold due to a Coulombic barrier in the exit 

channel.17 Our exoergicity spectrum (Figure 3.7) shows that such a channel, if present at this 

collision energy, makes only a minor contribution to the ArO+ yield. 

PSCO-MS experiments using a lower source field to achieve a higher energy resolution 

in the exoergicity spectrum for this reaction are impractical as the lower source field 

dramatically reduces the collection efficiency for the translationally energetic O+ ions. 

3.3.4 Formation of O+ and O+ 

Analysis of the dynamics of the product channel generating a pair of O+ ions shows 

these charged species are effectively isotropically scattered about the velocity of the O2 reactant. 

Such scattering dynamics confirm that the source of these ion pairs is double electron-transfer 

(DET). That is, two electrons are transferred from the oxygen molecule to the argon dication, 

at a significant interspecies separation, resulting in the formation of neutral argon and O2
2+. The 
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O2
2+ then dissociates to form O+ and O+. The dissociation of the resulting O2

2+ ion should be 

uniformly distributed in the molecular (O2) frame, resulting in the scattering of O+ ions we 

observe. 

As discussed in Section 1.4.2.2, previous experiments indicate that dicationic DET 

generally occurs via a concerted (two-electron-transfer) mechanism in which the product 

asymptote lies close in energy to the reactant asymptote (<1 eV difference).7 To apply this 

model to the Ar2+/O2 collision system we note that the Ar2+ ground state (3P) and first two 

excited states (1D and 1S) have energies of 43.4, 45.1 and 47.5 eV above the ground state of Ar. 

Considering the products, there are several dissociative states of O2
2+ lying between 42 and 

46 eV above the ground state of O2.
53 From these simple energetic considerations we can 

immediately see that the Ar2+/O2 collision system is likely to involve DET as we have product 

and reactant asymptotes lying close in energy. However, since the polarizability of Ar (α = 

1.6411 × 10-24 cm3) is slightly larger than the polarizability of O2 (α = 1.5689 × 10-24 cm3) if 

the DET process is exoergic overall, that is the Ar + O2
2+ limit lies below the Ar2+ + O2 

asymptote, the reactant and product potentials will not cross in the simple polarization-

attraction model outlined above.54 Of course, this simple model, with its additional assumption 

of spherical symmetry, will only provide an approximation to the true potentials, and of course 

no repulsive character is included. Indeed, there are potential Ar2+(1D) + O2 and Ar + O2
2+(11Πg 

and 11Δg) reactant and product asymptotes which lie very close in energy. Hence, it is quite 

possible, since the polarizabilities of O2 and Ar are very similar, that, given these close lying 

asymptotes, the potentials cross in the real collision system, particularly when the influence of 

differing repulsive terms, and the anisotropy, of the true interaction potentials are taken into 

account. Alternatively, it is possible that this DET reaction is an endothermic process, for which 

situation the differing polarizabilities will allow a simple curve crossing. Such an endothermic 

process would have to be facilitated by the collision energy. Such coupling of Ecm to the 

potential energy surface could, for example, allow the formation of O2
2+(B3Πg) from Ar2+(3P) 

(ΔE = +0.2 eV). 

Once formed, the O2
2+ dissociates to O+ + O+. Lundqvist et al.53 studied the formation 

and dissociation of O2
2+ and found O2

2+ states that result in dissociation to the first and second 

dissociation asymptotes (O+ + O+), with kinetic energy releases of 6.9 – 12.7 eV. From analysis 

of the O+ ion velocities, the exoergicity of the dissociation of the O2
2+ formed in the DET 

channel (Rxn. 3.IV) was determined to have a broad maximum centred at ~8.5 eV with a 
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FWHM from 6.3 – 11.6 eV. This KER is in good agreement with that determined by Lundqvist 

et al.53 

3.4 Conclusions 

The collisions of Ar2+ and O2 have been studied using coincidence methods at a collision 

energy of 4.4 eV. Four bimolecular reaction channels generating pairs of product ions are 

observed forming: Ar+ + O2
+, Ar+ + O+, ArO+ + O+ and O+ + O+. 

The formation of Ar+ + O2
+ is a minor channel involving strong forward scattering and 

generates O2
+ in its ground electronic state. This single electron-transfer process is expected to 

be facile by Landau-Zener arguments, but the relative intensity of this channel is low because 

the electron-transfer pathways involve multi-electron processes. 

The formation of Ar+ + O++ O, is the most intense channel resulting from the reaction 

of Ar2+ with O2, in agreement with previous experiments. Many different combinations of Ar2+ 

and product electronic states contribute to the flux in this reaction. Major dissociation pathways 

of the nascent O2
+ ion involve the first (O(3P) + O+(4S)), and second (O(1D) + O+(4S)) 

dissociation limits. Unusually, the experimental results clearly show the involvement of a short-

lived collision complex [ArO2]
2+ in this channel. 

The formation of O+ and ArO+ involves direct abstraction of O– from O2 by Ar2+. Scant 

evidence of the involvement of a collision complex in this bond-forming pathway is apparent. 

The formation of the first excited state of ArO+(2Π), accompanied by O+(4S) is the likely 

product channel. 

The formation of O+ + O+ results from dissociative double electron-transfer via the 

formation of O2
2+. The exoergicity of the O2

2+ dissociation, which we can extract from our data, 

is in good agreement with previous work investigating the unimolecular dissociation of this 

dication.  



Chapter 3: Bond-Forming and Electron-Transfer Reactivity Between Ar2+ and O2 

 

125 

 

3.5 References 

1 D. F. Mark, F. M. Stuart and M. de Podesta, Geochim. Cosmochim. Acta, 2011, 75, 

7494–7501. 

2 A. G. W. Cameron, Space Sci. Rev., 1973, 15, 121–146. 

3 S. A. Stern, Rev. Geophys., 1999, 37, 453–491. 

4 A. O. Nier, W. B. Hanson, A. Seiff, M. B. McElroy, N. W. Spencer, R. J. Duckett, T. C. 

Knight and W. S. Cook, Science, 1976, 193, 786–788. 

5 D. D. Bogard, R. N. Clayton, K. Marti, T. Owen and G. Turner, in Space Science 

Reviews, eds. R. Kallenbach, J. Geiss and W. K. Hartmann, Springer, Dordrecht, 2001, 

vol. 12, pp. 425–458. 

6 R. Thissen, O. Witasse, O. Dutuit, C. S. Wedlund, G. Gronoff and J. Lilensten, Phys. 

Chem. Chem. Phys., 2011, 13, 18264–18287. 

7 M. A. Parkes, J. F. Lockyear and S. D. Price, Int. J. Mass Spectrom., 2009, 280, 85–92. 

8 G. Dupeyrat, J. B. Marquette, B. R. Rowe and C. Rebrion, Int. J. Mass Spectrom. Ion 

Process., 1991, 103, 149–156. 

9 H. Störi, E. Alge, H. Villinger, F. Egger and W. Lindinger, Int. J. Mass Spectrom. Ion 

Phys., 1979, 30, 263–270. 

10 B. Friedrich and Z. Herman, Chem. Phys. Lett., 1984, 107, 375–380. 

11 W. Lindinger, E. Alge, H. Störi, M. Pahl and R. N. Varney, J. Chem. Phys., 1977, 67, 

3495–3499. 

12 E. Y. Kamber, P. Jonathan, A. G. Brenton and J. H. Beynon, J. Phys. B At. Mol. Phys., 

1987, 20, 4129–4142. 

13 G. C. Shields and T. F. Moran, J. Phys. B At. Mol. Phys., 1983, 16, 3591–3607. 

14 P. Tosi, R. Correale, W. Lu, S. Falcinelli and D. Bassi, Phys. Rev. Lett., 1999, 82, 450–

452. 



Chapter 3: Bond-Forming and Electron-Transfer Reactivity Between Ar2+ and O2 

 

126 

 

15 P. Tosi, W. Lu, R. Correale and D. Bassi, Chem. Phys. Lett., 1999, 310, 180–182. 

16 W. Lu, P. Tosi and D. Bassi, J. Chem. Phys., 2000, 112, 4648–4651. 

17 D. Ascenzi, P. Franceschi, P. Tosi, D. Bassi, M. Kaczorowska and J. N. Harvey, J. Chem. 

Phys., 2003, 118, 2159–2163. 

18 N. Lambert, D. Kearney, N. Kaltsoyannis and S. D. Price, J. Am. Chem. Soc., 2004, 126, 

3658–3663. 

19 J. F. Lockyear, K. Douglas, S. D. Price, M. Karwowska, K. J. Fijalkowski, W. Grochala, 

M. Remeš, J. Roithová and D. Schröder, J. Phys. Chem. Lett., 2010, 1, 358–362. 

20 W.-P. Hu, S. M. Harper and S. D. Price, Meas. Sci. Technol., 2002, 13, 1512–1522. 

21 W.-P. Hu, S. M. Harper and S. D. Price, Mol. Phys., 2005, 103, 1809–1819. 

22 S. M. Harper, W.-P. Hu and S. D. Price, J. Phys. B At. Mol. Opt. Phys., 2002, 35, 4409–

4423. 

23 S. D. Price, Int. J. Mass Spectrom., 2007, 260, 1–19. 

24 Z. Herman, Int. Rev. Phys. Chem., 1996, 15, 299–324. 

25 S. A. Rogers, S. D. Price and S. R. Leone, J. Chem. Phys., 1993, 98, 280–289. 

26 T. Nakamura, N. Kobayashi and Y. Kaneko, J. Phys. Soc. Japan, 1985, 54, 2774–2775. 

27 J. F. Lockyear, M. A. Parkes and S. D. Price, J. Phys. B At. Mol. Opt. Phys., 2009, 42, 

145201. 

28 O. Edqvist, E. Lindholm, L. E. Selin and L. Asbrink, Phys. Scr. Phys. Scr., 1970, 1, 25–

30. 

29 P. M. Guyon, T. Baer, L. F. A. Ferreira, I. Nenner, A. Tabche-Fouhaile, R. Botter and T. 

R. Govers, J. Phys. B At. Mol. Phys., 1978, 11, L141–L144. 

30 T. Akahori, Y. Morioka, M. Watanabe, T. Hayaishi, K. Ito and M. Nakamura, J. Phys. 

B At. Mol. Phys., 1985, 18, 2219–2229. 



Chapter 3: Bond-Forming and Electron-Transfer Reactivity Between Ar2+ and O2 

 

127 

 

31 X. Tang, G. A. Garcia and L. Nahon, J. Chem. Phys., 2018, 148, 124309. 

32 A. Padmanabhan, M. A. MacDonald, C. H. Ryan, L. Zuin and T. J. Reddish, J. Phys. B 

At. Mol. Opt. Phys., 2010, 43, 165204. 

33 A. Mitrushenkov, P. Palmieri, G. Chambaud and P. Rosmus, Chem. Phys. Lett., 2003, 

378, 463–469. 

34 J. T. Moseley, P. C. Cosby, J. B. Ozenne and J. Durup, J. Chem. Phys., 1979, 70, 1474–

1481. 

35 A. Kramida, Y. Ralchenko, J. Reader and NIST ASD Team, Eds., NIST Atomic Spectra 

Database (version 5.6.1), National Institute of Standards and Technology, Gaithersburg, 

MD, 2020. 

36 M. A. Parkes, J. F. Lockyear, D. Schröder, J. Roithová and S. D. Price, Phys. Chem. 

Chem. Phys., 2011, 13, 18386–18392. 

37 S. D. Price, J. Chem. Soc., Faraday Trans., 1997, 93, 2451–2460. 

38 S. M. Harper, S. W.-P. Hu and S. D. Price, J. Chem. Phys., 2004, 120, 7245–7248. 

39 C. L. Ricketts, D. Schröder, J. Roithová, H. Schwarz, R. Thissen, O. Dutuit, J. Žabka, Z. 

Herman and S. D. Price, Phys. Chem. Chem. Phys., 2008, 10, 5135–5143. 

40 M. Evans, S. Stimson, C. Y. Ng and C.-W. Hsu, J. Chem. Phys., 1998, 109, 1285–1292. 

41 K. Tanakaa and M. Yoshimine, J. Chem. Phys., 1979, 70, 1626–1633. 

42 J. E. Sansonetti and W. C. Martin, J. Phys. Chem. Ref. Data, 2005, 34, 1559–2259. 

43 I. Velchev, W. Hogervorst and W. Ubachs, J. Phys. B At. Mol. Opt. Phys., 1999, 32, 

L511–L516. 

44 M. Richard-Viard, O. Dutuit, M. Lavollée, T. Govers, P. M. Guyon and J. Durup, J. 

Chem. Phys., 1985, 82, 4054–4063. 

45 P. Baltzer, B. Wannberg, L. Karlsson, M. Carlsson Göthe and M. Larsson, Phys. Rev. A, 

1992, 45, 4374–4384. 



Chapter 3: Bond-Forming and Electron-Transfer Reactivity Between Ar2+ and O2 

 

128 

 

46 K. Ellis, R. I. Hall, L. Avaldi, G. Dawber, A. McConkey, L. Andric and G. C. King, J. 

Phys. B At. Mol. Opt. Phys., 1994, 27, 3415–3426. 

47 M. A. Parkes, J. F. Lockyear, S. D. Price, D. Schröder, J. Roithová and Z. Herman, Phys. 

Chem. Chem. Phys., 2010, 12, 6233–6243. 

48 A. Lafosse, J. C. Brenot, A. V Golovin, P. M. Guyon, K. Hoejrup, J. C. Houver, M. 

Lebech and D. Dowek, J. Chem. Phys., 2001, 114, 6605–6617. 

49 L. J. Frasinski, K. J. Randall and K. Codling, J. Phys. B At. Mol. Phys, 1985, 18, 129–

135. 

50 Z. Herman, Int. J. Mass Spectrom., 2015, 378, 113–126. 

51 S. M. McIntyre, J. W. Ferguson and R. S. Houk, Spectrochim. Acta Part B At. Spectrosc., 

2011, 66, 581–587. 

52 G. Frenking, W. Koch, D. Cremer, J. Gauss and J. F. Liebman, J. Phys. Chem., 1989, 

93, 3410–3418. 

53 M. Lundqvist, D. Edvardsson, P. Baltzer, M. Larsson and B. Wannberg, J. Phys. B At. 

Mol. Opt. Phys., 1996, 29, 499–514. 

54 J. R. Rumble, Ed., CRC Handbook of Chemistry and Physics, CRC Press/Taylor & 

Francis, Boca Raton, FL, 100th Edit., 2020. 

 

 

 



Chapter 4: Bond-Forming and Electron-Transfer Reactivity Between Ar2+ and N2 

129 

 

Chapter 4: Bond-Forming and Electron-Transfer Reactivity Between 

Ar2+ and N2 

4.1 Introduction 

Following the study of the reactions of Ar2+ + O2 discussed in Chapter 3,1 this chapter 

presents a detailed investigation of the interactions between Ar2+ and N2. As described 

previously argon is present in the atmospheres of planets and satellites including the Earth, the 

Moon and Mars.2–6 In the upper reaches of these atmospheres, the formation of the Ar2+ dication 

is also likely.7 The reactivity of Ar2+-neutral collisions have been studied previously,8–14 with 

most early investigations (carried out at high collision energies) only resulting in the 

observation of electron-transfer reactivity. In contrast, more recent experiments, utilising lower 

collision energies (<100 eV) revealed bond-forming chemistry following the interactions of 

Ar2+ with various neutral species.1,15–20 

Nitrogen (N2) is the dominant species in the atmospheres of the Earth and Titan, and is 

present in the atmospheres of other planets and satellites.3–7,21–24 The reactions resulting from 

collisions of Ar2+ with N2 have been the subject of previous investigation. As noted above, at 

high collision energies (keV), SET and DET pathways were identified, as expected, although 

these studies did not probe the reactivity at an electronic state selective level.8,10–12,25,26 

However, in 1999, Tosi et al.15 observed the formation of ArN2+ following the collisions of 

Ar2+ with N2, demonstrating a more complex chemistry in this collision system than the earlier 

studies had indicated. Indeed, molecular ions of ArN have attracted interest due to their rare 

gas bond and ArN+ is a well-known contaminant in plasma-based mass spectrometry.27–29 The 

formation of ArN+ has also been observed as a product of monocation-neutral30,31 and dication-

neutral reactions.19 In the latter case, the production of ArN+ and ArNH+ was observed 

following reactions of Ar2+ with NH3; the reaction proceeding via the formation of a collision 

complex [ArNH3]
2+. Computational investigations predict ArN2+ to be kinetically stable32 

whilst ArN+ is found to have the highest binding energy of the ArX+ (X = Li-Ne) species.33 The 

stability of ArNn+ species, and the facility of dication-neutral reactions to form new bonds, 

suggests that there is perhaps a richer chemistry resulting from the collisions of Ar2+ and N2 

than has been previously reported. 
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In this investigation we study collisions between Ar2+ and N2, at a centre-of-mass (CM) 

collision energy of 5.1 eV, using position-sensitive coincidence mass spectrometry (PSCO-

MS). This experimental technique has been shown to provide comprehensive information on 

the dynamics and energetics of dicationic bimolecular reactions that generate pairs of 

monocationic products.13,34,35 For the Ar2+/N2 collision system our experiments reveal the 

dynamics and energetics of the SET and DET channels, including both dissociative and non-

dissociative SET reactions. We see clearly that the dissociative SET reaction proceeds via two 

mechanisms: a long-range direct process, and a process involving the formation of a collision 

complex, [Ar-N2]
2+. We also report, for the first time, to the best of our knowledge, a bond-

forming channel that generates ArN+ + N+ via a direct mechanism. 

4.2 Experimental details 

In the work described in this chapter the Ar2+ ions were generated via electron ionization 

of Ar (BOC, 99.998 %) by 100 eV electrons in the ion source. In the TOF-MS source region 

the beam of dications was crossed with an effusive jet of N2 (BOC, 99.998 %). The experiments 

in this work employed both high (183 V cm-1) and low (28.5 V cm-1) TOF-MS source fields. 

As discussed in more detail below, the lower source field results in better energy resolution in 

the resulting PSCO-MS data. However, in these low field spectra ions with high transverse (off-

axis) velocities do not reach the detector. 

4.3 Results and discussion 

PSCO-MS spectra were recorded following the collisions of Ar2+ with N2 at Ecm = 

5.1 eV. The ‘pairs’ spectrum revealed the four reaction channels shown in Table 4.1. The most 

intense channel (Rxn. 4.I) is a non-dissociative single electron-transfer process (NDSET), 

producing Ar+ + N2
+. A dissociative SET (DSET) reaction, forming Ar+ + N+ + N is also 

observed (Rxn. 4.II) with a slightly lower intensity than the NDSET channel. A bond-forming 

channel (Rxn. 4.III) is also observed, producing ArN+ + N+. To our knowledge, the formation 

of ArN+ from the interactions of Ar2+ and N2 has not been previously observed. Finally, double 

electron-transfer (DET) is observed resulting in the formation of N+ + N+ via N2
2+ (Rxn. 4.IV). 

PSCO-MS experiments were also repeated at a low TOF-MS source field to yield a 

higher energy resolution in the exoergicity spectrum (Ecm = 4.5 eV). As discussed below, these 
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low source field experiments reveal a minor, low energy release, pathway in the NDSET 

channel (Rxn. 4.I).  

Table 4.1: Reaction channels, following the collisions of Ar2+ with N2 at a CM 

collision energy of 5.1 eV, with associated relative intensities 

(branching ratios). The modal experimental values of the total 

exoergicity ΔE from each reaction are reported. See text for details. 

Reaction Products Relative 

intensity / % 

Modal experimental 

ΔE / eV 

4.I Ar+ + N2
+ 43.2 5.4 

4.II Ar+ + N+ + N 41.7 6.5 

4.III ArN+ + N+ 4.3 5.5 

4.IV Ar + N+ + N+ 10.8 6.8ǂ 

ǂThe exoergicity given for Rxn. 4.IV is the value for the N2
2+ → N+ + N+ 

dissociation. 

4.3.1 Non-dissociative single electron-transfer 

Figure 4.1 shows the CM scattering diagram for the Ar+ + N2
+ product ions observed 

from the NDSET reaction, Ar2+ + N2 → Ar+ + N2
+. A forward scattering pattern, typical of that 

reported before for this class of reaction is observed.13,36,37 Forward scattering indicates that the 

velocity of the Ar+ product ion is predominantly oriented in the same direction as the velocity 

of the reactant Ar2+, w(Ar2+), while the velocity of the N2
+ product ion is directed anti-parallel 

to w(Ar2+). This scattering pattern is typical of a direct process, where the electron-transfer 

occurs at a relatively large interspecies separation (3 – 6 Å), and is generally well represented 

by a Landau-Zener (LZ) formalism.38–41 The scattering angles of the Ar+ ion (the angle between 

the velocity of the reactant dication w(Ar2+) and the velocity of the Ar+ product ion) are shown 

more clearly in Figure 4.2. Figure 4.2 reveals that whilst the scattering is dominated by  < 90°, 

the scattering is not concentrated as intensely at lower angles as might be expected for a typical 

forward scattered NDSET reaction.13,36,37 For example, in the SET reaction between Ne2+ + Ar, 

also investigated with PSCO-MS, the Ne+ product was forward scattered with an angular 

distribution peaked at ~15°.40 There is also a tail in our data, to higher scattering angles, 

manifested in the scattering diagram (Figure 4.1) by the extra ‘bumps’ involving higher velocity 

ions scattered between 70 < θ < 110. Both of these observations hint strongly that there is a 
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distinct contribution to the scattering in this channel involving longer-lived association, or a 

‘sticky collision’, between the reactant species, in addition to the usual direct (LZ) mechanism. 

