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Abstract 

  

This research work focused on studying the emission spectroscopy produced from the 

high energy ion-molecule collision processes in mass spectrometry. The collision 

experiments are described and divided into 4 chapters (Chapter 3, 4, 5, 6). 

 

N2O
+● is an ion of atmospheric importance. In chapter 3 the investigation of the 

collision between high translational energy (4-8 keV range) N2O
+● ions and Helium target 

gas in mass spectrometry using collision induced emission (CIE) spectroscopy is described.  

A commercial analytical mass spectrometer coupled with a spectrograph and charge-coupled 

device (CCD) detector was used to obtain the collision-induced emission (CIE) spectra (190 

– 1020 nm). The observed emissions were from the A 2Σ+ → X 2Π+ system of N2O
+●, excited 

fragments of the parent molecule and the target gas. The relative emission intensities of the 

N2O
+● ions and their fragments were independent of the ion translational energy within the 

4-8 keV range, confirming the curve-crossing mechanism for translational-to-internal energy 

transfer in this system. Band emission intensities of 1
01  and 1

13  relative to the 0
01  band within 

the N2O
+● (A → X) system have been measured and compared with reference data. The 

results indicated that the collisionally excited ion has a decidedly non-Franck-Condon 

vibrational state distribution. 

 



 iii

 In chapter 4, the collision-induced emission (CIE) spectra from 4-8 keV collisions 

between projectile He+● ions and CO2 target gas (He+●/CO2) were obtained. The observed 

emissions were from the A 2Πu
+ and B 2Σ+

u states of CO2
+●, excited states of He, and with 

excited fragments. The relative vibrational population of the A 2Πu
+ state were estimated and 

compared with our previous CO2
+●/He studies. The results indicate that charge transfer 

ionization of CO2 in He+●/CO2 collisions is similar to that of photon excitation, while in the 

case of CO2
+●/He, the population is more evenly distributed due to intramolecular vibrational 

redistribution (IVR) after the collision. Adiabatic potential energy surfaces calculated at the 

CISD/6-311+g(2df) level of theory for CO2
+●/He collisions, show the curve crossing of the 

CO2
+● A 2Πu

+  and CO2
+● B 2Σ+

u states, in agreement with our observation. 

 

 In high energy (keV) CID experiments, oxygen has the unique ability to enhance 

specific ion fragmentation pathways that lie within a relatively narrow band of activation 

energy. It has been previously proposed that this oxygen enhanced dissociation phenomenon 

was due to the participation of the O2 B 3Σu
+ → X 3Σg

- (Shumann-Runge) system in the 

collision complex.  During the collision, oxygen was first being excited to its B 3Σu
+ state 

then subsequently returns this energy back to the projectile ion. This energy drives the non-

statistical dissociation of the projectile ion provided there is an energetically accessible 

pathway in resonance with the absorbed radiation. In Chapter 5, to probe the validity of this 

hypothesis, CIE experiments were carried out to observe the photon emissions from keV 

collisions of a selection of projectile ions with O2 target gas. By studying the resulting  CIE 

spectra, a second potential mechanism came to light, one that involves the nearly 

isoenergetic O2
+. A 2Πu → X 2 Πg state transition. 
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 In chapter 6, neutral hydroxymethylene and formaldehyde were generated by charge 

exchange neutralization of their respective ionic counterparts and then were reionized and 

detected as recovery signals in neutralization-reionization mass spectrometry in the modified 

VG-ZAB mass spectrometer. The reionized species were characterized by their subsequent 

collision-induced dissociation (CID) mass spectra. The transient diradical hydroxymethylene 

was observed to isomerize to formaldehyde with an experimental life time exceeding 13.9 µs. 

The vertical neutralization energy of the HCOH+ ion has also been identified using charge 

transfer reactions between the fast ions and stationary target gases of differing ionization 

energy. The measured values match the result of ab initio calculations at the QCISD/6-

311+G(d,p) and CCSD(T)/6-311++G(3df,2p) levels of theory. Neutral hydroxymethylene 

can also be produced by proton transfer from CH2OH+ to a strong base such as pyridine, 

confirmed by appropriate isotopic labelling. There is a kinetic isotope effect for H+ vs D+ 

transfer from the C atom of the hydroxymethyl cation of ~ 3, consistent with a primary KIE 

of a nearly thermoneutral reaction. 
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Chapter 1                             Introduction 

 

 

 

 

 

    

1.0 Goal of this thesis1.0 Goal of this thesis1.0 Goal of this thesis1.0 Goal of this thesis    

` Collisional activation method is widely used in mass spectrometry, however the 

energy transfer mechanisms behind those ion-target collisions is still not fully understood. In 

this study of work, the goal is to obtain emission spectroscopy from the collision processes 

between high energy ( in keV range) ions and neutral target gases in mass spectrometry. 

With the rich collision induced spectroscopic information from the fragments and precursor 

ions, the energy distribution and activation mechanism of the high energy ion-molecule 

collisions can be investigated. 
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1.1 1.1 1.1 1.1 IonIonIonIon----molecule collisionmolecule collisionmolecule collisionmolecule collisionssss in the space in the space in the space in the space 

 

 Our knowledge of outer space has been greatly expanded over the past decades by the 

spectroscopic measurements of interstellar (IS) compounds obtained by a wide variety of 

space born and ground based instruments. This spectroscopic information ranges through 

emission and/or absorption lines of electronic, rotational, and vibrational transitions and over 

100 molecular species have been identified in the interstellar medium. It has been accepted 

that ion-molecule collisions play a key role in the formation of interstellar molecules [1]. 

Such reactions were first discussed in detail in 1970 by Klemperer et al. [2]. Also, ion-

molecule collisions are one of the causes of an atmospheric phenomenon - aurora [3]. 

Auroras on earth result from optical emissions from high-latitude “polar regions” due to the 

collisions between the solar wind and atmospheric atoms and molecules. Aurora emissions 

from other planets such as Jupiter, Saturn, Venus and Mars etc have also been observed, 

providing remote-sensing information about the collisional processes at aurora latitudes and 

the planetary magnetospheric regions where they originate [4,5].  

 

 To study these ion interactions experimentally, mass spectrometry (MS), of course, 

became the method of choice because its ability to direct ions and the near-vacuum condition 

that the instrument operate under [6,7].  
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1.21.21.21.2    IonIonIonIon----molecule collisionmolecule collisionmolecule collisionmolecule collisions in mass s in mass s in mass s in mass spectrometryspectrometryspectrometryspectrometry    
 

 Mass spectrometry (MS) has become one of the most versatile analytical techniques 

with numerous chemical and biological applications. MS instruments consist of three 

modules, ion source ( which can convert sample molecules into gas-phase ions); mass 

analyzer ( which sorts the ions by their mass to charge (m/z) ratios), detector (which provides 

data for calculating the ion abundance).  

Early mass spectrometers were capable of only one stage of mass analysis, so that 

structure elucidation of the ions was limited. With the advent of tandem mass spectrometry 

(MS/MS), ion activation methods are applied to facilitate the fragmentation of ions to obtain 

more detailed structural information. Several ion activation techniques have been developed, 

such as collision induced dissociation (CID) [8], surface induced dissociation (SID) [9], 

electron capture dissociation (ECD) [10] and electron transfer dissociation (ETD) [11] etc, 

among which CID remains the most widely used ion activation method used in present day 

instruments.  

 Collision induced dissociation (CID) is the first activation method used for MS/MS 

studies. Its history can be traced to work published in 1913, when J. J. Thomson [12] 

observed a residual signal from H2
+., though it was not until 1919 that Aston explained the 

signal as a result of collisional activation [13]. In 1968 the laboratories of McLafferty and 

Jennings described how the leakage of gas into a field-free region (FFR) gave rise to 

additional fragmentation of the ion beams traversed them and reported their CID mass 

spectra [14]. At that time, the leakage was taken as a source of “interference” to the 
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observation of metastable peaks. In 1973, a key paper by Mclafferty [15] showed the 

potential of how this “interference” can be put to use to effect an exponential increase in the 

amount of MS information obtained from MS/MS methods. Much of the ensuing work was 

devoted to developing CID as a tool for distinguishing isomeric ion structures (for further 

information, refer to the book by Holmes et al [16]). Until the advent of the triple quadrupole 

instrument for analytical MS/MS as described by Yost and Enke in the late 1970s [17], all 

CID experiments were carried out on magnetic sector mass spectrometers (collision energies 

in the keV range). Particularly noteworthy contributions to our understanding of CID at low 

collision energies (1-100eV) were made by Beauchamp [18] and McLuckey [19] et al. in 

1990s.  