As we will see below, the analysis of the N2
+ electronic states populated in this NDSET channel, 

and the dynamics exhibited by the DSET channel, also point towards a contribution from such 

a non-direct reaction pathway. 

 

Figure 4.1: CM scattering diagram for the reaction Ar2+ + N2 → Ar+ + N2
+ at a 

CM collision energy of 5.1 eV. The black dot indicates the position 

of the CM. See text for details. 

 

Figure 4.2: Histogram of the CM scattering angle  for the product Ar+ ion, 

relative to w(Ar2+), for the reaction Ar2+ + N2 → Ar+ + N2
+ at a CM 

collision energy of 5.1 eV. The error bars represent two standard 

deviations of the counts. 
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Figure 4.3 shows a histogram of the exoergicities recorded in the NDSET reaction 

channel, Ar2+ + N2 → Ar+ + N2
+. In the exoergicity distribution, there is a maximum centred 

around 5.8 eV, with a full width at half maximum (FWHM) from 4.1 – 7.2 eV. To interpret the 

exoergicity spectrum for this channel, we need to consider the accessible electronic states of 

the reactant and product species. For these species the relevant energetic data is readily 

available. The Ar2+ beam used in this experiment has been shown to be composed of ions in the 

three electronic states derived from the Ar2+ p4 configuration (3P, 1D and 1S), with relative 

abundances that are approximately statistical.1,42,43 There are two energetically accessible 

electronic states for the Ar+ product (2P and 2S).44 The reactant N2 molecule, admitted as an 

effusive beam, will be in its ground vibronic state, X1Σg
+ v = 0. The ground state of N2

+ (X2Σg
+) 

lies 15.58 eV above the ground state of N2.
45,46 The lowest energy dissociation asymptote of 

N2
+ (N+(3P) + N(4S)) lies at 24.3 eV relative to N2(X

1Σg
+), which corresponds energetically to 

the energy of N2
+(C2Σu

+ v = 3).44,47 Photoionization studies have shown that N2
+ states generated 

with a higher internal energy than 24.3 eV have dissociation lifetimes less than the timescale of 

our experiment and therefore will not contribute to the N2
+ counts observed in this channel.47–

50 

 

Figure 4.3: Experimental exoergicity spectrum for the reaction Ar2+ + N2 → 

Ar+ + N2
+. The exoergicities for potential SET pathways (reactions 

(4.a) – (4.e), discussed in the text) calculated from literature values 

are also shown. The error bars represent two standard deviations of 

the associated counts. 

From the above energetic considerations, we find that there are four possible NDSET 

reaction pathways that match the range of exergicities45,46 shown in Figure 4.3: (4.a) – (4.d). 
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Additionally, whilst pathway (4.e) has an exoergicty (8.9 eV) clearly outside of the observed 

range, if the N2
+(B2Σu

+) product is formed with significant vibrational excitation, it could yield 

exoergicities in accord with our experimental observations. 

Ar2+(3P) + N2(X
1Σg

+) → Ar+(2P) + N2
+(C2Σu

+) ΔE = 4.0 eV   (4.a) 

Ar2+(1D) + N2(X
1Σg

+) → Ar+(2P) + N2
+(C2Σu

+) ΔE = 5.8 eV   (4.b)  

Ar2+(3P) + N2(X
1Σg

+) → Ar+(2P) + N2
+(D2Πg) ΔE = 5.6 eV   (4.c) 

Ar2+(1D) + N2(X
1Σg

+) → Ar+(2P) + N2
+(D2Πg) ΔE = 7.4 eV   (4.d) 

Ar2+(3P) + N2(X
1Σg

+) → Ar+(2P) + N2
+(B2Σu

+) ΔE = 8.9 eV   (4.e) 

The match of the calculated exoergicities of pathways (4.a) – (4.e) with the experimental 

spectrum is good, particularly when allowing for potential vibrational excitation of the N2
+ 

product ion. Pathways (4.a) – (4.e) are all spin-allowed and involve the formation of the Ar+ 

ion in its ground 2P state; their exoergicities are indicated in Figure 4.3. Reviewing what is 

known of the N2
+ electronic states involved in these pathways is instructive. Photoelectron 

spectra show low intensities for the formation of N2
+(D2Πg) from N2 in this energy range due 

to Franck-Condon effects; in fact the D state is only stable to dissociation at significantly longer 

bond lengths than that of the neutral molecule. Pathway (4.e) involves ground state Ar2+(3P) 

and forms N2
+ in its B2Σu

+ state. As noted above, populating the B2Σu
+ state and giving an 

exoergicity within the observed range necessitates the state being formed with a high vibrational 

quantum number. The potential energy surface of the N2
+(B2Σu

+) state has a deep well and 

therefore could support vibrational excitation, however, photoelectron spectra show that the 

first two vibrational levels, v = 0 and v = 1, are predominantly populated in a vertical 

transition.45,46 

In our spectra it is not possible to resolve the different N2
+ channels potentially involved 

in this NDSET reaction. Pathways (4.c) – (4.e) involve the formation of N2
+(D2Πg) or 

vibrationally excited levels of N2
+(B2Σu

+). As noted above, such transitions are not favoured in 

a vertical transition from N2(X
1Σg

+) and previous experiments studying dicationic electron-

transfer have shown that the ionizing transitions in the neutral are often vertical in nature.51,52 

However, ionizing transitions in the neutral collison partner that produce monocations in 

vibrational states well outside the Franck-Condon zone have also been reported.53 Additionally, 

the longer-lived association observed between the reactant species in this channel (identified 
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above) will facilitate the formation of N2
+ states away from the equilibrium geometry of N2. 

However, in contrast to pathways (4.c) - (4.e), pathways (4.a) and (4.b) involve the population 

of the lower vibrational levels of N2
+(C2Σu

+), transitions which are favoured in the photoelectron 

spectra of N2, inherently more probable than transitions to the D2Πg state or higher vibrational 

levels of the B2Σu
+ state. Thus pathways (4.a) and (4.b), involving N2

+(C2Σu
+), are most likely 

the dominant pathways in the NDSET reaction, but a minor contribution from pathways (4.c) – 

(4.e) is also possible.  

As discussed before in the literature, higher resolution energetic information is 

obtainable from the PSCO-MS experiment using a low TOF-MS source field.13,35,40 In low 

source field experiments conducted as part of this study, the counts where the Ar+ ions were 

forward scattered relative to Ar2+ were masked by reactions occurring away from the source 

region. Thus, only events where the Ar+ ions were backwards scattered could be selected for 

analysis. Figure 4.4 shows the resulting exoergicity spectrum of these back-scattered events for 

the NDSET channel. As previously noted, low source field experiments do not collect product 

ions with high transverse velocities. Therefore, exoergicity spectra from low source field 

experiments discriminate in favour of events with lower exoergicities. The exoergicity of the 

back-scattered events in the low source field experiment (Figure 4.4) ranges from ~2.5 eV – 

4.5 eV. The range of exoergicities revealed in Figure 4.4 are clearly present at the low energy 

extreme of the exoergicity distribution generated by the high source field experiment (Figure 

4.3). One way to account for these low exoergicities is to invoke the population of higher 

energy, long-lived, N2
+ states than those involved in pathways (4.a) – (4.e). However, given the 

extensive studies of N2
+ it is unlikely that there are previously unknown long-lived metastable 

states of N2
+ lying above the dissociation asymptote to N+ + N.   

The formation of stable states of N2
+(X, A) in processes involving low exoergicities 

(2.7 eV, 1.6 eV) is possible from reactions of Ar2+(1S) with N2, if Ar+(2S) is generated as the 

second monocation. However, such processes cannot account for the signals around 3 eV in 

Figure 4.4. Indeed, Ar2+(1S) is a minor component of the dication beam and formation of 

Ar+(2S) from Ar2+(1S) involves a two-electron transition usually a strong indication of a 

disfavoured process. Thus, we do not feel such reactions can explain the form of the exoergicity 

spectrum (Figure 4.4) at low exoergicities. A more likely explanation of these low exoergicity 

processes, generating long-lived N2
+ ions, is that the N2

+(C2Σu
+) state is formed with an energy 

above the first dissociation limit, before fluorescing to a N2
+ bound state, most likely X2Σg

+. 
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Populating these higher vibrational levels of the C state will result in the reduced exoergicity 

we observe. Several of the electronic excited states of N2
+ higher in energy than X2Σg

+, 

including the N2
+(C2Σu

+) state, are known to fluoresce to lower-lying electronic states.54–56 

Since our energetic analysis above clearly shows population of bound levels of the C state, it is 

not unreasonable to propose higher levels of the C state are also populated, and these levels 

then, in competition with their dissociation, fluoresce to result in long-lived N2
+ ions. In Figure 

4.4, there is perhaps a hint of fine structure that could result from the vibrational structure of 

the N2
+ state populated in this low exoergicity region. The spacings of these features (Figure 

4.4) appear to be of the order of ~0.25 eV which is the vibrational spacing of the N2
+(C2Σu

+) 

state.45 The competition between fluorescence and predissociation has been studied in depth for 

N2
+(C2Σu

+).47,57,58 Predissociation dominates over fluorescence when N2
+ is formed with more 

energy than the lowest energy dissociation asymptote (24.3 eV).58–60 However, predissociation 

of the C state will not generate counts in this NDSET channel, but instead contributes to the 

counts in the DSET channel, Rxn 4.II., as discussed below. So although the yield of the C state 

fluorescence is low, the long-lived N2
+ ions resulting from this emissive process will be 

sensitively detected in the low-field spectrum. 

 

Figure 4.4: Experimental exoergicity spectrum for the back scattered (θ(Ar+) > 

90°) counts of the NDSET reaction, Ar2+ + N2 → Ar+ + N2
+, in the 

low source field experiment. A comb is shown with a line spacing 

of 0.25 eV. The error bars represent two standard deviations of the 

associated counts.  

To summarise, the NDSET reaction forming Ar+ + N2
+ is the dominant channel resulting 

from the collisions of Ar2+ and N2. A broadly forward scattering dynamic was observed, 
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indicative of a direct, long-range electron-transfer, but with a significant tail to higher scattering 

angles, indicative of a competitive mechanism involving a longer-lived association between the 

reactant species. After the electron-transfer, Ar+ is generated in its ground (2P) state and N2
+ is 

likely predominantly generated in its C2Σu
+ state, with perhaps a minor contribution from the 

B2Σu
+ and D2Πg states. The high dissociation threshold of N2

+ and the involvement of the most 

abundant Ar2+ states present in the beam explain why this NDSET reaction is the most intense 

product channel in the Ar2+ + N2 collision system. 

4.3.2 Dissociative single electron-transfer  

 

Figure 4.5: Scattering diagrams for the reaction Ar2+ + N2 → Ar+ + N+ + N at 

a CM collision energy of 5.1 eV. (a) CM scattering diagram 

showing the scattering of N+ and Ar+ relative to the incident 

dication velocity, w(Ar2+). (b) Internal frame scattering diagram 

showing the scattering of N+ and N relative to the velocity of the 

Ar+ product ion. In part (b) the labelled vector, (1), represents 0.30 

cm µs-1. 

The pairs spectrum we record following collisions of Ar2+ with N2 shows a clear peak 

corresponding to the formation of Ar+ + N+: a DSET reaction. The general mechanism for 

dicationic DSET reactions has been well investigated,13,39,61–63 and involves an initial LZ style 

single electron-transfer, populating a product cation in a dissociative state (e.g. N2
+*), followed 

by subsequent dissociation of that ion. In the CM scattering diagram these dynamics result in 
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strong forward scattering (Figure 4.5a), with the velocity of the Ar+ product w(Ar+) strongly 

oriented with w(Ar2+). The scattering angles of the Ar+ ions are shown in more detail in Figure 

4.6 which reveals a bimodal distribution: a large peak at low scattering angles, consistent with 

a direct mechanism, along with an additional broad peak at higher scattering angles. This 

secondary peak has a broad maximum close to 90°, typical of processes involving isotropic 

scattering associated with a longer temporal association between the Ar2+ and N2 species. That 

is, the involvement of a collision complex, as also suggested by the NDSET data discussed 

above. Again, it sems clear that both a direct mechanism and a mechanism involving 

complexation are operating in this channel.  

 

Figure 4.6: Histogram for the CM scattering angles for the product Ar+ ion, 

relative to w(Ar2+), for the reaction Ar2+ + N2 → Ar+ + N+ + N at a 

CM collision energy of 5.1 eV. The error bars represent two 

standard deviations of the counts. 

Figure 4.5b shows the internal frame scattering of the N+ and N products, relative to the 

velocity of the Ar+ product. The N+ and N fragments are clearly both back-scattered, away from 

the Ar+ product ion, confirming that any complex between the N2 and Ar2+ species initially 

dissociates into N2
+* + Ar+. Figure 4.5b also clearly shows that the N+ ion flies away from the 

Ar+ ion with a greater velocity than the N product. Such a signature has been observed before 

in DSET reactions,1,13 and indicates the N2
+* ion dissociates in the Coulomb field of the Ar+, 

and the N+ product is subsequently further accelerated. An estimate of the lifetime of the N2
+* 

species generated in this DSET reaction can be determined by a simple electrostatic model to 

reproduce the additional velocity of the N+ species with respect to the nitrogen atom. The 

difference in the velocities of the N+ and N fragments corresponds to dissociation of the N2
+* at 

an average distance of 11 ± 0.5 Å from the Ar+, equating to an N2
+ lifetime of approximately 

100 fs. The N2
+* lifetime value calculated here is comparable to our previous estimates of the 
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lifetime of N2
+* formed from collisions of Ne2+ with N2,

61 as well as that of O2
+* formed in the 

Ar2+ + O2 system (Section 3.3.2).1 

The experimentally determined total exoergicity of the DSET reaction, (see Figure 8.2 

in Appendix A) for forming Ar+ + N+ + N, has a peak at 6.5 eV with a FWHM from 4.4 eV – 

8.0 eV. The bulk of the counts in this spectrum can be accounted for by contributions from the 

first and second excited states of Ar2+ (1D and 1S) forming N+ + N at the three lowest energy 

dissociation limits of N2
+ together with an Ar+(2P).44,64 The three channels involving Ar2+(1S) 

result in nominal exoergicities of 7.4 eV, 5.5 eV, and 5.0 eV, in good accord with the bulk of 

the exoergicity distribution. Additionally, minor structure towards lower exoergicities could 

point to the involvement of Ar2+(3P) or N+(1S).  

Considering the higher energy events in the exoergicity spectrum (Figure 8.2) we note 

that, as previously discussed, if N2
+ is formed with an energy of over 24.33 eV relative to the 

ground state of N2 (equivalent to N2
+(C2Σu

+ v=3)) and does not fluoresce, it will dissociate 

within the lifetime of our experiment and therefore can contribute the DSET channel.47–50 The 

maximum energy that can be released from Ar2+(1S) accepting an electron to form the ground 

state monocation, Ar+(2P), is 31.75 eV. Therefore, the maximum exoergicity in this channel is 

7.42 eV if we restrict ourselves to the p4 states of Ar2+. There are a significant number of counts 

observed in this channel above this theoretical maximum of 7.4 eV (~30%, Figure 8.2). These 

higher energy events are too numerous and extend to too high an energy to be explained by the 

spread in the translation energy of the Ar2+ ions in the beam (FWHM = 0.3 eV). One possible 

source for these higher energy events is higher lying excited Ar2+ energy states in the beam. 

However, we see little evidence of such states in other channels in this collison system, or in 

our previous work involving Ar2+.1,13,43 However, the clear observation of a significant 

complexation pathway in this reaction channel provides an explanation for these high energy 

events. Specifically, if the translational energy of the Ar2+ in the beam can be coupled into the 

reaction, a process that is not normally involved in the direct SET mechanism,34 but is perfectly 

feasible when complexation is involved, exoergicities of up to ~12.5 eV are perfectly possible. 

The Ar+ scattering angle distribution of the high exoergicity events (>7.4 eV) is dominated by 

the peak centered at 90°, indicating a link with the complexation pathway. Thus, it seems highly 

likely that the high energy tail in the exoergicity distribution is (yet) another signature of 

complexation competing with direct electron-transfer in this collision sytem. 



Chapter 4: Bond-Forming and Electron-Transfer Reactivity Between Ar2+ and N2 

140 

 

If we consider the DSET reaction to be predominantly stepwise, the exoergicity of the 

initial electron-transfer step (forming Ar+ and N2
+*) can be estimated using the N2

+* precursor 

velocity. The N2
+* precursor velocity is determined, on an event-wise basis, via conservation of 

momentum from the Ar+ velocity. Using this method, which neglects any small contribution to 

the Ar+ velocity from interaction with the final N+ product, we find the exoergicity for the initial 

electron-transfer step to have a broad peak centred at 5.0 eV and with a FWHM from 2.9 eV – 

6.4 eV, as shown in Figure 4.7. Exoergicity distributions for such primary electron-transfer 

reactions of dications are commonly peaked between 2 and 6 eV due to such exoergicities 

favouring the net curve crossing probability as predicted in the LZ model.39,65 

 

Figure 4.7: Exoergicity spectrum for the initial electron-transfer reaction in the 

DSET channel, Ar2+ + N2 → Ar+ + N2
+*. The literature exoergicities 

are identified in Table 4.2. The error bars represent two standard 

deviations of the associated counts. 

As discussed above, this DSET channel, producing Ar+ + N+ + N, mostly involves 

Ar2+(1D and 1S), and results in the formation of N2
+* in a dissociative state. The dissociative 

states of N2
+* that best fit the exoergicity data in Figure 4.7 are: the C2Σu

+ state (v > 2), the 22Πg 

state, and the continuum of the D2Πg state (E ~26 eV), all of which lie in the Franck-Condon 

region of the N2 ground state.46 Photoelectron spectra from Baltzer et al.46 show that the 22Πg 

state overlaps with the C2Σu
+ state around the Franck-Condon region, overlying the D 

continuum, and these states are therefore indistinguishable in our experiment. We detail in 

Table 4.2 the possible pathways contributing to this channel, the exoergicities of which are 

marked on Figure 4.7. Pathways (4.i) and (4.j) match well with the peak of the observed 

experimental exoergicity distribution, and involve the formation of N2
+(C2Σu

+) and N2
+(D2Πg) 
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respectively. Pathway (4.h) also involves the formation of D2Πg with Ar2+(1D). There are also 

possible smaller contributions from pathways (4.f) and (4.g), which populate the higher lying 

F2Σg
+ and G2Πu or H2Πu states of N2

+; structures that hint at these reactions can be seen in the 

exoergicity spectrum (Figure 4.7). Additionally, pathway (4.k) could contribute to this channel, 

involving Ar2+(1S) generating N2
+(C2Σu

+). Of course, the observed exoergicities will be 

broadened by the population of the N2
+ species in a range of vibrational states. 

Table 4.2: Exoergicities for primary electron-transfer reactions in the DSET 

channel, Ar2+ + N2(X
1Σg

+) → Ar+(2P) + N2
+*, this electron-transfer 

populates a dissociative state of the molecular nitrogen cation.  

Pathway Ar2+ 

state 

N2
+ state Exoergicity / 

eV 

(4.f) 1S G2Πu or H2Πu 1.8 

(4.g) 1S F2Σg
+ 3.0 

(4.h) 1D D2Πg 3.4 

(4.i) 1D C2Σu
+ at predissociaton limit  5.0 

(4.j) 1S D2Πg 5.8 

(4.k) 1S C2Σu
+ at predissociaton limit  7.4 

 

The exoergicity of the final N2
+* dissociation can also be evaluated by determining the 

velocities of the N+ and N products, on an event by event basis, in the frame of the N2
+* 

precursor velocity.1 This exoergicity spectrum (Figure 4.8) has a maximum at 0.9 eV with a 

FWHM extending from 0.1 eV – 2.3 eV. To interpret this exoergicity, we must consider 

previous studies of N2
+ dissociation. As noted above, the dissociation threshold, corresponding 

to the lowest energy N+ + N asymptote, L1 (N+(3P) + N(4S), Table 4.3), lies at ~24.3 eV above 

the molecular ground state and corresponds to N2
+(C2Σu

+ v = 3).47–49 At energies above the 

second dissociation limit, L2 (N+(1D) + N(4S), ~26.2 eV, Table 4.3), there is competition 

between dissociation to L1 and L2.64,66,67 In studies of N2 excitation, at the energies involved in 

the processes we see in our experiment (24.3 – 32 eV), the C2Σu
+ state is the dominant state 

populated in photoelectron spectra and dissociation to the three lowest energy dissociation 

asymptotes is observed, with lifetimes of the order of nanoseconds.45,46,50,55,68–71 The 
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predissociation of N2
+(C2Σu

+) is thought to occur via several mechanisms including by spin 

orbit coupling to the 2Σu
- state then transition to the continuum of 4Πu.