 

 In mass spectrometry, CID is often considered a two-step process: collisional 

activation and dissociation after activation, shown in equation 1.1 and 1.2, respectively: 

M+ + X→(M+)* + X     (1.1) 

(M+)* →dissociation product ions and neutrals  (1.2) 

 In step 1, the ions are usually accelerated by some electrical potential and then 

allowed to collide with neutral target gas (often helium, nitrogen or argon). During the 

collision, some of the kinetic energy of the projectile ion is converted into its internal energy. 

In the second step, the excited ion can undergo bond breaking, producing dissociation 

product ions and neutrals.  
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When the precursor ion (i.e. M+) is polyatomic, step 2 of the CID process is a 

unimolecular dissociation which can usually be explained by Rice, Ramsperger Kassel and 

Marcus (RRKM) theory [20,21] (though exceptions still exist which will be discussed in 

chapter 5). Assumptions of RRKM theory are that all oscillator motions within an ion are 

independent and all microscopic states have equal statistical probabilities. Therefore, the 

internal energy can be assumed to be distributed among all internal degrees of freedom and 

the production of the mass spectrum is the result of the competition between the 

energetically accessible dissociation pathways no matter how the internal energy got into the 

ion in the first step.  

 Step 2 (eq. 1.1) deals with how collision energy is converted into internal energy, 

which is the major concern of this study. A brief review of this process is given in the next 

section.  

    

1.21.21.21.2....1 1 1 1 Frame of referenceFrame of referenceFrame of referenceFrame of reference    

 To simplify the description of the ion-molecule collision process, it is better to work 

in the center-of-mass (com) frame of reference rather than laboratory framework [8,21]. In 

the latter, the target gas is considered to be stationary and the collision energy is simply taken 

as the kinetic energy of the ion. Figure 1.1 shows the trajectory in the laboratory frame of 

reference. 
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xM+

x

M+

i
f

f
      

(a)              (b)     

Figure 1.1 (a) Initial (i) and (b) final (f) trajectories of  a fast ion- neutral target collision 
between M+ and X, viewed in the laboratory frame of reference. 

 

 However, not all of this laboratory kinetic energy is available for conversion into 

internal energy because of the conservation of momentum. A conversion to the com 

framework makes the situation easier to describe since the centre of mass momentum is 

always zero, shown in Figure 1.2.  

xM+

x

M+

i f

f

i

qM
+=0

qX=0

 
Figure 1.2  Trajectory of the same collision           Figure 1.3 The Newton velocity diagram 
                   in Figure 1 viewed in the                       for the collision in Figure 2. 

center-of-mass frame of reference 

 In the center of mass (com) frame work, the collision centre is chosen as the point in 

space at which the mechanical moments of the two collision partners are equal and opposite. 
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It is equivalent to “sitting” on the centre of mass of the collision system and watching the 

collision partners approach each other from opposite directions and recede from each other 

after collision. Thus, the available collision energy is the kinetic energy in the framework of 

centre-of-mass (KEcom) rather than that in the laboratory frame (KElab) [23]. The KElab and 

KEcom are related by equation 1.3 















+
=

+MX

X
labcom

mm

m
KEKE     (1.3) 

where Xm and +
M

m is the mass of the neutral target molecule and the projectile ion M+, 

respectively. 