47,69,72–74 

 

Figure 4.8: Experimental exoergicity spectrum for the dissociation of the N2
+* 

product to form N+ and N. The literature exoergicities marked at the 

top are shown in Table 4.3. The error bars represent two standard 

deviation of the counts. See text for details. 

In previous experiments probing the dissociation of N2
+*, produced via electron impact 

or photoionization, kinetic energy releases of 0.5 eV – 8 eV were observed.66,75 The maximum 

theoretical exoergicity for N2
+* dissociation in this channel, under the energy constraints of the 

current study, is 7.4 eV, arising when Ar2+(1S) is involved and N2
+* dissociates to the lowest 

energy dissociation limit, L1. Considering the maximum theoretical exoergicity available in 

this system (7.4 eV), the exoergicity observed in this study matches nicely with the previous 

experiments characterising N2
+* dissociation. 

The shape of the exoergicity spectrum we see for the dissociation of N2
+* (Figure 4.8) 

can be associated with the pathways shown in Table 4.3. The main contributions are clearly 

from the C2Σu
+ / 22Πg or the D2Πg states dissociating to L1, in satisfying accord with the 

assignment made above that the initial electron-transfer step populates these ionic states. 

Additionally there are potentially minor contributions from the involvement some of the higher 

energy excited states of N2
+. These states were also implicated in the above anaylsis of the 

initial electron-transfer, showing a coherent description of the electron-transfer state selectivity 

is emerging. 
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To summarise, dissociative single electron-transfer is the second most intense channel 

following the collisions of Ar2+ and N2 at a collision energy of 5.1 eV. The scattering angles of 

the Ar+ product ion (Figure 4.6) show that two mechanisms are involved in the initial electron-

transfer: a direct, Landau-Zener process where the electron-transfer occurs at long range, and a 

process involving the formation of a complex [Ar-N2]
2+. In this channel, electron-transfer 

predominantly involves N2 and Ar2+ (1D and 1S), forming Ar+(2P), and N2
+* formed in the 

dissociative C2Σu
+, 22Πg and D2Πg states. These N2

+* ions then fragment, a dissociation slightly 

perturbed by the field of the Ar+ product, primarily to the lowest energy dissociation asymptote, 

N+(3P) + N(4S). The lifetime of N2
+* before it dissociates was determined to be ~100 fs, 

comparable to estimates for N2
+* generated in similar experiments.61 There is a spread in the 

observed exoergicities due to minor contributions from the involvement of Ar2+(3P), N2
+(F2Σg

+) 

and N2
+(G2Πu or H2Πu) and higher energy dissociation limits of N+ + N. 

Table 4.3: Possible exoergicities calculated from literature values for the 

dissociation of N2
+*. L1, L2 and L3 are the three lowest energy 

dissociation asymptotes forming N+ + N. 

Pathway N2
+ state N+ + N states Exoergicity / 

eV 

(4.l) C2Σu
+ or 22Πg at  

(E = 24.8eV) 

N+(3P) + N(4S) (L1) 0.5 

(4.m) D2Πg N+(3P) + N(4S) (L1) 1.7 

(4.n) F2Σg
+ N+(1D) + N(4S) (L2) 2.6 

(4.o) G2Πu or H2Πu N+(3P) + N(2D) (L3) 3.3 

(4.p) G2Πu or H2Πu N+(1D) + N(4S) (L2) 3.8 

(4.q) F2Σg
+ N+(3P) + N(4S) (L1) 4.5 

 

4.3.3 Chemical bond-formation 

Figure 4.9 shows the CM scattering of the ArN+ and N+ products observed from the 

previously unreported bond-forming channel, Rxn. 4.III. Figure 4.9 shows that the ArN+ 

product ion is scattered with a marked bias towards lower scattering angles. This bias can be 
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seen more clearly in the histogram of ArN+ scattering angles, shown in Figure 4.10. This form 

of the scattering suggests a stripping-style mechanism where an N— is transferred between the 

N2 and Ar2+ species at a relatively large interspecies separation. This style of direct mechanism 

is similar to that found in our previous work with the analogous channel in the Ar2+ + O2 system, 

forming ArO+ (Section 3.3.3).1 The more usual mechanism observed for a chemical bond-

forming reaction between a dication and neutral species involves a ‘long-lived’ association 

between the reactant species with a lifetime of at least several rotations of this collision 

complex.36,41 However, direct mechanisms for bond-forming reactions between dications and 

neutral species have been previously reported.13 The scattering data shown here shows little 

evidence for a long-lived association between the reactants. If such a complex survived for long 

enough to undergo several rotations, the relationship of the direction of approach of the reactant 

species would be scrambled and both product fragments would be scattered effectively 

isotropically about the CM, as has been observed before in other collision systems.37,76 It is 

interesting that formation of ArN+ from the Ar2+ + N2 system proceeds via a direct mechanism 

rather than complexation, particularly given the clear evidence of complexation observed in the 

SET channels. The formation of new chemical bonds via direct processes is well-established in 

dication reactions and the experimental data clearly imply that complexation does not provide 

a viable route to populate long-lived states of ArN+. 

Figure 4.11 shows the experimental exoergicity distribution observed for the bond-

forming reaction (Rxn. 4.III). The exoergicity maximum is at 5.5 eV, and the FWHM is from 

3.5 eV – 9.0 eV. To interpret this exoergicity we note that several states of ArN+ have been 

identified theoretically.28,33,77 The ground state, X3Σ—, and first excited state, A3Π, are both 

lower in energy than the Ar(1S) + N+(3P) dissociation asymptote and their formation has been 

reported from the reactions of N2
+ + Ar and Ar+ + N2 respectively.30 Here we will consider just 

the ground state, X3Σ—, which is well bound with a significant dissociation energy (~2.1 eV). 

The minimum of the ArN+(A3Π) state lies just below the Ar(1S) + N+(3P) dissociation 

asymptote. Thus, we would not expect to populate long-lived, and hence detectable, ArN+(A3Π) 

states with the level of vibrational excitation that we expect to result from a long-range N— 

abstraction from N2 by Ar2+. 
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Figure 4.9: CM scattering diagram for the reaction Ar2+ + N2 → ArN+ + N+ at 

a CM collision energy of 5.1 eV. The scattering of N+ and ArN+ are 

shown relative to the incident dication velocity, w(Ar2+). See text 

for details.  

 

Figure 4.10: Histogram of the CM scattering angles for the product ArN+ 

ion, relative to w(Ar2+), for the reaction Ar2+ + N2 → ArN+ + N+ at 

a CM collision energy of 5.1 eV. The error bars represent two 

standard deviations of the counts. 

From consideration of the calculated ArN+ energies and literature values for known N+ 

and Ar2+ states, reaction pathways (4.r) – (4.t) provide a very good match to the exoergicity 

distribution observed for this channel.33,44 Pathways (4.s) and (4.t) result from the production 

of ArN+(X3Σ−) and N+ in its ground state (3P) from the two lowest energy Ar2+ states in our 
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beam (3P and 1D). Pathway (4.r) results in the formation of N+ in its first excited state, 1D. Note 

that these pathways are all spin allowed. Of course, the formation of vibrationally excited ArN+, 

which we expect due to the long-range N— abstraction from N2 by Ar2+, will act to spread 

(decrease) the nominal exoergicity of the reaction, in accord with the spread in the exoergicity 

data in Figure 4.11.  

Ar2+(3P) + N2(X
1Σg

+) → ArN+(X3Σ—) + N+(1D) ΔE = 4.7 eV  (4.r) 

Ar2+(3P) + N2(X
1Σg

+) → ArN+(X3Σ—) + N+(3P) ΔE = 6.6 eV  (4.s) 

Ar2+(1D) + N2(X
1Σg

+) → ArN+(X3Σ—) + N+(3P) ΔE = 8.3 eV  (4.t) 

 

Figure 4.11: Experimental exoergicity spectrum for the reaction producing 

ArN+ and N+ from Ar2+ and N2 at a CM collision energy of 5.1 eV. 

The exoergicities for potential reaction pathways calculated from 

literature values are shown (reactions (4.r) – (4.t), discussed in the 

text).33,44 The error bars represent two standard deviations of the 

associated counts. See text for details. 

The formation of ArN+ from the collisions of Ar2+ and N2 has not been previously 

reported, to the best of our knowledge. This study therefore offers another potential source for 

the formation of ArN+ species detected in Ar/N2 plasmas.27,28 The scattering shows that, 

unusually, this reaction proceeds via a direct mechanism. The relative intensity for this channel 

is high (4.3 %) compared with typical bond-forming dication-neutral reactions, showing an 

affinity to form the Ar-N bond.17–19,78–83 
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4.3.4 Dissociative double electron-transfer 

Rxn. 4.IV from the Ar2+/N2 collison system results in the formation of N+ + N+ and has 

a relative intensity of 12.8 %. From the dynamics it is clear that this channel originates from 

double electron-transfer (DET), via the formation of N2
2+, as the N+ + N+ ions are effectively 

isotropically scattered about the velocity of the N2 reactant. Such DET reactions are commonly 

observed in dicationic collision systems,13,84,85 where two electrons transfer from N2 to the Ar2+ 

ion and the nascent N2
2+ ion then dissociates. As discussed in Section 1.4.2.2, dicationic DET 

usually favours a concerted mechanism in which the product and reactant asymptotes lie close 

in energy (<1 eV).13 The Ar2+ ground state (3P) and first two excited states (1D and 1S) have 

energies of 43.4 eV, 45.1 eV and 47.5 eV above the ground state of Ar respectively.44 There 

are several dissociative states of N2
2+ that lie at a comparable energy to these Ar2+ states relative 

to the ground state of N2.
45,86,87 Therefore, concerted DET would be expected to occur in the 

Ar2+ + N2 system. The dissociation of N2
2+ into N+ + N+ has been well studied. In 1996, 

Lundqvist et al.86 reported the kinetic energies of N2
2+ dissociation revealing energy releases of 

6.7 – 7 eV corresponding to the v = 7-10 levels of the A1Πu state dissociating to the lowest 

energy N+ + N+ asymptote, D1(N+(3P) + N+(3P)). Lundqvist et al. also observed peaks at 7.6 

and 7.7 eV, corresponding to the N2
2+(D3Πg) v = 0 and v = 1 levels dissociating to D1. In 

Lundqvist’s study of the dissociation of N2
2+ the dominant contribution is from the lowest 

energy N+ + N+ dissociation asymptote. 

From analysis of the N+ ion velocities, we see the exoergicity for the dissociation of 

N2
2+ in the DET channel has a maximum centred at 7.2 eV with a FWHM from 6.2 – 8.6 eV, 

shown in Figure 4.12. The experimental exoergicity distribution is a good match with the 

observations of Lundqvist et al.86 (see Figure 4.12) and also agrees well with energy releases 

reported in other studies of N2
2+ dissociation.88–92 Therefore, it seems clear that the nascent N2

2+ 

is generated in the A1Πu and D3Πg states which predominantly dissociate to form pairs of N+(3P) 

ions. 
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Figure 4.12: Experimental exoergicity spectrum for the dissociation of 

N2
2+, formed in an initial DET reaction between Ar2+ and N2, to 

form N+ and N+. The exoergicities for potential N2
2+ dissociation 

pathways calculated from literature values are also shown: (4.u) 

N2
2+(E = Ar2+(1D)) → N+(3P) + N+(3P), (4.v) N2

2+(A1Πu, v = 7) → 

N+(3P) + N+(3P), (4.w) N2
2+(D3Πg, v = 0) → N+(3P) + N+(3P) and 

(4.x) N2
2+(E = Ar2+(1S)) → N+(3P) + N+(3P). The error bars 

represent two standard deviation of the associated counts. See text 

for details. 

4.4 Conclusions 

Collisions between Ar2+ and N2 have been studied using a coincidence technique at a 

CM collision energy of 5.1 eV. Four reaction channels generating pairs of monocations are 

observed, producing: Ar+ + N2
+, Ar+ + N+, ArN+ + N+ and N+ + N+. The formation of Ar+ + N2

+ 

is the most intense channel, displaying forward scattering but with a marked tail to higher 

scattering angles. This scattering is indicative of direct electron-transfer competing with a 

‘sticky’ collision between the Ar2+ and N2 reactants. After the electron-transfer, Ar+ is generated 

in its ground (2P) state and N2
+ is primarily in the low vibrational levels of the C2Σu

+ state, with 

contributions from the B2Σu
+ state and D2Πg states. The exoergicity distribution in this channel 

also indicates a minor contribution to the formation of N2
+ via the initial population of higher 

energy N2
+ states, lying above the dissociation asymptote to N+ + N, which fluoresce to stable 

states of N2
+. 
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The formation of Ar+ + N+ results from dissociative single electron-transfer. The 

scattering in this channel again reveals the involvement the two different pathways for the initial 

electron-transfer: a long-range direct process, and a process involving the formation of a 

complex, [ArN2]
2+. Satisfyingly, the operation of these same pathways was extracted from the 

data for the non-dissociative channel. Despite the differing dynamics, the electronic states 

involved in this dissociative electron-transfer reaction appear the same for both routes. That is, 

the excited states of Ar2+ (1D and 1S) are involved in the initial electron-transfer, populating 

N2
+* in its dissociative C2Σu

+, 22Πg and D2Πg states. The nascent N2
+* then quickly dissociates, 

primarily to the lowest energy dissociation asymptote, N+(3P) + N(4S). 

We also observe the formation of ArN+ + N+ which has not been previously reported. 

The scattering shows that this bond-forming reaction proceeds via a direct mechanism. The 

molecular ion ArN+ is formed, with significant vibrational excitation, in its X3Σ— state. Finally, 

the formation of N+ + N+ is observed, resulting from double electron-transfer that initially 

generates N2
2+ which subsequently dissociates. The exoergicity of the N2

2+ dissociation is in 

good agreement with previous studies of the dissociation of the isolated dication, formed in a 

vertical transition from the neutral molecule, which involve the dissociation of the A1Πu and 

D3Πg dication states. 
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Chapter 5: Reactivity of S2+ with Ar, H2 and N2 

5.1 Introduction 

Sulphur-containing species are found throughout astrophysical environments1–4 and on 

Earth, where they are ubiquitous both in nature and from anthropogenic activities.5,6 SF6 is 

utilised in high-voltage electronics because of its electrical insulating capabilities.7–9 Processes 

involving SF6 are also involved in the etching of semiconductors, resulting in the formation of 

the S2+ dication.7 Moreover, SF6 is a very powerful greenhouse gas with a long atmospheric 

lifetime and therefore is relevant to atmospheric chemistry. Atmospheric sulphur compounds 

also contribute to the formation of acid rain and smog.10 In interstellar clouds, organic 

compounds containing sulphur have been detected, including species with S-X bonds where X 

= O, C, N, H.1 The atomic dication, S2+, has been observed in nebulae close to sources of high 

energy photons.11–13 Furthermore, properties of the sulphur dication are relevant in the 

ionosphere of Io, the satellite of Jupiter, where S2+ has been detected by the Galileo14 and 

Voyager I15,16 spacecraft, as well as by the Hubble telescope.17 Io’s sulphur rich atmosphere is 

derived from the satellite’s intense volcanic activity which results in the expulsion of SO2.
18,19 

Indeed, S2+ is thought to be one of the major species in the Io torus.20 Charged species generated 

in Io’s ionosphere, such as S2+, are transferred to Jupiter, dominating the Jovian 

magnetosphere,19,21 and the torus of Europa (another satellite of Jupiter).22 Despite this clear 

relevance of S2+ to astrophysical and anthropogenic environments, and the stability of the 

atomic dication once generated, to the author’s knowledge, there have not been any 

investigations of the bimolecular reactivity of S2+ dications in the gas phase. Therefore, the 

study of the reactions of S2+ with neutral molecules presented here is ground-breaking and 

important to both astrophysical and terrestrial environments. 

This chapter details the reactions of S2+ with Ar, N2 and H2. H2 is the most abundant 

molecule in the universe and is the dominant species comprising the gaseous planets, including 

Jupiter.23–25 Molecular nitrogen (N2) is important in the atmospheres of terrestrial bodies in the 

solar system, especially the Earth and Titan where it is the dominant species.26–34 Argon is also 

often present in significant concentrations in planetary atmospheres.27,28,35 

The reactions resulting from dication + Ar collisions have been well studied. SET was 

observed where the dication was derived from a rare gas; Ne2+, Ar2+, Kr2+ or Xe2+.36–41 

Collisions between N2
2+ and Ar also resulted in the observation of single electron-transfer 
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(SET) reactions.42 Collisions between Ar and hydrogen-containing dications, such as CHX2+ 

(X = F, Cl, Br, I), often result in SET and proton-transfer (PT) reactions, forming ArH+.43–45 

Interactions between Ar and SFx
2+ (x = 2 - 4) or CFy

2+ (y = 1 - 3) have been the subject of several 

studies, with SET and collision-induced dissociation (CID) channels being observed.46–50 

Additionally, Ar + dication reactions have been shown to occasionally produce dications 

resulting from new bond-formation, such as HCCAr2+ and ArCF2
2+, detected following 

collisions of Ar with C2H2
2+ and CF3

2+ respectively.51,52 

Dication + neutral reactions involving H2 are relatively well studied at low collision 

energies (though not with S2+), often resulting in SET reactions. Reactions between Ar2+ and 

H2 resulted in non-dissociative and dissociative SET (NDSET and DSET respectively).36,38,53 

With some H-containing dications (for example CHCl2+) H+ transfer is seen, producing H3
+ via 

the formation of collision complexes.54–56 Direct hydride (H—) transfer from the H2 to the 

dication is also seen in some systems.55,57 Many other bond-forming channels have also been 

observed in dication + H2 reactions, often with evidence that the reactions proceed via 

complexation.58–62 Some of the new bonds formed from dication + H2 reactions include N-H,62 

H-H,56 C-H,54,55,57–60 F-H,59–61 Cl-H,55 and Br-H.54 The presence of so many bond-forming 

reactions in dication + H2 systems and the prevalence of the S-H bond in nature marks H2 as a 

promising candidate for the generation of new bonds following interactions with the S2+ 

dication. 

The reactions resulting from dication + N2 collisions have been the subject of several 

previous studies, including previous work in this thesis (Chapter 4). In the Ar2+ + N2 system, 

SET, double electron-transfer (DET) and bond-forming pathways have been observed.36,38–

40,53,63–65 SET channels were also reported from the reactions of N2 with CO2+ and N2
2+.66,67 

DSET resulting from the collisions of Ne2+ + N2 was shown to occur via two mechanisms 

including via a collision complex.68 Bond-forming reactions have been observed following the 

interactions of N2 with the dications C4H3
2+ and O2

2+, resulting in the formation of N-H and N-

O bonds respectively.56,69 Additionally, S-N bond-formation has been observed resulting from 

the gas-phase collisions of S+ ions with ammonia.70 

In our experiments, we collide S2+ with the collision targets using the Position-Sensitive 

Coincidence Mass Spectrometry (PSCO-MS) apparatus, with centre-of-mass (CM) collision 

energies of <6 eV. The PSCO-MS apparatus combines the coincident detection of product 

cations with a crossed-beam collision methodology to give insight into the reactivity and 
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dynamics resulting from dication-neutral interactions. SET reactions were observed following 

the interactions of S2+ with Ar, N2 and H2, including both non-dissociative and dissociative 

channels with N2 and H2. The collisions of S2+ + N2 also resulted in a bond-forming channel, 

generating SN+ + N+ via a collision complex. The DSET channel in the S2+ + H2 system reveals 

dynamics that are evidence for the formation of a collision complex, [SH2]
2+. 

5.2 Experimental details 

The S2+ ions used in the experiments described in this chapter were generated by 

electron ionization of H2S (CKgas, 99.5 %) by 100 eV electrons in the ion source. Previous 

investigations show that S2+ (m/z = 16), HS2+ (m/z = 16.5), and H2S
2+ (m/z = 17) dications are 

all formed following the bombardment of H2S with electrons.71 The higher m/z ions were 

therefore discriminated against with the velocity filter. The neutral gases used for the 

experiments in this chapter were Ar (BOC, 99.998 %), H2 (BOC, > 99.995 %), and N2 (BOC, 

> 99.998 %). The experiments in this work employed high (183 V cm-1) TOF-MS source fields. 

5.3 Results and discussion  

5.3.1 The collisions of S2+ + Ar 

PSCO-MS spectra were recorded following the collisions of S2+ with Ar at Ecm = 5.3 eV. 

As with all reactions of S2+, there is no prior literature with which to compare the new results. 

The only peak in the coincidence ‘pairs’ spectrum, S+ + Ar+, results from single electron-

transfer. Figure 5.1 shows the scattering of the S+ and Ar+ product ions from this SET reaction. 