 As indicated from the above expression, both the laboratory kinetic energy and the 

masses of the collisional partners can influence the collision energy interconversion. The 

collision processes occurring in mass spectrometry can be classified as high or low energy 

collisions based primarily on the kinetic energy in the laboratory frame of reference: high 

energy collisions with KEcom in keV range (KEcom > 100 eV ) are common in sector and 

TOF/TOF instruments. Low energy collisions, seen in quadrupole and ion trap mass 

spectrometers, have a collision energy range of to 1~ 300 eV (KEcom<100 eV). Intermediate 

collisions often refer to those that are in between and do not occur in commonly used tandem 

mass spectrometers.  
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1.21.21.21.2.2 Interaction potential.2 Interaction potential.2 Interaction potential.2 Interaction potential    
 

 The simplest theory describing the collision is the so-called hard-sphere collision 

theory [23]. In the case of a collision between an atomic projectile ion and atomic target, the 

interaction potential is similar to that of a diatomic molecule, shown in Figure 1.4. 

V(r)

M+ x

r (M+ x)

M+ + x

 

Figure 1.4 A plot of the interaction potential V(r), for an atomic ion-atomic target system 
(M+-X) as a function of ion-target separation, r. 

 

 There are two distinct parts of the interaction potential: an attractive potential at large 

interatomic distances and a repulsive potential at small distances. For a polyatomic projectile 

and target this picture will extend to three or multi-dimensions. The mathematical form of 

the attractive potential will depend on the diffuseness of the charge on the projectile ion and 

on the nature of the interaction; for example, 2−
r  for ion-dipole, 3−

r  for ion-quadupole and 

4−r  for ion-induced dipole, where r is the distance between the projectile and the target. For 

targets such as helium, the attractive part of the potential can often be ignored due to its 

small radius. However, for polyatomic and polarizable targets, it must be considered. A 

strong attractive potential can increase the relative velocities of the two species so that the 
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collisional energy may beyond the simple KElab measurements. The repulsive part of the 

interaction potential can be the source of collisional scattering and change as a function of 

)( r
e

− , where r is the distance between the projectile and target.  

 

1.21.21.21.2.3.3.3.3    Impact parameter, Impact parameter, Impact parameter, Impact parameter, bbbb    

 

 Another term defines the ion-target collision is the impact parameter, b. Shirts et al. 

used b to describe pictorially the collision process, shown in Fig 1.5. It is given by θsinr , 

representing the distance of closest approach of two collision partners. Large values of b 

represent “soft” collisions while “hard” collisions have small values and b = 0 is for head on 

collisions. 

M+

x

r
ɵ

b

    

Figure 1.5  Definition of the impact parameter b    

    

1.2.41.2.41.2.41.2.4    Classification of collision processesClassification of collision processesClassification of collision processesClassification of collision processes    
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 Based on the net exchange between internal energy and kinetic energy of the collision 

system, q (designated as the collision endothermicity), the collision process can be divided 

into elastic collisions (q = 0), inelastic collisions (q > 0) and superelastic collisions (q < 0). A 

classical picture of an elastic collision is the billiard ball collision. In elastic collisions, the 

recoil velocities and angles of the collision partners must obey conservation of energy and 

momentum. The elastic scattering can be represented by the Newton velocity diagram [8,23], 

shown in Figure 1.3. In the diagram, elastic collision vectors fall on the two circles and those 

fall inside and outside the circles indicate inelastic and superelastic collisions, respectively.  

 

 For the atomic ion-atomic target collisions that do not result in electronic change, 

they can be considered elastic, while for collisions involving at least one di- or polyatomic 

species, they are seldom elastic, since the chemical bonds are never infinitly rigid.  

 

1.2.5 Mechanisms of collisional excitation1.2.5 Mechanisms of collisional excitation1.2.5 Mechanisms of collisional excitation1.2.5 Mechanisms of collisional excitation 

 

 A number of mechanisms have been proposed for the ion-molecule collisions in mass 

spectrometers. Durup [25] summarized that there are several possible processes that would 

take place after ion-molecule collisions, such as a) electronic excitation without scattering, b) 

vibrational and rotational excitation of the ion, c) formation of a long-lived collision complex 

and d) predissociation of the projectile ion induced by the target. In this section, these 

mechanisms will be introduced, with special emphasis placed on the electronic excitation 

following collision, which is relevant to my study. 
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a) Electronic a) Electronic a) Electronic a) Electronic excitationexcitationexcitationexcitation    

 

 The possible mechanisms for electronic excitation are vertical excitation and a curve-

crossing mechanism. Vertical excitation is often used to explain photon excitation. 

According to the Franck-Condon principle [26], because the nuclei are much more massive 

than the electrons, an electronic transition takes place faster than the nuclei can respond, so 

that the initial state and the excited state have similar geometries during the transition, shown 

in Fig 1.6.  
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Figure 1.6 Energy diagram illustrating the electronic transition (with vibrational feature).   
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 The quantum mechanical formulation of this principle is that the relative probability 

of transition, known as the Franck-Condon factor (FC) is proportional to the square of the 

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

the transition, shown in equation 1.4. 

 
2

"'
∫= dRFC ννψψ    (1.4) 

where '
νψ  and "

νψ represent the wave function of an upper and a lower state, respectively. 

 

 The vertical excitation is expected to be important at short time scales (10-14 s or less). 

In most MS/MS experiments interaction times tend to be longer than that, especially for 

those polyatomic ions with masses larger than a few hundred amu. For very light precursor 

ions (e.g. < 50 amu) in the keV range, the vertical transition mechanism may still be 

important [8]. 

 

 The other mechanism for electronic excitation is the curve-crossing mechanism, 

which is also the most widely applicable one for electronic transitions in the collisional 

activation of polyatomic ions [8,27,28]. The qualitative and quantitative description of curve 

crossing adiabatic energy transfer to produce electronic excitation has been described by 

Massey, Burhop, Gilbody [29] and Nikitin [30]. Figure 1.7 shows a simplified diagram 

describing the curve crossing mechanism, in which only two adiabatic potential energy 

curves are shown, one for the ground state and one for the excited state. During the collision 

process, when the projectile ion M+ approaches the target X, the energy of the collision 

complex increases along the adiabatic curve of the ground state (in the case of using He as 

the target gas), until the ground state potential surface crosses with that of an excited state 
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through point C and the collision complex will continue along the excited state potential 

energy curve, bringing about a radiationless transition between the ground and electronic 

excited state of the collision complex.  

 

 The strength of the non-adiabatic coupling of the two curves can be represented as 

the Massey parameter,ξ , described by the Massey equation [31,32] 

 
υξ hEa /∆=      (1.5) 

where E∆  is the smallest energy gap between two adiabatic states, a is the width of the 

nonadiabatic interaction region and υ  is the classical nuclear velocity. When ξ >>1, the 

probability that a non-adiabatic transition takes place will be small. 

 

C ΔE

 

Figure 1.7 Simplified diagram illustrating curve-crossing of the potential energy surface of 

the collision complex during ion-target collisions. 
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 If the collision complex remains in an excited electronic state, then upon separation 

of the collision complex, it will produce either the excited ion M+* or the target molecule X*. 

When using helium as the target, the resulting product will be the excited projectile ion M+* 

because the high-lying excited states of helium, so that the ions are electronically excited by 

the collisional activation.  

 

 Landau, Zener and Stueckelberg [33-35] described the probability, P, of crossing-

over of two diabatic potential curves as  

δ2−= eP        (1.6) 

where 
ν

π
δ

hdrdVdrdV

RH

))/()/((

)()2(

21

2
12

2/3

−
=    (1.7) 

V is the potential, ν  is the relative velocity of the two colliding species and )(12 RH  is the 

off diagonal component of the Hamiltonian describing the transition between diabatic states 

1 and 2 at distance R. If the transition is optically allowed, )(12 RH  follows a 32 −− rµ  

dependence, where µ  is the dipole moment of the optical transition.  

 

 When there is only a crossing point between two states as described in Figure 1.6, the 

total probability for the system to end up in the excited state is 2P(1-P), because it is sampled 

twice during a collision, once on the way in and once on the way out. From this expression, 

we can expect the probability to be at the maximum at a set of conditions.  