Figure 5.1 shows strong ‘forward’ scattering, where the velocity of the S+ product is oriented 

in the same direction as the velocity of the reactant dication, w(S2+). This forward scattering is 

indicative of a direct, long range electron-transfer, typically well defined by a Landau-Zener 

(LZ) formalism.41,72–74 
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Figure 5.1: CM scattering diagram for the reaction S2+ + Ar → S+ + Ar+ at a 

CM collision energy of 5.3 eV. The black dot indicates the position 

of the CM. See text for details. 

Figure 5.2 shows a histogram for the exoergicities recorded in this SET channel. The 

bulk of the structure in this spectrum is between 4.8 eV and 7.2 eV. In order to interpret the 

exoergicity distribution, we must consider the possible reactant and product electronic states 

involved. Beams of S2+ ions generated by EI are not well characterised, but electronic state 

information is available for the S2+ dication from atomic spectroscopy.75,76 Electron impact 

ionization experiments of H2S have previously reported the formation of S2+, but with no 

information on the energetics or S2+ states populated.71,77,78 After the formation of S2+ from H2S 

via electron impact in the source region, the S2+ dications must travel through the apparatus to 

the interaction region where they can collide with Ar. In the time taken to travel to the 

interaction region (~100 µs), one would expect S2+ formed in unstable higher lying excited 

states to radiatively decay to lower energy, metastable, states. It seems reasonable that the S2+ 

ions predominantly exist in the beam in one of the [Ne] 3s2 3p2 states (3P, 1D or 1S). The ground 

state S2+(3P) has an energy of 33.7 eV relative to S in its ground state. The excited 1D and 1S 

states lie 35.1 and 37.1 eV above the ground state of S respectively. S2+ also has some higher 

energy states which are potentially long-lived and could therefore also be present in the beam: 

the 5S state derived from the [Ne] 3s1 3p3 configuration, which lies at 41.0 eV above the ground 

state of S, and the 3F state, derived from the [Ne] 3s2 3p1 3d1 configuration, lying at 48.8 eV 
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above the ground state of S. Emission lines attributed to decay from the 5S state of S2+ have 

been observed experimentally, including in Io.79–81 However, the 5S state is metastable, with 

estimated lifetimes on the order of ~100 µs, and therefore is possibly present in the S2+ beam.82 

The 3F state has a shorter lifetime than 5S, but it is possible that the dication beam also contains 

S2+(3F).75,82 The ground state of S+, 4S lies 10.4 eV above the ground state of S(3P). If solely the 

3P, 1D or 1S states of S2+ are involved in a SET reaction with Ar, S+ can be formed in one of 

four different electronic states, with energies of less than 21.3 eV above the ground state of S. 

However, the involvement of the 5S or 3F states of S2+ could result in the formation of S+ states 

up to 33.1 eV in energy above the ground state of S, of which there are dozens. Ar will be in its 

ground electronic state, 1S. The energy required to form Ar+(2P) from ground state Ar(1S) is 

15.8 eV. If solely the 3P, 1D or 1S states of S2+ are involved in a SET reaction with Ar, Ar+ can 

only be formed in its ground state, 2P. If the 5S state of S2+ is involved, Ar+ could also be formed 

in its first excited state, 2S, which lies at 29.2 eV above Ar(1S). If S2+(3F) is involved, Ar+ could 

be formed in any state with an energy of up to 38.5 eV above the ground state of Ar, of which 

there are approximately 30. As will be shown below, the [Ne] 3s2 3p2 states (3P, 1D or 1S) 

account for most of the reactivity observed with the bimolecular reactions of S2+ in this study, 

however, evidence for the involvement of the higher lying 5S and 3F states are seen in some of 

the channels. 

 

Figure 5.2: Experimental exoergicity spectrum for the reaction S2+ + Ar → S+ 

+ Ar+. Calculated exoergicities for the potential SET pathways are 

also shown (reactions (5.a) – (5.d), discussed in the text). The error 

bars represent two standard deviations of the associated counts. 



Chapter 5: Reactivity of S2+ with Ar, H2 and N2 

161 

 

Accounting for the above considerations, we find that pathways (5.a) – (5.d) match the 

observed exoergicity for the SET reaction between S2+ and Ar. All these pathways result in the 

formation of Ar+ in its ground, 2P, state. Pathways (5.a) – (5.d) are all spin allowed and their 

resulting exoergicities are marked in Figure 5.2. Pathway (5.a) involves S2+ in its ground, 3P, 

state and results in the formation of S+(2D), with an exoergicity of 5.7 eV. Pathway (5.b) also 

involves S2+(3P) but results in the formation of S+(2P), giving an exoergicity of 4.5 eV. Pathway 

(5.c) involves S2+ in its first excited state, 1D, and results in the formation of S+(2D), with an 

exoergicity of 7.1 eV. Pathway (5.d) also involves S2+(1D) but results in the formation of S+(2P), 

giving an exoergicity of 5.9 eV. The range of observed exoergicities in this channel is typical 

for a LZ governed process.73,83 

S2+(3P) + Ar(1S) → Ar+(2P) + S+(2D) ΔE = 5.7 eV   (5.a) 

S2+(3P) + Ar(1S) → Ar+(2P) + S+(2P) ΔE = 4.5 eV   (5.b) 

S2+(1D) + Ar(1S) → Ar+(2P) + S+(2D) ΔE = 7.1 eV   (5.c) 

S2+(1D) + Ar(1S) → Ar+(2P) + S+(2P) ΔE = 5.9 eV   (5.d) 

5.3.2 The collisions of S2+ + H2 

PSCO-MS spectra were recorded following the collisions of S2+ and H2 at Ecm = 

0.71 eV. Two reaction channels were observed in the coincidence ‘pairs’ spectrum, both 

producing pairs of ions, shown in Table 5.1. The dominant channel, Rxn. 5.I, is NDSET, 

producing S+ + H2
+. A DSET reaction is also observed (Rxn. 5.II), resulting in the formation of 

S+ + H+ + H. As with all reactions of S2+, there is no prior literature with which to compare. 

There is no peak in the coincidence spectrum resulting from DET. As discussed in 

Section 1.4.2.2, previous work has shown that in dication-neutral systems, DET is more likely 

to occur via a concerted mechanism in which the reactant and product asymptotes are close in 

energy (<1 eV).84 Whilst the recombination energy from S2+ gaining two electrons is enough 

(> 31.7 eV) to form H+ + H+ sequentially from H2, the (vertical) double ionization potential of 

H2 is ~51 eV, significantly higher in energy than is available from even the 3F state of S2+.75,85 

Therefore, it is not possible for the S2+ + H2 collisions in our experiment to result in DET via a 

concerted mechanism. The absence of a DET channel in this system despite the exothermicity 

of such a reaction is in accordance with the idea that in dication-neutral systems, DET is more 

likely to occur via a concerted mechanism. 
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Table 5.1: Reaction channels following the collisions of S2+ with H2 at a CM 

collision energy of 0.71 eV, with relative intensities. The modal 

experimental values of the total exoergicity ΔE from each reaction 

are reported. 

Reaction Products Relative 

intensity / % 

Modal experimental 

ΔE / eV 

5.I S+ + H2
+ 61 5.6 

5.II S+ + H+ + H 39 12.0 

 

It is notable that there is no peak in the coincidence spectrum corresponding to SH+ + 

H+, the products of a chemical bond-forming reaction. SH+ is observed in star-forming regions86 

and diffuse interstellar clouds where it is thought to be involved in ion-neutral chemistry 

resulting in the formation of a range of sulphur containing species.87 The formation of SH+ + 

H+ from S2+ + H2 is exothermic by ~9 eV, therefore we might expect to observe SH+ + H+ in 

our experiment,75,88,89 especially considering the ubiquity of the S-H bond in biological systems, 

and the propensity of dication + H2 reactions to result in bond-formation.54–62 The fact we do 

not observe the formation of SH+ + H+ in our experiment could that in order to transition to SH+ 

+ H+, the S2+ + H2 system has to traverse a region of the potential energy surface dominated by 

SET channels. The absence of the observation of SH+ following the collisions of S2+ with H2 

suggests this route is unlikely to contribute to the formation of SH+ observed in astrophysical 

environments. 

5.3.2.1 Non-dissociative single electron-transfer 

The most intense reaction channel that produces a pair of monocations resulting from 

the collisions of S2+ and H2 is NDSET, forming S+ and H2
+. Figure 5.3 shows the CM scattering 

of the S+ and H2
+ products in this NDSET channel. Figure 5.3 shows a forward scattering 

pattern, the scattering of the S+ product ion being broadly oriented with the velocity of the 

incident dication, w(S2+). Conversely, the scattering of the H2
+ product ion is oriented with 

w(H2), anti-parallel to w(S2+). This type of scattering is consistent with a direct mechanism of 

electron-transfer occurring at a significant interspecies separation (3 Å – 6 Å). Forward 

scattering patterns are commonly observed for other NDSET processes and are generally well 

represented by a LZ formalism.41,72–74 
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Figure 5.3: CM scattering diagram for the reaction S2+ + H2 → S+ + H2
+ at a 

CM collision energy of 0.71 eV. The scattering of the S+ product 

ion is enlarged for a clearer view. The black dot indicates the 

position of the CM. See text for details. 

The exoergicity distribution of this NDSET channel, shown in Figure 5.4, was 

determined from the product ion velocities. The exoergicity for the reaction S2+ + H2 → S+ + 

H2
+ is found to be centred at ~6.7 eV, with a full width at half maximum (FWHM) from 4.8 eV 

– 8.6 eV. To rationalise the exoergicity spectrum in this NDSET reaction we must consider the 

possible electronic states of the reactant and product species. For this collision system, energetic 

data are readily available. As in the previous section, looking at the reactions of S2+ with Ar, 

we will assume that dication beam is primarily comprised of S2+ in the 3s2 3p2 states (3P, 1D 

and 1S).75 The H2, emitted as an effusive beam, will be in its ground vibronic state, X1Σg
+ v = 

0. The ground state of H2
+ (X2Σg

+) lies ~15.4 eV in energy above H2(X
1Σg

+).90–92 The lowest 

energy dissociation asymptote of H2
+, the energy at which H2

+ can dissociate and form H+ + H, 

is at ~18.1 eV, determined from photoelectron and electron ionization experiments.93,94 If H2
+ 

is formed with energy above this dissociation asymptote it is expected to dissociate within the 

timescale of our experiment.90 Therefore, H2
+ formed above 18.1 eV would not contribute to 

the H2
+ counts in this NDSET channel. Photoelectron spectra show that H2

+(X2Σg
+) has a 

vibrational progression reaching at least the dissociation asymptote at ~18.1 eV.95,96 There are 

metastable excited states of H2
+, however, experimental observations are limited.97 For 
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example, there are three bound levels of H2
+(A2Σu

+), lying at ~18 eV above the ground state of 

neutral H2, just below the H+ + H dissociation asymptote, however, the large internuclear 

separation means that it is not accessible from the H2 ground state.98,99 There are also B and C 

H2
+ states, with energies of ~27.1 eV and ~28.2 eV above H2.

75 These excited states of H2
+ are 

not well characterised, as they can’t be reached by traditional PES, therefore it is not possible 

to assess their involvement in this study. However, the involvement of these excited electronic 

states of H2
+ would require a two-electron transition from H2(X

1Σg
+). In dication + neutral 

systems, ET processes involving the movement of two electrons are seen to be significantly 

less likely.100 Therefore, the involvement of excited H2
+ states in this channel is unlikely. With 

just the 3P, 1D and 1S states of S2+ involved, NDSET reactions resulting in the formation of S+ 

in one of its six lowest energy electronic states are possible for an exothermic process.75 The 

involvement of the 5S or 3F states of S2+ could also result in the formation of S+ states up to 

33.1 eV in energy above the ground state of S, of which there are dozens. 

 

Figure 5.4: Experimental exoergicity spectrum for the reaction S2+ + H2 → S+ 

+ H2
+. The error bars represent two standard deviations of the 

associated counts. The NDSET pathways indicated ((5.e) and (5.f)) 

are discussed in the text. 

From the above energetic considerations, we find that there are many possible reaction 

pathways that fall within the range of the observed exoergicities. The reactant dication, S2+, can 

be involved in any of the S2+ 3s2 3p2 electronic states (3P, 1D and 1S). The H2
+ product ion is 

formed in ground state, X2Σg
+, but could be formed with vibrational excitation, with an energy 

of anywhere from 15.4 eV (X2Σg
+ v = 0) to the dissociation limit at ~18.1 eV relative to 

H2(X
1Σg

+). The S+ product ion can be formed in its three lowest energy states: 4S, 2D and 2P. 
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Photoelectron spectra of H2 show that H2
+ is primarily populated from H2 with an energy 

of < ~17.5 eV and therefore it is likely that the H2
+ formed in this NDSET channel will also be 

formed in this energy range.90,91,95,96 Given this H2
+ energy range, and the likely distribution of 

S2+ electronic states in the beam, we propose that pathways (5.e) and (5.f) are primarily involved 

in this NDSET channel. The exoergicities resulting from pathways (5.e) and (5.f) are marked 

on Figure 5.4, with arrows showing the range due to the variation in the vibrational excitation 

of H2
+. Pathways (5.e) and (5.f) are spin allowed, provide a good match to the observed 

exoergicity distribution (Figure 5.4) and involve S2+ in its ground state. Other states could be 

involved but we are unable to be more specific due to the large number of possible pathways, 

especially if the higher energy levels of S2+ (5S and 3F) are involved. 

S2+(3P) + H2(X
1Σg

+) → H2
+(2Σg

+) + S+(4S) ΔE = 7.9 eV   (5.e) 

S2+(3P) + H2(X
1Σg

+) → H2
+(2Σg

+) + S+(2D) ΔE = 6.1 eV   (5.f) 

5.3.2.2 Dissociative single electron-transfer 

The dynamics of the peak in the coincidence spectrum corresponding to the formation 

of S+ + H+ reveal that the channel is due to DSET. The established mechanism for dication + 

neutral DSET reactions is that an initial LZ style electron-transfer generates one (or both) of 

the product monocations in a dissociative state. The nascent dissociative states subsequently 

fragment to produce the observed products. Figure 5.5a shows the CM scattering diagram for 

the S+ and H+ products from this DSET channel. It should be noted that because the H+ is 

significantly lighter than the S+ fragment, it takes a large part of the energy and leads to 

increased uncertainty in the scattering angles of the S+. The S+ is broadly forward scattered but 

with a tail towards higher angles. This scattering pattern is indicative of a slightly longer-lived 

association between the reactant species, [SH2]
2+. Therefore, this DSET reaction does not 

follow the standard model of dication + neutral electron-transfer, a phenomenon that we have 

observed often throughout this thesis, as well as in previous work.68,101,102 Electron ionization 

experiments on H2S show evidence for H2S
2+ states that are energetically accessible by the S2+ 

+ H2 reactants in this system, and that dissociate to form S+ + H2
+.71 These H2S

2+ states could 

be involved as a short-lived intermediates in this DSET channel. 
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Figure 5.5: Scattering diagrams for the DSET reaction S2+ + H2 → S+ + H+ + H 

at a CM collision energy of 0.71 eV. The black dot indicates the 

position of the CM. (a) CM scattering diagram showing the S+ and 

H+ products relative to the incident dication velocity, w(S2+). The 

scattering of the S+ product ion is enlarged for a clearer view. (b) 

Internal frame scattering diagram showing the scattering of H+ and 

H relative to w(S+). The labelled vector (1) = 1.9 cm µs-1. 

Figure 5.5b shows the scattering of the H+ and H fragments relative to the velocity of 

the S+ product ion. The H+ and H fragments are both clearly backward scattered, away from the 

S+ ion. This scattering means that the [SH2]
2+ complex dissociates into S+ + H2

+* before the 

fragmentation of H2
+*. The H+ fragment ion distribution is slightly more backward scattered 

(further away from the S+ product ion) than the H fragment distribution. The H+ is more 

backward scattered because the H2
+* ion fragments within the electric field of the S+ ion, 

resulting in the H+ experiencing more acceleration than the H due to Coulomb repulsion. This 

effect is not as pronounced as for the DSET reactions in previous sections of this thesis, such 

as in the Ar2+ + N2 system.65,102 

The total exoergicity observed from this DSET channel is shown in Figure 5.6. The 

exoergicity distribution has a broad maximum, centred at ~10 eV, with a FWHM from 6.5 eV 

– 15.5 eV. In order to result in the exoergicities observed in this channel, the S2+ dication must 

be in an electronically excited state. Indeed, assuming that the highest energy electronic state 

of S2+ present in the beam is 1S, as discussed above, the maximum exoergicity possible for this 
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DSET channel should be 8.6 eV (marked by (5.h) in Figure 5.6). The observed exoergicity for 

this DSET channel clearly exceeds 8.6 eV, and therefore it is likely that S2+ ions in higher 

energy electronic states than (1S) are present in the dication beam: the involvement of S2+(5S) 

can give exoergicities up to ~12.5 eV, and the involvement of 3F can give exoergicities of up 

to ~20.4 eV. The H atom is primarily formed in its ground electronic state, 2S, because the first 

excited state of H (2P) is more than 10 eV higher in energy and would therefore significantly 

reduce the available energy. H+ only has one ‘electronic state’ because it does not have any 

electrons. S+ can be formed in its lowest three energy electronic states: 4S, 2D and 2P. 

 

Figure 5.6: Experimental exoergicity spectrum for the reaction S2+ + H2 → S+ 

+ H+ + H. The error bars represent two standard deviations of the 

associated counts. 

The involvement of the electronic states discussed above result in several possible 

pathways that give exoergicities in the observed range for this channel, four of which are shown 

in pathways (5.g) – (5.j). Pathways (5.g) – (5.j) result in the formation of S+ in its lowest 

electronic state, 4S, from each of the excited states of S2+ that could comprise the beam (1D, 1S, 

5S, and 3F). The exoergicities resulting from pathways (5.g) – (5.j) are marked on the 

exoergicity spectrum in Figure 5.6. Of course, the excited S+ states mentioned above, 2D and 

2P, could also be involved. It should be noted that only pathways (5.i) and (5.j) are spin allowed, 

however, these rules can relax if the mechanism proceeds via complexation due to increased 

coupling.  

S2+(1D) + H2(X
1Σg+) → S+(4S) + H(2S) + H+ ΔE = 6.6 eV   (5.g) 

S2+(1S) + H2(X
1Σg+) → S+(4S) + H(2S) + H+ ΔE = 8.6 eV   (5.h) 
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S2+(5S) + H2(X
1Σg+) → S+(4S) + H(2S) + H+ ΔE = 12.5 eV   (5.i) 

S2+(3F) + H2(
1Σg+) → S+(4S) + H(2S) + H+ ΔE = 20.4 eV   (5.j) 

Conservation of momentum can be used to determine the velocity of the precursor H2
+, 

formed in the initial SET step of this DSET reaction. This precursor velocity can be used to 

determine the exoergicities of the initial SET step and of the dissociation of H2
+. The exoergicity 

distribution observed from the H2
+ dissociation, forming H+ + H is shown in Figure 5.7. The 

distribution has a FWHM from 0.5 eV – 5.5 eV. 

 

Figure 5.7: Experimental exoergicity spectrum for the dissociation of H2
+ to 

form H+ + H. The error bars represent two standard deviation of the 

counts. See text for details. 

In 1986, Cordaro et al.94 studied the dissociation of H2
+ produced by electron ionization, 

observing exoergicities from 2 eV – 8 eV. Strathdee and Browning103 observed similar kinetic 

energy releases, ranging from 4 eV – 10 eV, using 26.9 eV photons. In their study of H2 electron 

ionization, Köllmann104 reported H+ kinetic energy distributions that correspond to kinetic 

energy releases ranging from 0 eV – 24 eV resulting from H2
+ dissociation. The electronic states 

attributed to these kinetic energy releases were the high vibrational states of H2
+(X2Σg

+) and 

H2
+(A2Σu

+). Other experiments studying photo- and electron-ionization of H2 also resulted in 

the observation of kinetic energy releases from H2
+ dissociation of up to ~20 eV.105–107 The bulk 

of the exoergicity distribution resulting from H2
+ dissociation observed in this experiment 

(Figure 5.7) matches well with Cordaro et al.94 and Strathdee and Browning,103 and the shoulder 

towards higher exoergicities is in agreement with the distributions observed by Köllmann and 

others.104–107 
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As mentioned, if H2
+ is formed with over ~18.1 eV above the ground state of the neutral 

H2 molecule, it will dissociate.93,94 Our analysis above suggests that only the lowest energy H 

state is formed (2S). To give exoergicities in the range observed in Figure 5.7, H2
+ therefore 

needs to be primarily formed with between 19 eV – 24 eV relative to H2(X
1Σg

+). The H2
+ ion 

could be populated in the A2Σu
+ state. However, the geometry of the A2Σu

+ state in the 19 eV – 

24 eV energy range is significantly different to the neutral molecule and would therefore not be 

expected to be formed in a vertical style transition. Moreover, the formation of H2
+(A2Σu

+) from 

H2(X
1Σg

+) requires the movement of two electrons, which, as discussed above is thought to be 

significantly less likely.100 However, both forming the H2
+ ion with a different geometry to the 

neutral species, and the movement of two electrons are more feasible if the reaction proceeds 

via a collision complex, as suggested by the scattering pattern. Alternatively, H2
+ could be 

formed in the continuum of the X2Σg
+ state, above the 18.1 eV dissociation asymptote. The 

involement of either the H2
+(A2Σu

+) or H2
+(X2Σg

+) states is in good agreement with the H2
+ 

dissociation studies discussed above.94,104 

The exoergicity of the initial electron-transfer step of this DSET reaction can also be 

evaluated by using the precursor velocity of the H2
+ ion. Using this method, the approximate 

exoergicity distribution for the initial electron-transfer step (S2+ + H2 → S+ + H2
+*) was 

determined, shown in Figure 5.8. The exoergicity distribution has a broad peak centred at ~7 eV 

with a FWHM from 1 eV – 12 eV. The observed exoergicity exceeds the range typical for LZ 

style processes, providing further evidence that the reaction proceeds via a collision complex, 

as indicated by the scattering. 