 

 The kinetic energy regime that produces a maximum curve-crossing probability tends 

to be in the high energy (1-100 keV) range for polyatomic ions. Compared with diatomic ion, 
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polyatomic ions are more likely to be electronically excited through curve-crossing because 

for polyatomic ions there are more accessible excited electronic states, which increase the 

number of crossing points so the probability of the system crossing back to the ground stats 

on the way out of the collision is small. As polyatomic species get larger, the electronic 

excitation is likely to be converted into ro-vibrational excitation of ground state by IVR 

(intramolecular vibrational redistribution). 

 

b) b) b) b) RoRoRoRo----vibrational vibrational vibrational vibrational excitationexcitationexcitationexcitation without electronic excitation without electronic excitation without electronic excitation without electronic excitation    

 

 The curve-crossing mechanism described above can also be applied to the collision 

activation, which leads to ro-vibrational excitation without first electronically excitation of 

the projectile ion. The probability of vibrational excitation is small if 
v
νr

>>1, where r is the 

radius of the collidiong ion, ν  is the vibrational frequency for the mode being explored and v 

is the relative velocity of the colliding pair [29,30].  

 

 Another possible mechanism that will lead to vibrational and rotational excitation 

without accompanying electronic excitation is called impulsive collision. It is based on 

momentum transfer collision between the target and part of the ion. Upon collision, the 

repulsive part of the potential is sampled and part of the energy can be distributed into 

vibrational motions [36,37]. We can consider its extreme case in which an ion consisting of 

two non-interacting parts, a “participant” group P and a “spectator” group S, has negligible 

force constant between them. Upon collision with the target, momentum transfer occurs to 
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only group P, leading to the scattering of P but not S. In this case, there is a net internal 

momentum change in PS+ and therefore, a part of the incident kinetic energy is transformed 

into vibrational excitation energy of PS+. 

 

c) c) c) c) FFFFormation of a longormation of a longormation of a longormation of a long----lived collision complex lived collision complex lived collision complex lived collision complex     

 

 The ion-molecule collision can also produce a “long-lived” collision complex if the 

attractive potential between the ion M+ and target X is large and if the relative velocity of the 

two species is small enough. This type of collision is referred to as a “sticky collision”, 

which is quite different from the repulsive collisions in that all the relative translational 

energy of the colliding pair is converted into internal energy of the complex. The internal 

energy of the complex is thus KEcom. When the long-lived complex dissociate into M+ and X, 

part of the complex’s internal energy is converted back into the translational energy of the 

products [25, 38, 39].  

 

d) d) d) d) PPPPredissociation of the projeredissociation of the projeredissociation of the projeredissociation of the projectile ion induced by the targetctile ion induced by the targetctile ion induced by the targetctile ion induced by the target    

 

 Predissociation of the projectile ion can occur in a collision while the collision does 

not formally involve the conversion of translational to internal energy, there is a transfer 

from a ground electronic state of the ion to a dissociative state brought on by a perturbation 

to the electronic surfaces by the target. Durup et al. discussed this type of process [25].  
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1.2.6 1.2.6 1.2.6 1.2.6 Methods Methods Methods Methods for studying high energy ionfor studying high energy ionfor studying high energy ionfor studying high energy ion----molecule collisiomolecule collisiomolecule collisiomolecule collisionnnnssss    

 

 Most of the early collision studies were carried out with high collisional energy 

(projectile ion with a translational energy in the keV range), such as magnetic sector mass 

spectrometers which were in wide spread use in early stages of mass spectrometry. Recently, 

with the advent of TOF/TOF instrument, the high energy collision has become a 

fragmentation method in renaissance [40-43]. In this thesis, we focused on the high energy 

collisions in mass spectrometry and several methods for studying high energy ion-molecule 

collisions are discussed in this section. 

. 

a)a)a)a) Translational energy spectroscopyTranslational energy spectroscopyTranslational energy spectroscopyTranslational energy spectroscopy    

 

 As the collision system is isolated, the translational energy of the projectile ion is the 

only source of the necessary energy to drive the reactions upon collision. Therefore a direct 

connection is established between the translational energy loss (or gain) and the internal 

energy states of the system. A method called translational energy spectroscopy (TES) is thus 

developed to study the ion-molecule collisions by measuring the change of translational 

energy in the projectile (Type I TES)bor fragment ions after collisions (Type II TES).  