The observed exoergicities for the initial electron-transfer step (Figure 5.8) align with 

the exoergicities expected from our above assessment of the likely electronic states involved in 

this channel. These include the excited states of S2+ (1D, 1S, 5S and 3F), the lowest three energy 

states of S+ (4S, 2D and 2P), and H2
+(A2Σu

+) or the continuum of the H2
+(X2Σg

+) state. The 

possible involvement of all these states and the range of vibrational excitation that H2
+ can be 

formed with results in too many accessible pathways to determine which specific states are 

involved. 
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Figure 5.8: Exoergicity spectrum for the initial electron-transfer reaction in the 

DSET channel, S2+ + H2 → S+ + H2
+*. The error bars represent two 

standard deviations of the associated counts. See text for details. 

In summary, DSET occurs following the collisions of S2+ + H2, resulting in the 

formation of S+ + H+ (+ H). This channel involves S2+ in its electronically excited states derived 

from the 3s2 3p2 electron configuration (1D, 1S) and also shows evidence for the presence of the 

higher energy S2+ states in the beam, 5S and 3F, resulting from the 3s1 3p3 and 3s2 3p1 3d1 

configurations respectively. This DSET channel results in the formation of S+ primarily in its 

lowest electronic state (4S), with contributions from the first two excited states, 2D and 2P. The 

nascent H2
+ ion is generated with between 19 eV and 24 eV relative to H2(X

1Σg
+) before 

dissociating to the lowest energy dissociation asymptote of H+ + H(2S). 

5.3.3 The collisions of S2+ + N2 

PSCO-MS spectra were recorded following the collisions of S2+ and N2 at Ecm = 4.7 eV. 

In the coincidence ‘pairs’ spectrum three reaction channels were observed, involving four 

product ions: S+, N2
+, N+ and SN+. The three reaction channels, each producing a pair of product 

ions, are shown in Table 5.2. The dominant channel, Rxn. 5.III, is NDSET, producing S+ + N2
+. 

A DSET reaction (Rxn. 5.IV), results in the formation of S+ + N+ + N. Finally, a bond-forming 

channel (Rxn. 5.V), producing SN+ + N+, is observed. 

Whilst the PSCO-MS apparatus is optimised for the detection of pairs of ions, we also 

detect single ion spectra. We do not detect any structure present in the mass spectrum of single 

ions in the m/z = 23 region that could be indicative of SN2+ or the m/z =30 region that could be 

indicative of SN2
2+.  
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Table 5.2: Reaction channels following the collisions of S2+ with N2 at a CM 

collision energy of 4.7 eV, with relative intensities. The modal 

experimental values of the total exoergicity ΔE from each reaction 

are reported. 

Reaction Products Relative 

intensity / % 

Modal experimental 

ΔE / eV 

5.III S+ + N2
+ 98 5.6 

5.IV S+ + N+ + N 1 a 

5.V SN+ + N+ 1 2.0 

aThe signal-to-noise ratio in Rxn. 5.IV is low and therefore it is difficult to extract 

meaningful energetic information from this channel. 

It is notable that there is no peak in the coincidence spectrum corresponding to N+ + N+, 

the products of a dissociative DET reaction. Additionally, in the mass spectrum of single ions 

there is no structure indicative of a dication resolvable for N2
2+ (m/z = 14). DET between S2+ 

and N2 would be not be exothermic with S2+ states with energies below S2+(3F). Moreover, the 

polarisation of S (2.9) is greater than N2 (1.7403),108 therefore, in the concerted model of 

DET,84,102 we would not expect the S2+ + N2 and S + N2
2+ curves to cross if the S2+ + N2 → S + 

N2
2+ reaction was exothermic. 

5.3.3.1 Non-dissociative single electron-transfer 

Figure 5.9 shows the CM scattering diagram for the S+ + N2
+ product ions of the NDSET 

reaction, S2+ + N2 → S+ + N2
+. A strong forward scattering pattern is observed, where the S+ is 

oriented in the same direction as w(S2+), whilst the N2
+ product is oriented in the same direction 

as w(N2). This scattering pattern is typical of a direct electron-transfer process, occurring at a 

relatively large interspecies separation (3 Å – 6 Å). Such direct electron-transfer processes are 

well represented by a Landau-Zener formalism.41,72–74 
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Figure 5.9: CM scattering diagram for the reaction S2+ + N2 → S+ + N2
+ at a 

CM collision energy of 4.7 eV. The black dot indicates the position 

of the CM. See text for details. 

Figure 5.10 shows a histogram for the exoergicities recorded in this NDSET reaction 

channel. The spectrum shows a structure with a maximum at 5.6 eV, and a FWHM from 4.3 eV 

– 6.9 eV. The observed exoergicities are typical for such a LZ style SET reaction.73,83 As 

discussed above, we assume that the dication beam is primarily comprised of S2+ in the 3s2 3p2 

states; 3P, 1D and 1S. The N2 reactant will be in its ground vibronic state, X1Σg
+ v = 0. The 

ground state of N2
+, X2Σg

+, has an energy of 15.58 eV relative to N2(X
1Σg

+).109,110 If N2
+ is 

formed with energies above ~24.3 eV relative to N2(X
1Σg

+) (corresponding to N2
+(C2Σu

+ v = 

3)), it will be unstable to dissociation via the N+(3P) + N(4S) asymptote.75,111 Photoionization 

studies have shown that N2
+ states generated with more than 24.3 eV relative to N2(X

1Σg
+) have 

dissociation lifetimes less than the timescale of our experiment. Therefore, we do not expect 

any contribution to the N2
+ counts observed in this channel from N2

+ states formed with more 

than 24.3 eV of energy with respect to N2.
111–114 Electron-transfer occurring between N2 and 

any of the 3P, 1D and 1S electronic states of S2+ can result in the formation of S+ in any of the 

states from the ground state (4S) up to the 4F state, derived from the [Ne] 3s2 3p2 3d1 

configuration. 
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Figure 5.10: Experimental exoergicity spectrum for the reaction S2+ + N2 → 

S+ + N2
+. The error bars represent two standard deviations of the 

associated counts. The exoergicities resulting from the pathways 

(5.k) – (5.n) are indicated. See text for details. 

Considering the energetics, and accounting for the above, we find that there are many 

possible electronic pathways involved in the formation of S+ + N2
+. Some of the possible 

pathways are shown by (5.k) – (5.n), and their resulting exoergicities are shown on Figure 5.10. 

Pathways (5.k) – (5.n) involve S2+ in its ground electronic state, 3P, however, excited S2+ states 

could also be involved. N2
+ is likely formed in one of the stable X2Σg

+, A2Πu or B2Σu
+ states, 

which dominate photoelectron spectra.109 The lowest two electronic states of S+ are primarily 

produced; 4S and 2D. Note, pathways (5.k) – (5.n) are spin allowed. 

S2+(3P) + N2(
1Σg+) → S+(4S) + N2

+(A2Πu) ΔE = 6.6 eV   (5.k) 

S2+(3P) + N2(
1Σg+) → S+(4S) + N2

+(B2Σu
+) ΔE = 4.6 eV   (5.l) 

S2+(3P) + N2(
1Σg+) → S+(2D) + N2

+(X2Σg
+) ΔE = 5.9 eV   (5.m) 

S2+(3P) + N2(
1Σg+) → S+(2D) + N2

+(A2Πu) ΔE = 4.8 eV   (5.n) 

5.3.3.2 Dissociative single electron-transfer 

The peak in the coincidence ‘pairs’ spectrum corresponding to the detection of ions with 

m/z = 14 and m/z = 32 is due to the formation of S+ and N+. The peak has very few counts and 

undoubtedly some result from noise, so it is only possible to see the dynamics and exoergicities 

involved at a low resolution. In order to discriminate against some of the counts arising from 

noise, the counts that gave exoergicities over 20 eV were removed. 
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Figure 5.11a shows the CM scattering diagram for the S+ and N+ products resulting from 

this channel. The S+ ions are broadly forward scattered, however, there is scattering to higher 

angles. Conversely, the N+ ions are broadly backscattered, with some ions scattered towards 

lower angles. One might expect a higher concentration of forward scattering if this channel 

resulted from a direct, LZ style electron-transfer. The presence of scattering to higher angles 

could be evidence of the involvement of a collision complex, however, due to the low intensity 

signal in this channel, it is difficult to be conclusive. Figure 5.11b shows the internal frame 

scattering of the N+ and N products relative to the S+ product ion. The N+ and N ions are 

scattered around the expected precursor velocity of the N2
+ intermediate, confirming the 

mechanism of this channel as DSET. SET occurs, producing N2
+* in a dissociative state (and 

S+), before dissociating to form N+ + N. In Figure 5.11b the N+ is scattered away from the S+ 

with a higher velocity than the N fragment. This uneven scattering of the N+ and N fragments 

is because the N2
+* species dissociates quickly, within the electric field of the S+, where 

Coulomb repulsion accelerates only the N+ ion. 

The total exoergicity resulting from this DSET channel has a structure between 0.5 and 

11.0 eV. Note that due to the low intensity and signal to noise ratio, the energy resolution is 

low, and our conclusions must be tentative. It is not common to see energy releases of less than 

2 eV for reactions involving LZ style ET, however, as discussed above, the scattering could 

suggest a more complicated mechanism. The formation of N+ + S+ + N resulting from the 

ground state of S2+ (3P) is endothermic, therefore the presence of this channel again confirms 

the existence of electronically excited states of S2+ in the dication beam. Indeed, the requirement 

of higher energy S2+ states accounts for the low intensity of this DSET channel. The 

involvement of S2+(1S) can result in exoergicities in this DSET channel of up to 2.4 eV, 

significantly lower than the bulk of the observed exoergicity distribution. However, the 

involvement of the 5S and 3F states of S2+ can result in exoergicities of up to 6.3 eV and 14.1 eV 

respectively. Given the high exoergicities observed in this DSET channel, the S+, N+ and N 

fragments are likely all formed in their ground or lower energy excited electronic states. 



Chapter 5: Reactivity of S2+ with Ar, H2 and N2 

175 

 

 

Figure 5.11: Scattering diagrams for the DSET reaction S2+ + N2 → S+ + N+ 

+ N at a CM collision energy of 4.7 eV. The black dot indicates the 

position of the CM. (a) CM scattering diagram showing the S+ and 

N+ products relative to the incident dication velocity, w(S2+). (b) 

Internal frame scattering diagram showing the scattering of N+ and 

N relative to w(S+). In part (b) the labelled vector, (1), represents 

0.44 cm µs-1. 

The exoergicity of the N2
+* dissociation, calculated from the N2

+ precursor velocity, has 

structure from 0.3 eV – 4.0 eV. This range of exoergicities is comparable to those observed 

from N2
+ dissociation in the DSET channel in our previous experiment between Ar2+ and N2 

(Section 4.3.2).65 As mentioned above, N2
+ states generated with more than 24.3 eV above 

N2(X
1Σg

+) are unstable to dissociation and will dissociate within the lifetime of our experiment. 

Considering the total exoergicity and the N2
+ dissociation exoergicity, N2

+ is likely formed with 

energies of 25 eV – 29 eV above N2(X
1Σg

+) and primarily dissociates to the lowest energy N+ 

+ N asymptote, with both N+ and N in their ground electronic states. 

5.3.3.3 Chemical bond-formation 

The peak in the ‘pairs’ spectrum corresponding to the ions m/z = 46 and m/z = 14 is due 

to the detection of SN+ and N+, resulting from a bond-forming channel (Rxn. 5.V). The SN+ 

molecular ion is relevant to a range of astrophysical environments, including in comets and 

nebulae.115–119 SN+ is also relevant terrestrially, in manmade plasmas.120 
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Figure 5.12: CM scattering diagram for the reaction S2+ + N2 → SN+ + N+ 

at a CM collision energy of 4.7 eV. The black dot indicates the 

position of the CM. See text for details.  

Figure 5.12 shows the CM scattering for the SN+ and N+ product ions in this channel, 

showing an isotropic scattering pattern throughout 180°. Such scattering is strong evidence for 

the involvement of an intermediate, long-lived, collision complex, [SN2]
2+. The collision 

complex exists for at least several rotations, before fragmenting into SN+ and N+, as shown in 

(5.p). There is no structure in the mass spectrum of single ions at m/z =30 that corresponds to 

the SN2
2+ collision complex, therefore it dissociates within the timescale of the experiment.  

S2+ + N2 → [SN2]
2+ → SN+ + N+     (5.p) 

The exoergicity of Rxn. 5.V, determined from the product ion velocities, is shown in 

Figure 5.13. The exoergicity distribution has a maximum at 2.0 eV with a FWHM from 0.5 eV 

– 4.5 eV. In order to rationalise the observed exoergicities, we must consider the possible 

electronic states of the reactant and product species. Due to its astrophysical relevance, the SN+ 

species has been the subject of experimental studies.118,121,122 Several theoretical studies have 

also investigated the electronic states of SN+.119,123–125 In this work we use the electronic state 

data calculated by Ben Yaghlane & Hochlaf (2009),119 as it provides the most comprehensive 

theoretical study. The SN+ ground state (X1Σ+) lies ~6.3 eV below the lowest energy 

dissociation asymptote of S+(4S) + N(4S), and ~8.3 eV below the second lowest energy 
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dissociation asymptote of S+(2D) + N(4S). There are many other bound SN+ electronic states 

lying below these dissociation asymptotes, several with well depths deep enough to sustain 

vibrational excitation. Again, we assume that the dication beam is primarily comprised of the 

3P, 1D and 1S states of S2+, and N2 is in its ground vibronic state (1Σg
+). N+ can therefore be 

formed in any of its four lowest energy electronic states. 

 

Figure 5.13: Experimental exoergicity spectrum for the reaction S2+ + N2 → 

SN+ + N+. The error bars represent two standard deviations of the 

associated counts. The exoergicities of potential reaction pathways 

(5.r) and (5.q) are indicated. See text for details. 

Considering the above, there are a large number of pathways that match the observed 

exoergicity of this bond-forming channel. Two of the possible pathways are shown by (5.q) and 

(5.r): 

S2+(3P) + N2(
1Σg+) → SN+(X1Σ+) + N+(3P) ΔE = 5.6 eV   (5.q) 

S2+(3P) + N2(
1Σg+) → SN+(13Σ+) + N+(3P) ΔE = 2.1 eV   (5.r) 

These pathways involve S2+ in its ground (3P) state and result in the formation of N+ in 

its ground (3P) state. Pathway (5.q) results in the formation of SN+ in its ground state, X1Σ+, 

and gives an exoergicity of 5.6 eV. Pathway (5.r) results in the formation of SN+ in its first 

excited electronic state, 13Σ+, giving an exoergicity of 2.1 eV. Note that (5.q) and (5.r) are both 

spin allowed. The 1D and 1S states of S2+ could also be involved, as well as one of the first three 

excited states of N+ (1D, 1S and 5S). Moreover, it is possible that any of the electronic states of 

SN+ that are stable to dissociation could be involved in this channel. 
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To summarise, this channel due to the formation of ions with m/z = 46 and m/z = 14 

results from a chemical bond-forming reaction between S2+ + N2, producing SN+ + N+. An 

isotropic scattering pattern is observed, clearly showing the involvement of a collision complex, 

[SN2]
2+, typical for a bond-forming reaction. The observed exoergicity distribution is in good 

agreement with the energies of SN+ calculated in other works,119 and the S2+ states that we 

propose comprise the dication beam. 

5.4 Conclusions 

In this work we have studied the reactivity of the dication S2+ with Ar, N2 and H2. To 

the author’s knowledge, this is the first study of the bimolecular reactivity of S2+, a species 

relevant to planetary ionospheres and other high energy environments. The dication beam is 

composed predominantly by S2+ in a mixture of its 3P, 1D and 1S states, resulting from the 3s2 

3p2 electronic configuration. Most of the observed reaction channels can be accounted for with 

the involvement of S2+ in its ground state, 3P, however, counts with high associated 

exoergicities in the DSET channels reveal the potential involvement of higher energy S2+ states 

such as 5S and 3F; a more detailed investigation of the S2+ energy states present in the dication 

beam is required. 

The SET reaction between S2+ and Ar displays dynamics and energetics typical of LZ 

style reactions. In the reactions between S2+ + H2, NDSET and DSET were observed. The 

dynamics show evidence for the formation of a long-lived association, a collision complex 

[SH2]
2+, between the reactants in the DSET channel. Perhaps surprisingly, the formation of SH+, 

the product of a chemical bond-forming channel was not observed. The reactions of S2+ + H2 

are especially relevant as S2+ has been observed in the outer atmosphere of Jupiter, where H2 is 

the dominant species. The collisions of S2+ + N2 result in both dissociative and non-dissociative 

SET reactions as well as a bond-forming channel, resulting in the formation of SN+ + N+, which 

proceeds via a collision complex. 
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Chapter 6: Reactivity of CH2CN2+ with Ar, N2 and CO 

6.1 Introduction 

The atmosphere of Titan is primarily comprised of molecular nitrogen (N2, ~95 %) and 

methane (CH4, ~5 %).1,2 It follows that nitriles, organic compounds with a -CN moiety, are also 

relevant to the atmospheric chemistry of the satellite. Indeed, a number of nitrile compounds, 

including acetonitrile, have been detected in the atmosphere of Titan.3,4 Acetonitrile, CH3CN, 

is the simplest nitrile, and has also been detected in the atmosphere of the Earth,5–7 as well as 

in the interstellar medium (ISM).8,9 Recent investigations (Parkes et al., 2019)10 studied the EI 

and PI of CH3CN, and included observations of long-lived molecular dications including, 

predominantly, CH2CN2+. 

In ionospheres, dications are readily formed from their precursors by solar radiation and 

collisions with high energy particles.11 Therefore, the CH2CN2+ dication is likely to be produced 

from CH3CN in the ionosphere of Titan as well as the atmospheres of other planets and 

satellites. In addition to its relevance to ionospheres, the neutral radical species CH2CN has 

been detected in the interstellar medium.8,12–14 This chapter presents investigations of the 

bimolecular reactivity of CH2CN2+ with the neutral species Ar, N2, and CO. Argon is often 

present in the atmospheres of planets and satellites, for example the Earth, Mars and Titan.2,15–

20 Molecular nitrogen is the dominant species in the atmospheres of the Earth and Titan.11,16–

19,21–24 While CO has been detected in comets,25–27 and is present in the atmospheres of planets 

and satellites including the Earth,28 Venus,29 and Titan.30–32 

The experiments described in Chapters 3 – 5 involved the atomic dications Ar2+ and S2+, 

whereas the CH2CN2+ dication is molecular. As well as their relevance to ionospheres, 

molecular dications provoke questions of a fundamental nature; for example, the stabilisation 

of a dipositive charge with respect to Coulomb explosion.33 The use of a molecular dication 

also offers additional experimental challenges and considerations in this work, such as the 

presence of dicationic collision-induced dissociation (CID) channels.  

To the authors’ knowledge, no bimolecular reactions involving CH2CN2+ have 

previously been reported. Comparisons can be made, however, to the reactions of similar 

molecular dications with the neutral collision partners used in this study, particularly other 

dications of small hydrogen and carbon containing molecules. The reactions resulting from 
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dication + Ar collisions have been well studied.34–47 Along with other channels, proton-transfer 

(PT) forming ArH+ was detected in collisions between Ar and the hydrogen-containing 

dications CHCl2+ and C2H2
2+.48,49 Additionally, Ar + CHCl2+ collisions generated a new 

dication, HCCAr2+.49 The reactions resulting from dication + N2 collisions have been the subject 

of multiple previous studies, including previous work in this thesis with Ar2+ and S2+ (Chapters 

4 & 5).34,40–42,50–57 Proton-transfer reactions have been observed following the interactions of 

N2 with C4H3
2+, resulting in the formation of a new N-H bond.58 CO has been used as a collision 

partner in several bimolecular dication reactions.41,55,59–62 Collisions between HCl2+ and CO 

resulted in PT with the formation of COH+.60 From these studies we may hypothesise that bond-

formation channels involving PT will result from CH2CN2++neutral collisions. 

Roithová et al.33 completed a comprehensive experimental study on the competition of 

PT and single electron-transfer (SET) in the reactions between the hydrogen-containing 

dications CHX2+ (X = F, Cl, Br, I) and several atomic, non-polar and polar neutral species 

including the neutral collision partners used in this study: Ar, N2, and CO. From their 

observations, Roithová et al.33 proposed that if SET falls within the ‘reaction window’ (i.e. has 

an exothermicity of 2 eV – 6 eV) then PT is supressed, despite often nominally resulting in 

energetically favoured products. Roithová’s rationale argued that ET usually occurs at long 

distances, rendering geometry less important, whereas PT requires at least a minimal degree of 

orientation of the reactants. Therefore, ET is kinetically favoured. When the neutral collision 

partner was polar, the relative intensity of PT increased, accounted for by the increased 

attractive forces between the dication and neutral resulting in an increased likelihood of a 

collision complex forming, thus extending the lifetime of the association and allowing more of 

the thermodynamic products to be formed (PT). Based on this study by Roithová et al.33 we 

would expect that, of the neutral collision partners used in our experiments (Ar, N2, and CO), 

CO might exhibit the most intense PT channel due to its polar nature.  

This chapter presents the investigation of the bimolecular reactivity of CH2CN2+, a 

dication derived from the simplest nitrile, with the neutral species Ar, N2 and CO, relevant to 

the atmospheres of planets and satellites such as Titan. We find that the CH2CN2+ dication 

involved in our experiments explores a number of conformations, including a cyclic structure 

and a linear isocyanide structure, due to the reactivity observed and the lowest energy structures 

revealed by calculations. PT channels were observed in all of the collision systems and were 

found to be direct, long-range, processes. We report the presence of a ‘pseudo CID’ channel, 
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that the dynamics reveal to be mediated by the initial transfer of a proton from the dication to 

the neutral. The competition between PT and SET reactions does not follow the trends observed 

by Roithová et al.33 Specifically, a SET channel was absent following the collisions between 

CH2CN2+ and Ar despite possible pathways falling within the reaction window. Additionally, 

the relative intensity of the PT channel in the CH2CN2+ + CO system was lower than in the 

systems with nonpolar collision partners, Ar and N2. 

6.2 Experimental details 

The CH2CN2+ ions used in the experiments described in this chapter were generated by 

electron ionization of CH3CN (BDH, > 99.9 %, purified by the freeze-pump-thaw method using 

liquid nitrogen) by 100 eV electrons in the PSCO-MS ion source. Previous studies have shown 

that whilst several molecular dications are formed following the bombardment of CH3CN with 

electrons, CH2CN2+ (m/z = 20) is the most abundant.10 The experiments in this work employed 

high (183 V cm-1) TOF-MS source fields. 

6.3 Results and discussion  

The collisions of CH2CN2+ with Ar, N2 and CO were investigated at CM collision 

energies of 5.0 eV, 4.5 eV, and 4.3 eV respectively. The observed reactions following the 

collisions of CH2CN2+ with Ar, N2, and CO are shown in Tables 6.1, 6.2, and 6.3 respectively. 

In all of the systems, a CID channel was observed that results in the formation of CH2N
+ + C+ 

(Rxns. 6.I, 6.IV, and 6.X). There was also a ‘pseudo CID’ (pCID) channel present that resulted 

from collisions of CH2CN2+ with all three of the neutrals, generating CHCN+ + H+ (Rxns. 6.II, 

6.V, and 6.XI), where the dynamics deviate from what would be expected from simple CID. 

The collisions of CH2CN2+ with N2 and CO result in the observation of products formed from 

further dissociation of the initial HC2N
+ product formed from pCID; C2N

+ + H+ (Rxns. 6.VI 

and 6.XII). In all of the three systems there is a PT channel, resulting in the formation of HC2N
+ 

and the protonated collision partner, XH+ (X = Ar, N2, CO) (Rxns. 6.III, 6.VII, and 6.XIII). In 

the reactions of CH2CN2+ with N2 and CO, non-dissociative single electron-transfer (NDSET) 

channels are observed, resulting in the formation of CH2CN2+ + X+ (X = N2, CO) (Rxns. 6.VIII 

and 6.XIV). The collisions of CH2CN2+ with CO and N2 also resulted in the observation of 

products from dissociative single electron-transfer (DSET) pathways, involving the 

fragmentation of the CH2CN+* initially generated by SET (Rxns. 6.IX, 6.XV, and 6.XVI). 
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Finally, following the collisions of CH2CN2+ and CO, a DSET channel was observed resulting 

from the fragmentation of CO+, generating CH2CN+ + C+ (Rxn. 6.XVII). 

Table 6.1: Reaction channels, following the collisions of CH2CN2+ with Ar at 

a CM collision energy of 5.0 eV, with associated relative intensities. 

See text for details. 

Reaction Products Relative intensity / 

% 

6.I CH2N
+ + C+ 60 

6.II HC2N
+ + H+ 22 

6.III HC2N
+ + ArH+ 18 

 

Table 6.2: Reaction channels, following the collisions of CH2CN2+ with N2 at 

a CM collision energy of 4.5 eV, with associated relative intensities. 

See text for details. 

Reaction Products Relative intensity / 

% 

6.IV CH2N
+ + C+ 41 

6.V HC2N
+ + H+ 16 

6.VI C2N
+ + H+ 1 

6.VII HC2N
+ + N2H

+ 39 

6.VIII CH2CN+ + N2
+ 3 

6.IX HC2N
+ + N2

+ 1 
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Table 6.3: Reaction channels, following the collisions of CH2CN2+ with CO at 

a CM collision energy of 4.3 eV, with associated relative intensities. 

See text for details. 

Reaction Products Relative intensity / % 

6.X CH2N
+ + C+ 21 

6.XI HC2N
+ + H+ 4 

6.XII C2N
+ + H+  0 (0.4)a 

6.XIII HC2N
+ + COH+ 15 

6.XIV CH2CN+ + CO+ 52 

6.XV CO+ + CH+ 2 

6.XVI HC2N
+ + CO+ 1 

6.XVIII CH2CN+ + C+ 4 

aThe relative intensity of reaction 6.XII is 0.4 %, which rounds to 0 %. 

To determine the possible states of CH2CN2+ in the beam the lowest energy structures 

of the CH2CN2+ dication were investigated computationally. Minimum energy structures were 

found using an MP2 algorithm, with a cc-pVTZ basis set, using Gaussian16 (Rev. A03).63 

Single point energies were then calculated using CCSD(T) with the same basis set. The method 

is described in more detail in Appendix B.64 Three metastable structures were discovered, each 

with corresponding doublet and quartet states (see Table 6.4). The lowest energy metastable 

conformation, is a doublet with a cyclic C-C-N arrangement (2CD), shown in Figure 6.1a, with 

an adiabatic double ionization energy of ~28.9 eV from the ground state neutral CH2CN. The 

ground state neutral structure determined from our calculations, a doublet with a linear 

structure, agrees well with the literature.65 A doublet linear dication structure (2LD), shown in 

Figure 6.1b, and a doublet linear isocyanide dication structure (2ID), shown in Figure 6.1c, 

were also calculated. Each dication conformation also has a higher energy quartet state 

associated with it, shown in Table 6.4. Whilst 2CD is the lowest energy conformation revealed 

by our calculations, the linear and linear isocyanide structures lie close in energy. It is likely 

that the dications in the beam are fluxional, sampling different regions on the potential energy 

surface (PES). Further calculations to determine the transition states involved between these 

different conformations are required to understand the fluxional nature of the dication. 
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However, one can analogise with the benzene dication which has a number of metastable 

minima on the potential energy surface and samples a variety of structures.66–68 

Table 6.4: Abbreviations and adiabatic ionization energies of the metastable 

CH2CN2+ diction structures. Minima found using MP2(fc) with cc-

pVTZ basis sets, single point energies calculated using CCSD(T), 

with cc-pVTZ basis sets, using Gaussian16.64 

Multiplicity Cyclic 

conformation 

(Figure 6.1a) 

Linear 

conformation 

(Figure 6.1b) 

Linear isocyanide 

conformation 

(Figure 6.1c) 

Doublet 2CD, 28.9 eV 2LD, 30.4 eV 2ID, 29.3 eV 

Quartet 4CD, 32.9 eV 4LD, 32.7 eV 4ID, 32.3 eV 

 

 

Figure 6.1: Minimum energy (metastable) structures of the reactant CH2CN2+ 

dication, calculated using MP2(fc), with VTZ basis sets, using 

Gaussian16.64 a) cyclic conformation, 2CD, b) Linear 

conformation, 2LD, c) linear isocyanide conformation, 2ID. 

The six metastable dication states revealed by the calculations (Table 6.4) have adiabatic 

double ionization potentials from CH2CN of between 28.9 eV and 32.9 eV. These double 

ionization potentials are significantly lower than the double ionization potentials of Ar 

(43.39 eV),69 N2 (~43 eV),70–72 and CO (~41.5 eV).73–76 Therefore, as expected, there are no 

product peaks in any of the spectra from the CH2CN2+ + neutral systems resulting from DET. 
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Similar calculations were also undertaken to give likely structures of the CH2CN+ 

monocation, the result of the dication gaining an electron. These calculations reveal a singlet 

and triplet state for each of the cyclic, linear, and linear isocyanide geometries, shown in Table 

6.5. The vertical ionization energies determined for the linear and linear isocyanide geometries 

are a good match (~0.1 eV difference) with experimental photoelectron spectroscopy studies.77–

79 

Table 6.5: Abbreviations and adiabatic ionization energies of the metastable 

CH2CN+ monocation structures. Minima found using MP2(fc) with 

cc-pVTZ basis sets, single point energies calculated using 

CCSD(T), with cc-pVTZ basis sets, using Gaussian16.64 

Multiplicity Cyclic 

conformation 

(Figure 6.1a) 

Linear 

conformation 

(Figure 6.1b) 

Linear isocyanide 

conformation    

(Figure 6.1c) 

Singlet 1CM, 11.0 eV 1LM, 10.1 eV 1IM, 10.3 eV 

Triplet 3CM, 12.9 eV 3LM, 12.1 eV 3IM, 12.3 eV 

 

Calculations were also employed to determine the lowest energy structure of the HC2N
+ 

monocation, formed when the dication loses a proton. The lowest energy state of HC2N
+ 

determined from these calculations is a doublet that has a linear N-C-C geometry, with the H 

bonded to the terminal C slightly off the N-C-C line. This state has an adiabatic ionization 

energy of ~10.4 eV.64 The structure of the corresponding neutral species, HCCN, was also 

calculated to corroborate the method and produced a staggered conformation, in accord with 

the geometry calculated by Nimlos et al.80 

In the following sections the different reaction mechanisms observed following the 

collisions of CH2CN2+ + X (X = Ar, N2, and CO) will be discussed. 

6.3.1 The formation of C+ + CH2N+ (CID) 

Figure 6.2 shows the CM scattering diagrams of the C+ + CH2N
+ products resulting 

from the reactions of CH2CN2+ with Ar, N2 and CO. The scattering diagrams for each of the 

reactions are remarkably similar, with the C+ and CH2N
+ ionic products isotropically scattered 

around the velocity of the reactant dication. Such a scattering pattern is expected for a 
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unimolecular dissociation of the reactant dication. The CH2CN2+ dication dissociates as a result 

of a collision with the neutral species, forming CH2N
+ + C+, therefore, the mechanism is CID. 

Modelling shows that CH2N
+ is one of the most abundant ionic species in the atmosphere of 

Titan.81–83  

 

Figure 6.2: CM scattering diagrams for the CID channel producing CH2N
+ + 

C+ resulting from the reactions of a) CH2CN2+ + Ar at a CM 

collision energy of 5.0 eV, b) CH2CN2+ + N2 at a CM collision 

energy of 4.5 eV, and c) CH2CN2+ + CO at a CM collision energy 

of 4.3 eV.  

The precursor used in this experiment to produce CH2CN2+ via EI is acetonitrile, 

CH3CN. CH3CN has a well-defined structure containing a -CH3 moiety and a -CN, linked with 

a C-C bond, with a linear arrangement of the C, C, and N atoms. One might expect the formation 

of a dication with a similar structure. However, the presence of this CID channel resulting in 

the formation of CH2N
+ + C+ points to the involvement of a different dication structure. As 

discussed above, the minimum energy CH2CN2+ dication structure, 2CD, revealed from 

calculations has a cyclic C-C-N arrangement (Figure 6.1a), whilst slightly higher in energy is 

the linear isocyanide structure, 2ID (Figure 6.1c). It is easy to see how either the 2CD or 2ID 

CH2CN2+ structures could dissociate to form CH2N
+ + C+. The presence of this CID channel 

therefore indicates that the beam likely includes the cyclic or linear isocyanide dication. Of 

course, an alternative explanation could be that upon collision with the neutral, the linear 

dication rearranges to the cyclic or isocyanide state before dissociation. Our data cannot indicate 

which is most likely to occur, however, given the similarity in scattering across the three 

CH2CN2+ + neutral systems we strongly suggest that the cyclic or linear isocyanide structure is 

involved. The pair of ionic products generated in this channel, C+ + CH2N
+, are known to form 
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following the dissociative double ionization of CH3CN, suggesting the involvement of the same 

dication structure.10  

The experimentally observed modal velocities of the CH2N
+ and C+ products are the 

same, independent of the neutral species involved in the collision. There could be a transfer of 

energy between the dication and the neutral species, however, we are unable to resolve it in our 

experiment because we cannot determine the change in kinetic energy of the neutral product. 

The CID reaction is triggered by the collision between the dication and the neutral, but as far 

as we can see, the dissociation is effectively a unimolecular process. As well as the dominant 

isotropic distribution, the scattering diagrams have a slight ‘bump’ at angles near 90 degrees, 

where the product ions are scattered with higher velocities. This bump is also reflected in the 

exoergicity spectrum (Figure 6.3, discussed below), giving rise to the structure from ~8 eV – 

11 eV.  

Shown in Figure 6.3 are the exoergicity distributions for the dissociation of CH2CN2+ 

in the CID channels. The distributions are alike, rising sharply from ~5 eV to a maximum at 

~6 eV before slowly falling. The exoergicity distributions all have FWHMs of ~5.5 eV – 

7.5 eV, with a shoulder to higher exoergicities. In order to rationalise the exoergicity 

distribution we must determine the relative energies of the reactant and product species that 

could be involved in this reaction. For this system, energetic data for C+ is readily available and 

the relevant energy levels for CH2N
+ can be estimated using the proton affinity and heat of 

formation of HCN, which are also readily available. By combining the energy of a proton, the 

heat of formation of HCN and the proton affinity of HCN, we determine the limit on the heat 

of formation of CH2N
+ to be 9.87 eV. We assume that any other electronic states of CH2N

+ are 

not involved. For simplicity we will not consider the internal energy of the neutral species 

because the dissociation appears to be a unimolecular reaction. Using the double ionization 

energies from our calculations of CH2CN2+ and the heat of formation of CH2CN (~2.5 eV),84–

86 we estimated the exoergicities expected for this reaction. We calculate that, in an exothermic 

reaction, C+ could be formed in either its ground, 2P, or first excited state, 4P. 
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Figure 6.3: Exoergicity distributions resulting from the CID channel CH2CN2+ 

+ X → CH2N
+ + C+ + X, where X = a) Ar, b) N2, and c) CO. Dashed 

lines are marked at 6.2 eV and 6.9 eV in each of the distributions to 

show the predicted exoergicity with the involvement of the linear 

isocyanide dication 4ID and the cyclic quartet dication 4CD 

respectively. The error bars represent two standard deviations of the 

counts.  

We find three pathways with exoergicities that fall within the FWHMs observed 

experimentally for these CID channels. The energy releases from 4CD and 4ID dissociating to 

produce C+ + CH2N
+ in their electronic ground states are 6.9 eV and 6.2 eV respectively, fitting 

nicely with the exoergicity distributions in Figure 6.3. The corresponding energy release from 

the linear quartet CH2CN2+ dication is 6.7 eV, also falling within the observed exoergicity. 

However, due to the fragments formed we think that the dication involved is not in the regular 

linear conformation (4LD). Both the reactant CH2CN2+ and product CH2N
+ ions could be 

vibrationally excited, which would act to increase and decrease the observed exoergicities 
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respectively. If 2CD (the ground state) was involved, the expected exoergicity released from 

this CID channel would be 2.8 eV, clearly outside of the observed exoergicity range (Figure 

6.3). If 2CD was significantly vibrationally excited (on the order of ~3 eV) the resulting 

exoergicities would be a match with the observed distribution, however, this level of vibrational 

excitation is not expected due to thermalisation in the ion source region. It is hard to say more 

about exactly which dication state is involved without more understanding of the CH2CN2+ 

dication states including their lifetimes and ability to support vibrational excitation. 

To summarise, one of the dominant channels following the collisions of CH2CN2+ with 

Ar, N2, and CO results in the generation of CH2N
+ + C+, revealed by the dynamics to be due to 

CID. This CID channel is the most intense reaction channel following the collisions of 

CH2CN2+ with Ar and N2, whilst with CO, it is only less intense than the NDSET channel. The 

presence of this CID channel, resulting in the ejection of a C+ from the reactant dication, 

suggests that the dication is likely not in a linear conformation directly derived from the 

structure of the CH3CN precursor. The exoergicity distributions of these three channels are in 

excellent agreement with each other and point to the involvement of either the quartet cyclic 

state, 4CD, or the quartet linear isocyanide state, 4ID, of the CH2CN2+ dication, and result in 

the formation of C+ + CH2N
+ in their electronic ground states. The CH2N

+ product is likely 

formed with some vibrational excitation.  

6.3.2 The formation of H+ + HC2N+ (pCID) 

Each of the coincidence spectra resulting from the CH2CN2+ + X (X = Ar, N2, CO) 

collisions has a peak corresponding to the formation of a pair of ions with m/z = 39 and m/z = 

1, corresponding to H+ + HC2N
+. The formation of this pair of ionic products was also observed 

following the dissociative double ionization of CH3CN, again suggesting that similar CH2CN2+ 

structures are involved.10 The form of the pairs spectra and the scattering diagrams from the 

channels generating HC2N
+ + H+ in each of the three CH2CN2+ + X (X = Ar, N2, CO) systems 

look near identical, therefore, solely the CH2CN2+ + N2 → HC2N
+ + H+ + N2 reaction will be 

discussed for conciseness. 

Figure 6.4 shows sub-sections of the pairs spectrum following the collisions of 

CH2CN2+ + N2. Here, Figure 6.4a shows the peak from the CID channel resulting in the 

formation of CH2N
+ + C+ (discussed in Section 6.3.1) and Figure 6.4b, the peak from the 

channel resulting in the formation of HC2N
+ + H+. Both channels display intense tails leading 



Chapter 6: Reactivity of CH2CN2+ with Ar, N2 and CO 

198 

 

up to the corresponding peaks, usually indicative of processes involving ET or CID. However, 

for the channel resulting in the formation of HC2N
+ + H+ there is a gap between the peak and 

tail (Figure 6.4b), implying that two different processes are involved. For typical CID reactions 

the gradient of the peak in the coincidence spectrum is approximately equal to –1 (Figure 6.4a) 

because the momenta of the two ionic species are correlated with each other. The peak in the 

coincidence spectrum for the channel forming HC2N
+ + H+ (Figure 6.4b) has a gradient of –

0.1. These factors point to the involvement of a different CID mechanism. 

 

Figure 6.4: Peaks in the coincidence ‘pairs’ spectrum following the collisions 

of CH2CN2+ + N2. (a) Peak and associated tail corresponding to the 

formation of CH2N
+ + C+. The faint peaks in the pairs spectrum 

centred at (3970,2420) and (3840,2500) are not due to real counts, 

but due to MS artifacts due to the similarity in the drift tube 

potential and the MCP potential. (b) Peak and associated tail 

corresponding to the formation of HC2N
+ + H+. The peak in the 

pairs spectrum centred at (4650,500) is due to the detection of C2N
+ 

+ H+, discussed in Section 6.3.2.1. The faint peak in the pairs 

spectrum centred at (4590,490) is an artifact. 

It should be noted that when analysing this channel, the TOF calibration had to be 

modified. The other channels in these CH2CN2+ + X (X = Ar, N2, and CO) systems were 

calibrated using ions from the beam with m/z = 41 and m/z = 20, however, the m/z of H+ is 1, 

the extrapolation of the calibration to which was found to be inaccurate. Therefore, the TOF of 
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H+ was used in the calibration for this channel. Whilst the CM moved slightly with the updated 

calibration, the IF scattering, including the motion of the product fragments relative to each 

other, did not change significantly, therefore, though the energetics are less certain for this 

reaction, the dynamics are clear, hence the conclusions are robust. Indeed, a range of TOF 

calibrations were used to check the effect of changing calibration on the IF scattering, resulting 

in no significant changes to the IF scattering of the product fragments across all the calibrations 

used. 

Figure 6.5 shows each of the IF scattering diagrams of the HC2N
+ + H+ + N2 products 

for the Rxn. 6.IV. In each of the IF scattering diagrams, the scattering of the two products shown 

appear correlated with each other relative to the third fragment. If the reaction was simple CID, 

such as for the formation of C+ + CH2N
+ (Section 6.3.1), we would expect the HC2N

+ + H+ 

products to be correlated with each other but not with the N2, therefore, this reaction cannot be 

simple CID. The scattering displayed in Figure 6.5, where all the product velocities are 

correlated is indicative of an association between the reactants followed by a concerted 

fragmentation. However, the CM scattering (Figure 6.6) reveals that the velocity of the HC2N
+ 

product is broadly oriented in the direction of the incident dication velocity, implying that a 

complex that lives for several rotations does not form. Therefore, we propose that a short-lived 

association between the reactants occurs. The H+ could start to transfer from CH2CN2+ to N2, 

forming a collision complex, [HC2N-H-N2]
2+, before fragmenting to form HC2N

+ + H+ + N2. 

Therefore, this reaction can be thought of as proceeding in a ‘H+ mediated’ mechanism. This 

fragmentation mechanism explains how the HC2N
+ fragment is broadly forward scattered in the 

CM frame whilst also how all of the product fragments are correlated. This channel is termed 

‘pseudo CID’ (pCID).  

The exoergicity distributions recorded following the CH2CN2+ + X → HC2N
+ + H+ + X 

(X = Ar, N2, CO) reactions are shown in Figure 6.7. The distributions have a similar structure, 

with a peak centred at ~2.5 eV and FHWM roughly from 0.5 eV to 6 eV. In order to rationalise 

these exoergicities, we must consider the product and reactant states involved. We consider the 

six metastable states of CH2CN2+ found from our calculations: 2CD, 2LD, 2ID, 4CD, 4LD, and 

4ID. The neutral reactant species are assumed to be in their ground vibronic states. As with the 

CID channel, we will also initially assume that the internal energy of the neutral species does 

not change during the collision. The heat of formation of H is +2.26 eV, and its ionization 

energy is 13.60 eV.69 The lowest energy structure of the HC2N
+ monocation estimated by our 
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calculations (a doublet with a linear N-C-C geometry) has a adiabatic ionization energy of 

~10.4 eV relative to the neutral, which has a heat of formation of 4.8 eV.80 The theoretical 

exoergicity of the reaction CH2CN2+ + X → HC2N
+ + H+ + X (X = Ar, N2, CO) using the above 

constraints is 3.5 eV when 2CD is involved, which is marked on the exoergicity distributions 

in Figure 6.7. This value is a good match to the observed exoergicities, albeit at a slightly higher 

exoergicity than the peak maximum. The linear isocyanide structure, 2ID, could also be 

involved, however, the energetics are similar to 2CD, so it is not possible to differentiate 

between them here. If the HC2N
+ product is formed with vibrational excitation, the theoretical 

exoergicity would decrease, becoming a closer match to the observed exoergicities. 

Considering the complex nature of the mechanism, the neutral collision partners CO and N2 

could also be vibrationally excited by the collision, further acting to reduce the observed 

exoergicity in this channel. If 2LD is involved in this channel the expected exoergicity is 5.0 eV, 

also marked on Figure 6.7 for reference. There is a shoulder to higher exoergicities in the 

distributions that could be explained by the involvement of the 2LD state. Additionally, if the 

4CD and 4LD states of the dication are involved this would result in exoergicities of 7.6 eV 

and 7.4 eV respectively. However, the low intensity of the exoergicity distribution at these 

higher values makes a large contribution from these higher energy dication states unlikely. Of 

course, the involvement of a range of vibrationally excited dication states in the beam would 

act to increase the spread of observed exoergicities. 

 

Figure 6.5: IF scattering diagrams for the channel CH2CN2+ + N2 → HC2N
+ + 

H+ + N2 at a CM collision energy of 4.5 eV. a) The scattering of the 

H+ and N2 product fragments relative to the velocity of HC2N
+. b) 

The scattering of the N2 and HC2N
+ fragments relative to H+. c) The 

scattering of H+ and HC2N
+ relative to N2. 
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Figure 6.6: CM scattering of the HC2N
+ product for the channel CH2CN2+ + N2 

→ HC2N
+ + H+ + N2 at a CM collision energy of 4.5 eV. 

To summarise, the peak in the coincidence spectrum observed corresponding to the 

formation of HC2N
+ + H+ following the collisions of CH2CN2+ + X (X = Ar, N2, CO) is due to 

a complex mechanism, mediated by the transfer of a H+ from the dication to the neutral reactant. 

The dynamics and energetics of each of the three CH2CN2+ + X → HC2N
+ + H+ + X reactions 

(X = Ar, N2, CO) are in excellent agreement with each other. The dynamics reveal that the 

velocities of the HC2N
+, H+, and X (X = Ar, N2, CO) fragments are all highly correlated, 

contrary to the expected mechanism for a typical CID channel. The exoergicities indicate the 

involvement of predominantly the cyclic 2CD state and linear isocyanide 2ID state of the 

dication, resulting in the formation of the products in their ground electronic states. The HC2N
+ 

product is likely formed with vibrational excitation. Additionally, the structure in the 

exoergicity spectra extending to higher exoergicities suggests the involvement of the linear 

dication 2LD. Further investigations utilising the deuterated dication, CD2CN2+, could reveal 

more information about the nature of this reaction. For example, this channel could be 

supressed, or the dynamics may change if the initial proposed H+/D+ transfer step is altered.87,88 
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Figure 6.7: Exoergicity distributions resulting from the channel CH2CN2+ + X 

→ HC2N
+ + H+ + X, where X = a) Ar, b) N2, and c) CO. Lines are 

marked at 3.5 eV and 5.0 eV in each of the distributions to show the 

predicted exoergicity with the involvement of the cyclic doublet 

dication 2CD and linear doublet dication 2LD respectively. The 

error bars represent two standard deviations of the counts. 

6.3.2.1 The formation of H+ + C2N+  

The coincidence spectra recorded following the collisions of CH2CN2+ + N2/CO reveal 

an additional peak corresponding to C2N
+ (m/z = 38) + H+ (m/z = 1). This channel likely also 

results in the formation of the neutrals N2/CO + H. The velocities of the ionic products are 

similar to those for the pCID reactions, indicating a similar mechanism is responsible, however, 

in our setup it is not possible to be certain of the dynamics of a reaction that results in the 

formation of more than one neutral species. We therefore tentatively suggest that these channels 

proceed via ‘pseudo CID’ followed by the dissociation of HC2N
+ to form C2N

+ + H.  
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6.3.3 Proton-transfer channels 

In all three CH2CN2+ + neutral systems in this investigation, PT is observed, resulting 

in the formation of HC2N
+ and the protonated target. PT is often observed following the 

collisions of hydrogen-containing dications with neutrals, and has been seen before in different 

reactive systems with each of the neutral species used in this investigation: N2,
58 CO,60 and 

Ar.33,38,48,49 The argonium ion, ArH+, is an example of a molecular species involving a rare gas 

and has been detected in the ISM,89,90 including in other galaxies.91 N2H
+ has been detected in 

the interstellar medium,92 protoplanetary disks,93 and in the atmosphere of Titan, where 

modelling also predicts the presence of N2H
2+, which can be formed via a number of 

processes.94 COH+ has also been detected in the ISM.95,96 

Shown in Figure 6.8 are the scattering diagrams of the ionic products resulting from the 

PT reactions. In each of the scattering diagrams, strong forward scattering is observed. Such a 

scattering pattern is indicative of a long-range mechanism. If a proton transfers from the 

dication to the neutral at a large interspecies separation, the deflection of the reactant species is 

minimal and therefore the product velocities are oriented with the velocities of their 

corresponding reactants. As discussed throughout this thesis, dication-neutral reactions that 

involve the formation of new bonds are thought to more commonly occur via the formation of 

a collision complex, where the reactants form an association in order for new bonds to be 

made.97–100 However, yet again, we see evidence for bond-forming reactions occurring via a 

direct mechanism.101,102 Dication-neutral PT reactions have been clearly observed to occur via 

direct mechanisms previously.58,103  

In the coincidence spectra the NDSET and PT channels are partially overlapping. 

Therefore, the counts close to the CM in Figure 6.8b are in fact due to NDSET, demonstrated 

by the low velocities (being close to the CM) when the assumptions of the PT products fragment 

masses are applied. These counts due to NDSET are not present in the exoergicity spectrum 

(Figure 6.9) because they result in exoergicities of less than 0 eV when the constraints of the 

PT fragment masses are applied. One of the advantages of single event counting using 

coincidence coupled with position-sensitive detection is that we can differentiate between these 

counts resulting from two different processes despite any overlap in the spectra. 
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Figure 6.8: CM scattering diagrams for the PT channel CH2CN2+ + X → HC2N
+ 

+ XH+. a) X = Ar at a CM collision energy of 5.0 eV, b) X = N2 at 

a CM collision energy of 4.5 eV, and c) X = CO at a CM collision 

energy of 4.3 eV. 

The exoergicity distributions recorded for the PT channels are shown in Figure 6.9. The 

distributions have similar shapes, with maxima at ~5 eV. In order to rationalise the exoergicity 

spectra we must consider the reactant and product electronic states that could be involved. We 

will consider the six CH2CN2+ dication states obtained from our calculations; 2CD, 2LD, 2ID 

4CD, 4LD, and 4ID. We will again use the adiabatic ionization energy determined from our 

calculations of lowest energy structure of the HC2N
+ monocation, and the heat of formation 

from Nimlos et al.80 The energetics of the protonated species ArH+, N2H
+, and COH+ are easily 

determined from proton affinities that are readily available, giving heats of formation of 

12.0 eV, 10.7 eV, and 12.6 eV respectively.69 

Using the energetics information discussed above, the projected exoergicities for the PT 

reactions involving the cyclic doublet dication 2CD, resulting in the formation of both the XH+ 

and HC2N
+ products in their ground states are 4.2 eV, 5.5 eV and 5.4 eV for the reactions with 

Ar, N2 and CO respectively. These exoergicities are marked on the corresponding distributions 

in Figure 6.9. Of course, if the linear isocyanide structure was involved, similar exoergicities 

(~0.4 eV higher) would result. Therefore, for simplicity, only 2CD is discussed. If the reactant 

dication was vibrationally excited, this would act to increase the observed exoergicity. 

Conversely, if the product HC2N
+ or XH+ ions were formed with vibrational excitation, the 

observed exoergicity would be lower. The projected exoergicities from the involvement of 2CD 

are a good fit with the experimental data (Figure 6.9), especially when the effects of vibrational 

excitation of the reactant and product species are considered.  
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Figure 6.9: Exoergicity distributions resulting from the PT reactions CH2CN2+ 

+ X → HC2N
+ + XH+. a) X = Ar, b) X = N2, c) X = CO. Lines are 

marked on each distribution corresponding to the expected 

exoergicity from forming XH+ + HC2N
+ in their ground states from 

the ground state dication, 2CD. The error bars represent two 

standard deviations of the counts. 

To summarise, PT reactions occur in each of the CH2CN2+ + X (X = Ar, N2 and CO) 

systems, resulting in the formation of HC2N
+ and XH+. The dynamics show that PT occurs via 

a direct, long-range, mechanism. The exoergicity distributions reveal that the 2CD and 2ID 

dication states are involved, producing the ionic products in their ground electronic states. 

6.3.4 Non-dissociative single electron-transfer channels 

In each of the CH2CN2+ + X (X = Ar, N2, CO) systems there is a clear tail in the 

coincidence spectra that results from SET reactions occurring in the acceleration region, where 

Ecm is greater than in the interaction region. With N2, there is a small peak associated with the 
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NDSET channel occurring in the interaction region, whereas, for CO, NDSET is the most 

intense reaction channel observed following collisions with CH2CN2+. For the CH2CN2+ + Ar 

system, there is no significant peak associated with counts from SET reactions happening in the 

interaction region. In the coincidence spectra, the events from the NDSET and PT channels are 

close together and even overlapping in parts. However, the actual peaks, due to those reactions 

occurring in the interaction region, can be robustly isolated. 

Figure 6.10 shows the CM scattering diagrams for the NDSET reactions CH2CN2+ + X 

→ CH2CN+ + X+, for X = N2 and CO. Strong forward scattering is observed for both reactions. 

That is, the velocity of the CH2CN+ product ion is oriented with the velocity of the reactant 

dication, CH2CN2+. Such a scattering pattern is typical for NDSET reactions in dication-neutral 

systems and is indicative of a direct electron-transfer process occurring at a significant 

interspecies separation of ~3 Å – 6 Å.43,47,101,104,105 For the NDSET reaction with N2, in the 

coincidence spectrum only the forward scattered counts could be isolated from counts from the 

PT channel, hence the lack of a tail to higher angles in the scattering diagram (Figure 6.10a). 

 

Figure 6.10: CM scattering diagrams for the NDSET channel CH2CN2+ + X → 

CH2CN+ + X+. a) X = N2 at a CM collision energy of 4.5 eV b) X = 

CO at a CM collision energy of 4.3 eV. 

Figure 6.11 and Figure 6.12 show the exoergicity distributions recorded following the 

NDSET reactions of CH2CN2+ with N2 and CO respectively. In order to rationalise the 

exoergicity spectra we must first consider the reactant and product states that could be involved. 
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We consider the six metastable states of CH2CN2+ found with our calculations: 2CD, 2LD, 2ID, 

4CD, 4LD, and 4ID. The neutral reactants are assumed to be in their ground vibronic states. 

Calculations undertaken to give likely structures of the CH2CN+ monocation resulted in the 

discovery of a singlet and triplet state for the each of cyclic, linear, and linear isocyanide 

geometries (See Table 6.5): 1CM, 1LM, 1IM, 3CM, 3LM, and 3IM. The lowest energy 

CH2CN+ state is the singlet linear conformation (1LM). The ground state of N2
+ (X2Σg

+) is 

15.58 eV higher in energy than the ground state of N2.
71,106 The lowest energy dissociation 

asymptote of N2
+ (N+(3P) + N(4S)) lies at ~24.3 eV above N2. The energy of this dissociation 

asymptote corresponds to the energy of N2
+(C2Σu

+ v = 3).69,107 Photoionization studies of N2 

show that N2
+ states generated with an energy higher than 24.3 eV have dissociation lifetimes 

significantly less than the timescale of our experiment and therefore will not contribute to the 

observed N2
+ counts in this channel.107–110 The ground state of CO+ (X2Σ+) lies 14.0 eV above 

CO(X1Σ+).111,112 The lowest energy dissociation asymptote of CO+, corresponding to C+(2P) + 

O(3P), lies at 22.4 eV above CO(X1Σ+).69 Photoionization investigations of CO show that if 

CO+ is formed with an energy of greater than 22.4 eV, it will dissociative within the lifetime of 

the experiment and therefore will not contribute to the counts observed in this reaction 

channel.112–114 

To determine the states involved in these NDSET channels we will also make the 

assumptions that the transitions will be spin allowed, and that the conformation of the dication 

will not change (electron-transfer is a vertical process), for example, a cyclic dication must 

result in the formation of a cyclic monocation. 

The exoergicity distribution for the NDSET reaction with N2 (Figure 6.11) has a 

maximum at 4.0 eV, with a FWHM from 3.6 eV – 5.2 eV. We find that there are 9 pathways 

fulfilling the above assumptions that result in exoergicities within the observed range, shown 

in Table 6.6. The exoergicities associated with these pathways are marked on Figure 6.11. 

Whilst there are possible pathways with the 4CD, 2LD, 4LD, 2ID, and 4ID states, the lowest 

energy dication state 2CD results in exoergicities that are lower than the FWHM and is therefore 

likely not involved in this channel.  
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Figure 6.11: Exoergicity distributions resulting from the NDSET reaction 

between CH2CN2+ + N2, resulting in the formation of CH2CN+ + 

N2
+. The exoergicities resulting from pathways (6.a) – (6.i) are 

marked, see Table 6.6 for details. The error bars represent two 

standard deviations of the counts.  

Table 6.6: Electronic states involved, with associated exoergicities, for the 

reaction CH2CN2+ + N2 → CH2CN+ + N2
+. (N2 is assumed to be in 

its ground vibronic state X1Σg
+.) 

Pathway Reactant 

CH2CN2+ 

state 

Product 

CH2CN+ state 

populated 

Product N2
+ 

state populated 

Exoergicity 

(6.a) 4CD 3CM X2Σg
+ 4.5 eV 

(6.b) 4CD 3CM A2Πu 3.4 eV 

(6.c) 2LD 1LM X2Σg
+ 4.7 eV 

(6.d) 2LD 1LM A2Πu 3.6 eV 

(6.e) 4LD 3LM X2Σg
+ 5.0 eV 

(6.f) 4LD 3LM A2Πu 3.9 eV 

(6.g) 2ID 1IM X2Σg
+ 3.4 eV 

(6.h) 4ID 3IM X2Σg
+ 4.4 eV 

(6.i) 4ID 3IM A2Πu 3.2 eV 
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The exoergicity distribution for the NDSET reaction with CO, shown in Figure 6.12, 

has a maximum at 4.4 eV, with a FWHM from 3.4 eV – 5.5 eV. Using the energetics 

information discussed above, and constrained by the same assumptions as for N2, we find that 

there are 12 pathways for the NDSET reaction with CH2CN2+ and CO that give exoergicities 

within the experimentally observed range, shown in Table 6.7. For the reactions with CO, any 

of the six reactant dication states can be involved to give exoergicities within the observed 

range. 

Table 6.7: Electronic states involved, with associated exoergicities, for the 

reaction CH2CN2+ + CO → CH2CN+ + CO+. (CO is assumed to be 

in its ground vibronic state X1Σ+.) 

Pathway Reactant 

CH2CN2+ 

state 

Product 

CH2CN+ state 

populated 

Product CO+ 

state populated 

Exoergicity 

(6.j) 2CD 1CM X2Σ+ 3.8 eV 

(6.k) 4CD 3CM X2Σ+ 6.1 eV 

(6.l) 4CD 3CM A2Π 3.5 eV 

(6.m) 2LD 1LM X2Σ+ 6.3 eV 

(6.n) 2LD 1LM A2Π 3.7 eV 

(6.o) 2LD 3LM X2Σ+ 4.3 eV 

(6.p) 4LD 3LM X2Σ+ 6.6 eV 

(6.q) 4LD 3LM A2Π 4.0 eV 

(6.r) 2ID 1IM X2Σ+ 5.0 eV 

(6.s) 2ID 3IM X2Σ+ 3.0 eV 

(6.t) 4ID 3IM X2Σ+ 5.9 eV 

(6.u) 4ID 3IM A2Π 3.3 eV 
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Figure 6.12: Exoergicity distributions resulting from the NDSET reaction 

between CH2CN2+ + CO, resulting in the formation of CH2CN+ + 

CO+. The exoergicities resulting from pathways (6.j) – (6.u) are 

marked, see Table 6.7 for details. The error bars represent two 

standard deviations of the counts. 

As mentioned above, there is no distinct peak in the coincidence spectrum that results 

from the NDSET reaction between CH2CN2+ and Ar, despite the presence of a tail in the 

coincidence spectrum that results from SET reactions occurring in the acceleration region of 

the TOF-MS. The absence of a SET reaction is surprising as there are several possible pathways 

that would result in exoergicities that fall within the 2 eV – 6 eV LZ reaction window. These 

pathways adhere to the same assumptions considered for the energetic analyses of the NDSET 

reactions with N2 and CO including the likely reactant and product electronic states that could 

be formed from a SET reaction. These NDSET pathways with Ar include all of the six 

metastable dication states revealed by calculations. Therefore, one would expect an NDSET 

reaction to occur following collisions of CH2CN2+ + Ar. The signals due to SET reactions 

occurring in the acceleration region show that the SET reaction is more efficient at higher 

collision energies, implying the presence of a barrier in the potential energy surface to the 

NDSET products. Further experimental studies of this system at different collision energies 

could help us understand why SET is supressed in this system. The model generally used to 

account for dication-neutral ET reactivity, LZRW, assumes a two-body system where each 

species occupies a single point in space, an obvious oversimplification. The behaviour we see 

could point to subtleties in the form of the crossing between the potential energy surfaces. The 

PES of the NDSET reaction could be significantly different with Ar compared to the other 

neutral species. On dication-neutral potential energy surfaces, ‘Coulomb barriers’ are thought 
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to exist to account for the stability of molecular dications or collision complexes, preventing 

charge separation in the form of CID and SET.115 However, in this case, whilst SET appears to 

be supressed, PT is efficient, and also involves charge separation, meaning it should also have 

a ‘Coulomb barrier’. One possible rationale for the lack of a SET reaction occurring in the 

CH2CN2+ + Ar system could be that the Coulomb barrier in the PT channel is significantly 

reduced compared to the SET channel. Another possible explanation could be that in this system 

the coupling between reactant and product states is low, resulting in a low transition probability. 

It is difficult to explain this lack of reactivity without further investigation. 

6.3.4.1 Dissociative single electron-transfer channels with CO and N2 

Examination of the dynamics of the counts from other peaks in the coincidence spectra 

recorded following the collisions of CH2CN2+ with N2 and CO, reveal that there are four 

channels resulting from DSET. There are peaks for N2
+ / CO+ (m/z = 28) + HC2N

+ (m/z = 39), 

where the CH2CN+ ion formed following SET fragments, losing an H. There is a peak for CO+ 

(m/z = 28) + CH+ (m/z = 13), also due to fragmentation of CH2CN+ after its formation. 

Additionally, there is a channel due to the formation of C+ (m/z = 12) + CH2CN+ (m/z = 40), 

where the CO+ generated by SET fragments into C+ + O after its formation. These DSET 

channels have low intensities, with the DSET channel in the CH2CN2+ + N2 system contributing 

just 1.1 % of the total counts, and the three DSET channels in the CH2CN2+ + CO system 

combined contributing 7.4 % of the total counts. 

In order to dissociate, accessing the C+ + O asymptote, CO+ must be formed with an 

energy of at least 22.4 eV relative to CO. Using the energies of the CH2CN2+ dication states 

and CH2CN+ monocation states determined computationally, we calculate that forming CO with 

over 22.4 eV relative to CO is possible, but, requires the formation of either the cyclic or linear 

singlet monocation states from the corresponding cyclic or linear quartet dication states, which 

is spin forbidden. The spin forbidden nature of these transitions undoubtedly accounts for the 

low intensity of the channel. In order for CO+ to fragment to produce O+ + C, CO+ must be 

formed with at least 24.6 eV relative to CO. It is not possible to form CO+ with over 24.6 eV 

given the CH2CN2+ and CH2CN+ states we believe to be involved. Satisfyingly, there is no 

structure in the coincidence spectrum resulting from the formation of CH2CN+ + O+, 

corroborating our assessment of the likely CH2CN2+ and CH2CN+ states. 
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6.4 Competition between proton-transfer and single electron-transfer 

Roithová et al.33 reported an investigation comparing PT and SET for collisions between 

CHX2+ (X = F, Cl, Br, I) and various neutrals, at similar CM collision energies to this study. 

Roithová et al. proposed that if there are SET channels with exothermicities lying within the 

reaction window (2 eV – 6 eV) then these SET processes will dominate, supressing PT. 

However, in our experiment we do not see a SET reaction with Ar despite the presence of 

several possible pathways that result in exoergicities in the correct range. The lack of SET in 

the CH2CN2+ + Ar system, despite the presence of several possible pathways, could point to a 

barrier in the PES preventing SET. Additionally, Roithová et al. propose that the involvement 

of polar neutral collision partners increases the chance of PT reactions occurring due to an 

increase in attraction between the dication and neutral. However, in the experiments outlined 

in this chapter, the only system with a polar neutral, CO, though it only has a small dipole, in 

fact exhibits the highest intensity ratio of SET to PT reactions. Instead our results follow the 

trend of the difference in exothermicity between PT and SET. When the exoergicities of PT and 

SET are similar, SET dominates. For example, in the CH2CN2+ + CO system, assuming 2CD is 

involved, PT is only ~1.6 eV more exothermic than SET, and SET is dominant. For the 

analogous system with N2, PT is ~3.2 eV more exothermic than SET, and PT is the most intense 

channel. The energetics of the two competing reactions therefore appear to be very important. 

Further experiments could be undertaken that use the deuterated dication, CD2CN2+, to reveal 

more information regarding the balance between SET and PT reactions in these dication-neutral 

systems.  

6.5 Conclusions 

In this chapter we have detailed the reactivity of the molecular dication CH2CN2+ with 

Ar, N2, and CO. To the author’s knowledge, this is the first study of the bimolecular reactivity 

of CH2CN2+, a species relevant to the ionospheres of planets and satellites including Titan.  

Calculations of the lowest energy electronic states of CH2CN2+ reveal six metastable 

electronic states, both doublet and quartet states for cyclic (2CD & 4CD), linear (2LD & 4LD), 

and linear isocyanide (2ID & 4ID) geometries. The lowest energy electronic state was 

determined to be the doublet cyclic dication, 2CD. 
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All of the collision systems displayed an intense CID channel resulting in the formation 

of C+ + CH2N
+, with similar dynamics and exoergicity distributions. The formation of a C+ 

fragment suggests the involvement of the cyclic or linear isocyanide dication states, and the 

exoergicity distributions confirm the involvement of 4CD or 4ID. 

Each CH2CN2+ + neutral collision system resulted in a reaction generating H+ + HC2N
+, 

with similar dynamics and exoergicity distributions. The dynamics reveal that the mechanism 

of this reaction is not typical for a dication-neutral CID reaction; the reaction is ‘mediated’ by 

the initial transfer of a proton from the dication to the neutral before a rapid dissociation. The 

exoergicity distributions primarily point to the involvement of the 2CD and 2ID dication states, 

with 2LD also involved. Evidence for channels involving further dissociation of the HC2N
+ 

product, forming H+ + CCN+, were also detected in the CH2CN2+ + N2 / CO systems. Further 

studies, using the deuterated dication could confirm the nature of the mechanism in this channel. 

For example, one might expect the reaction to be supressed if the process is initiated by a H+ 

transfer. 

PT occurs in all three of the systems via a direct mechanism, adding further evidence 

that H-containing dications are effective proton donors. The exoergicities resulting from PT 

firmly point to the involvement of 2CD or 2ID. Finally, there are channels resulting from SET 

in the CH2CN2+ + N2 and CO systems. The exoergicity distributions show that the NDSET 

channels could involve the dication in any of the possible states in the beam. Our findings 

deviate from the trends observed by Roithová et al.,33 perhaps suggesting these trends are less 

general across dication-neutral systems than the earlier authors hoped. Specifically, in this work 

SET channels only dominate over PT following the collisions between CH2CN2+ and the polar 

CO, where three DSET channels are also observed. Additionally, we are unable to explain the 

absence of an expected and allowed SET channel following collisions between CH2CN2+ + Ar. 

The involvement of all three dication conformations indicated by the exoergicity 

distributions points to rearrangement processes following the dissociative double ionization of 

CH3CN. More information on the CH2CN2+ PES, including barrier heights between the states, 

could show us if the dications in the beam are continuously sampling different conformations 

as appears likely from experiments. Future investigations could also reveal more metastable 

dication states that could be involved. 
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Chapter 7: Conclusions and Further Work 

7.1 Conclusions 

The PSCO-MS technique has been used in this thesis to investigate the collisions 

between various dications and neutral targets. The coincident detection of pairs of ions allows 

for the unambiguous identification of reaction channels in which two or three products are 

formed. Coupled with position-sensitive ion detection, this technique allows for the 

determination of comprehensive dynamic and energetic information for each reaction. The 

technique has been used here to study the previously investigated collision systems, Ar2+ + O2, 

and Ar2+ + N2, revealing new, detailed, information on the dynamics and energetics involved, 

as well as observing new reactions. Collisions involving the S2+ and CH2CN2+ dications with a 

number of neutral partners, collision systems which have not been studied before, have also 

been presented. These dications are especially important to the ionospheres of Io and Titan 

respectively.  

Chapter 3 presents detailed insights into the collisions of Ar2+ and O2 at a collision 

energy of 4.4 eV. Four bimolecular reaction channels are observed: NDSET generating Ar+ + 

O2
+, DSET generating Ar+ + O+, a chemical bond-forming channel generating ArO+ + O+, and 

dissociative DET generating O+ + O+. Our experimental results reveal dynamics clearly 

showing that a short-lived collision complex [ArO2]
2+ is involved in the formation of Ar+ + O+ 

+ O, rather than being a direct SET process followed by dissociation of O2
+*. In contrast, the 

bond-forming reaction, generating O+ + ArO+, involves direct abstraction of O– from O2 by 

Ar2+ with no evidence of the involvement of a collision complex in this reaction. 

The reactions following collisions between Ar2+ and N2 at a CM collision energy of 

5.1 eV have also been analysed in depth, with the results presented in Chapter 4. Again, four 

reaction channels are observed: NDSET generating Ar+ + N2
+, DSET generating Ar+ + N+, a 

chemical bond-forming channel ArN+ + N+, and dissociative DET generating N+ + N+. As with 

the Ar2+ + O2 collision system, our results show that the generation of Ar+ + N+ involves the 

formation of a [ArN2]
2+ collision complex. Additionally, this same collision complex is also 

involved in the NDSET channel, which results in the generation of N2
+ in its C2Σu

+ state. The 

previously unreported bond-forming channel resulting in the generation of ArN+ + N+ occurs 

via a direct mechanism without the involvement of a collision complex.  
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These investigations of the Ar2+ + O2 and Ar2+ + N2 systems reveal marked dynamic 

similarities. Both systems exhibited evidence for the formation of collision complexes in ET 

channels whilst bond-formation, generating rare gas molecular species, occurred via direct 

processes, in contrast to typical dication-neutral bond-forming reactions. 

In Chapter 5, the reactivity of the S2+ dication with Ar, N2 and H2 was investigated. This 

work being the first study of the bimolecular reactivity of S2+, a species detected in planetary 

ionospheres and other high energy environments.1–8 Generated from electron ionization of H2S, 

the dications in the beam are predominantly S2+ in a mixture of its 3P, 1D and 1S states, resulting 

from the 3s2 3p2 electronic configuration. The dynamics show evidence for the formation of a 

long-lived a collision complex, [SH2]
2+, between the reactants in the dissociative SET channel, 

generating S+ + H+. Perhaps surprisingly, the formation of SH+ via a chemical bond-forming 

channel was not observed, despite the exothermic nature of the reaction, the prevalence of SH+ 

in nature and astrophysical environments, and the propensity for other dication + H2 reactions 

to result in bond-formation.9–19 Conversely, the collisions of S2+ + N2 did result in a bond-

forming channel, generating SN+ + N+, a reaction which proceeds via a collision complex. 

Finally, in Chapter 6, the reactivity of the molecular dication CH2CN2+ with Ar, N2, and 

CO was studied. Formed from the ionization of acetonitrile, CH2CN2+ is relevant to the 

ionospheres of planets and satellites, including Titan.20–25 From electronic structure calculations 

there are potentially 6 dicationic electronic states, both doublet and quartet states for cyclic, 

linear, and linear isocyanide conformations in the reactant beam. The lowest energy electronic 

state is a doublet cyclic dication. Exoergicity distributions from the different reaction channels 

suggest the involvement of all six dication states, pointing to a range of rearrangement processes 

following the dissociative double ionization of CH3CN. All of the collision systems display 

intense CID channels, which follow the generally expected pattern for a non-reactive collision. 

The formation of H+ + HC2N
+ was shown to be atypical for a dication-neutral CID reaction. 

The dissociation is ‘mediated’ by the initial transfer of a proton from the dication to the neutral 

before a rapid dissociation of the protonated neutral. PT occurs in all three of the collision 

systems via a direct mechanism. This observation adds strong further evidence that these H-

containing dications are effective proton donors, and again provides an example of dication-

neutral chemical bond-formation occurring via a direct process. Finally, there are channels 

resulting from SET in the CH2CN2+ + N2 and CO systems. SET channels only dominated over 

PT following the collisions between CH2CN2+ and the polar CO molecule, where three DSET 
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channels are also observed, in contrast to the trends observed by Roithová et al.26 The absence 

of an expected and allowed SET channel following collisions between CH2CN2+ + Ar is 

curious, and potentially indicates the presence of a barrier to SET in the PES. 

These investigations of atmospherically relevant species are vital in building a database 

of known dication reactions and aiding understanding and control of processes occurring in 

high energy environments such as ionospheres and plasmas. Many reactions were observed 

involving the formation of new chemical bonds, including those that resulted in the generation 

of molecular species with Ar: ArH+, ArO+, ArN+. The observation of these ions demonstrates 

that the bimolecular reactivity of dications displays unusual chemistry and is a viable source of 

species involving rare gas bonds. Many of the bond-forming reactions observed in this thesis 

have been shown to occur via direct mechanisms, whilst the formation of collision complexes 

has also been, surprisingly, often in reactions that are apparently due to SET. Both findings are 

contrary to the orthodoxy and emphasise that much of dication reactivity is still poorly 

understood – a point which should not be understated. The appraisal of these dynamics and the 

determination of the electronic states involved in the reactions studied demonstrates the power 

of the PSCO-MS technique. 

7.2 Further work 

Further theoretical and experimental investigations to enhance the work in this thesis 

would benefit the field. Computational studies to determine the geometries of minima on the 

[ArO2]
2+ and [ArN2]

2+ potential energy surfaces may explain the observation of collision 

complexes observed in the reactions of Ar2+ with O2 and N2. Additionally, further 

computational studies of the CH2CN2+ dication potential energy surface could tell us more 

about the fluxional nature of the dication formed after electron ionization of acetonitrile. The 

use of the deuterated analogue in PSCO-MS experiments, CD2CN2+, could reveal isotope 

effects in the PT and pCID channels, shedding further light on the mechanisms involved and 

the competition between SET and PT. The composition of the S2+ and CH2CN2+ dication beams 

could be analysed by a systematic study of collisions with simple atomic species. Such a 

systematic study would confirm the dication states involved in reactions and allow for firmer 

conclusions about the energetics to be drawn. 

The experiments in this thesis contribute to the overall picture of dication-neutral 

reactions. The development of this database should be continued, especially involving species 
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relevant to high energy environments such as the ionospheres of planets or satellites. 

Encouragingly, there is increasing public interest in space exploration, with the possibility of 

extra-terrestrial colonisation slowly becoming more realistic. If humans are to spread their 

influence on other planets and satellites in the solar system it is vital to understand the chemistry 

of these environments to aid exploration and reduce the destructive effects of anthropogenic 

activity such as those seen on Earth.27–29 The bimolecular reactivity of the atomic dications O2+ 

and N2+, both species being directly detected in ionospheres, would be a next logical step. The 

recent detection of the molecular CO2
2+ dication in the ionosphere of Mars, and the coma of a 

comet, is encouraging.30 This detection will hopefully be followed by the detection of more 

molecular dications in these environments and should stimulate investigations on the 

bimolecular reactivity of species such as CO2
2+, N2

2+, and O2
2+.  

The results of dication-neutral experiments are fundamentally interesting and other 

avenues should also be explored, such as reactions involving the He2+ dication. The He2+ 

dication is essentially an alpha particle, ubiquitous in radioactive processes and also present in 

solar wind. Other intriguing studies could involve the C2+ dication, which has been observed in 

the ISM, and Xe2+, which could be generated as a product of ion drives in spacecraft propulsion. 
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Chapter 8: Appendix A 

Table 8.1: Exoergicities of reaction pathways for the reaction Ar2+ + O2 → Ar+ 

+ O2
+, calculated from literature values.1,2 O2 is assumed to be in its 

ground state, 3Σg
–. Highlighted in bold are the pathways with 

exoergicities between 3 eV and 6.5 eV. 

Product states Reactant (Ar2+) 

states 

Total 

exoergicity 

Ar+ state, relative to 

the ground state of 

Ar, (1S) 

O2
+ state, relative to 

the ground state of O2, 

(3Σg
-) 

Ar2+ state, relative to 

the ground state of Ar, 

(1S) 

Reactant states – 

total product 

states 

2P, 15.76 eV X2Πg, 12.07 eV 3P, 43.39 eV 15.56 eV 

2P, 15.76 eV a4Πu, 16.10 eV 3P, 43.39 eV 11.53 eV 

2P, 15.76 eV b4Σg
-, 18.17 eV 3P, 43.39 eV 9.46 eV 

2P, 15.76 eV B2Σg
-, 20.30 eV 3P, 43.39 eV 7.33 eV 

2P, 15.76 eV c4Σu
-, 24.58 eV 3P, 43.39 eV 3.05 eV 

2P, 15.76 eV X2Πg, 12.07 eV 1D, 45.13 eV 17.30 eV 

2P, 15.76 eV a4Πu, 16.10 eV 1D, 45.13 eV 13.27 eV 

2P, 15.76 eV b4Σg
-, 18.17 eV 1D, 45.13 eV 11.20 eV 

2P, 15.76 eV B2Σg
-, 20.30 eV 1D, 45.13 eV 9.07 eV 

2P, 15.76 eV c4Σu
-, 24.58 eV 1D, 45.13 eV 4.79 eV 

2P, 15.76 eV X2Πg, 12.07 eV 1S, 47.51 eV 19.68 eV 

2P, 15.76 eV a4Πu, 16.10 eV 1S, 47.51 eV 15.65 eV 

2P, 15.76 eV b4Σg
-, 18.17 eV 1S, 47.51 eV 13.58 eV 

2P, 15.76 eV B2Σg
-, 20.30 eV 1S, 47.51 eV 11.45 eV 

2P, 15.76 eV c4Σu
-, 24.58 eV 1S, 47.51 eV 7.17 eV 

2S, 29.24 eV X2Πg, 12.07 eV 3P, 43.39 eV 2.08 eV 

2S, 29.24 eV a4Πu, 16.10 eV 3P, 43.39 eV -1.95 eV 

2S, 29.24 eV b4Σg
-, 18.17 eV 3P, 43.39 eV -4.01 eV 
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2S, 29.24 eV B2Σg
-, 20.30 eV 3P, 43.39 eV -6.15 eV 

2S, 29.24 eV c4Σu
-, 24.58 eV 3P, 43.39 eV -10.43 eV 

2S, 29.24 eV X2Πg, 12.07 eV 1D, 45.13 eV 3.82 eV 

2S, 29.24 eV a4Πu, 16.10 eV 1D, 45.13 eV -0.21 eV 

2S, 29.24 eV b4Σg
-, 18.17 eV 1D, 45.13 eV -2.28 eV 

2S, 29.24 eV B2Σg
-, 20.30 eV 1D, 45.13 eV -4.41 eV 

2S, 29.24 eV c4Σu
-, 24.58 eV 1D, 45.13 eV -8.69 eV 

2S, 29.24 eV X2Πg, 12.07 eV 1S, 47.51 eV 6.2 eV 

2S, 29.24 eV a4Πu, 16.10 eV 1S, 47.51 eV 2.17 eV 

2S, 29.24 eV b4Σg
-, 18.17 eV 1S, 47.51 eV 0.10 eV 

2S, 29.24 eV B2Σg
-, 20.30 eV 1S, 47.51 eV -2.03 eV 

2S, 29.24 eV c4Σu
-, 24.58 eV 1S, 47.51 eV -6.31 eV 

4D, 32.17 eV X2Πg, 12.07 eV 3P, 43.39 eV -0.85 eV 

4D, 32.17 eV a4Πu, 16.10 eV 3P, 43.39 eV -4.88 eV 

4D, 32.17 eV b4Σg
-, 18.17 eV 3P, 43.39 eV -6.95 eV 

4D, 32.17 eV B2Σg
-, 20.30 eV 3P, 43.39 eV -9.08 eV 

4D, 32.17 eV c4Σu
-, 24.58 eV 3P, 43.39 eV -13.36 eV 

4D, 32.17 eV X2Πg, 12.07 eV 1D, 45.13 eV 0.89 eV 

4D, 32.17 eV a4Πu, 16.10 eV 1D, 45.13 eV -3.14 eV 

4D, 32.17 eV b4Σg
-, 18.17 eV 1D, 45.13 eV -5.21 eV 

4D, 32.17 eV B2Σg
-, 20.30 eV 1D, 45.13 eV -7.34 eV 

4D, 32.17 eV c4Σu
-, 24.58 eV 1D, 45.13 eV -11.62 eV 

4D, 32.17 eV X2Πg, 12.07 eV 1S, 47.51 eV 3.28 eV 

4D, 32.17 eV a4Πu, 16.10 eV 1S, 47.51 eV -0.75 eV 

4D, 32.17 eV b4Σg
-, 18.17 eV 1S, 47.51 eV -2.83 eV 

4D, 32.17 eV B2Σg
-, 20.30 eV 1S, 47.51 eV -4.95 eV 

4D, 32.17 eV c4Σu
-, 24.58 eV 1S, 47.51 eV -9.24 eV 
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Figure 8.1:Experimental exoergicity spectra for the reaction Ar2+ + O2 → Ar+ 

+ O2
+ → Ar+ + O+ + O with source fields of (a) 28.5 V cm-1 and (b) 

183 V cm-1. The error bars represent two standard deviations of the 

counts. 

 

Figure 8.2: Total exoergicity spectrum for the DSET reaction, Ar2+ + N2 → Ar+ 

+ N+ + N. The error bars represent two standard deviations of the 

associated counts. 
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Chapter 9: Appendix B 

The equilibrium geometries and corresponding adiabatic and vertical ionization 

energies were determined for the species of interest. These quantities were calculated for the 

lowest energy states of each of the relevant multiplicities. Stationary points were located using 

the MP2 algorithm with a cc-pVTZ basis set and the frequencies were analysed to determine 

minima. The energetics of these minima were then calculated using single-point CCSD(T) 

calculations with the cc-pVTZ basis set. Zero-point energies were corrected for using 

vibrational information from the MP2 geometry optimisations. For the quartet isocyanide 

dication (4ID), where one MP2 frequency appeared unreliable, a B3LYP determination of the 

frequencies was used,  the B3LYP algorithm converging to essentially the same geometry as 

the MP2 algorithm. This methodology has previously been successfully used to determine the 

geometries and energetics of dications.1 
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