 

 The type I TES experiments commonly studies the collisions between an atomic ion 

and a neutral molecule because with this combination there is no dissociation of projectile 
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ion, which allows the studies on the excitation of neutral molecules. An experiment of type I 

TES, for example, was carried out by Brenton et al. [44], in which collisions of 3 keV C+. on 

N2 gas has been studied. The instrument consists of an ion source, a magnet for mass 

selection, a pair of symmetrical electrostatic analyzers (ESA) for translational energy 

analysis and a third smaller ESA to eliminate artifact signals.  

 

 

Figure 1.8 TES spectrum of C+ colliding with N2, at 3 keV collision energy ( refer to Ref. 44 

in Page 43). 

 

 The obtained TES spectrum is shown in Figure 1.8 where the translational energy 

loses of C+. were plotted against the ion beam intensities after collision. From the spectrum, 

several excited electronic transitions of N2 produced from collision have been revealed, such 

as A3
∑u

+, B3Πg and C3Πu, states, together with their associated vibrational progressions. The 
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transitions between 2P0 state of C+. to its lower states are also observed, indicating the 

simultaneous atomic and molecular excitations are the major processes during the collision. 

 

  

Figure 1.9 TES spectra of 3-keV H+ and H2
+. projectile ions scattered off N2 (refer to Ref. 45 

in Page 43). 
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 With the same instrument, collisions between H+ and H2
+. projectile ions and target 

gas N2 have been probed [45]. The TES spectra obtained from the two collisions are shown 

in Figure 1.9 as a comparison. 

 

 For H+/N2 collisions, only transitions to singlet excited states were observed while 

both singlet and triplet excited states were observed for H2
+./N2 collisions. Therefore, spin 

conservation was obeyed for H+/N2 collisions. However, the prominent transitions for H+/N2 

are X 1Σg
+ → a 1Πg and X 1Σg

+ → w 1∆u, both of which break the dipole electronic selection 

rules that are applied to optical spectroscopy. Excitation from the X 1Σg
+ to a 1Πg state should 

be symmetry forbidden since g-g and u-u transitions are disallowed. Similarly, for excitation 

to w 1∆u, the orbital angular momentum changes by 2, which also breaks the selection rule 

∆Λ=0, ±1.  Similar results were obtained from several other collision systems.  As a result, it 

was concluded that not all selection rules that are normally applied to optical spectroscopy 

are obeyed in collisional excitation. 

 

 The translational energy can also be used to select the internal energy of the ions. 

Recently, there is some interest in studies of state selective electron capture in atomic ion-

molecule collisions using translational energy spectroscopy. Gilbody [46, 47] group used 

double translational energy spectroscopy (DTES) [48] to resolve the ground state and the 

metastable state of the ion beam. An ion beam of C2+, for example, is known to contain 

(2s2)1S ground state and (2p)3P metastable C2+ ions. In the DTES approach, an intense beam 

of C3+- ions was first obtained from an Electron Capature Resonance (ECR) ion source, mass 

selected by a magnet and then collided with He target gas producing (1s22s2)1S ground and 
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some excited states of C2+ through electron capture reaction. The C2+ ions were then resolved 

in TES spectra by their translational energy change. As a result, 1S ground or 3P metastable 

ions can be selected by an electric field and then passed on to another electrostatic analyzer 

to study their electron capture process by a second stage of TES. Figure 1.10 illustrates a 

comparison between energy change spectra for one-electron capture in 4 keV C2+/Ar 

collisions obtained with a C2+ beam containing (a) a mixture of ground and metastable 

content, (b) only ground state and (c) only 3P metastable ions.  Collision product channels 

resulting from the respective 1S ground and 3P metastable states can clearly be distinguished 

this way. 

 

  

 

 

 

 

 

Figure 1.10 TES spectra for 4-keV C2+/Ar 

collisions obtained with a C2+ beam 

containing (a) a mixture of ground and 

metastable content, (b) only ground state 

and (c) only 3P metastable ions (reproduced 

with permission) (refer to Ref. 46 in Page 

43) 

 

 

 An example of type II TES studies can be demonstrated by the studies of N2
+./He 
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collisions by Fournier et al. [49]. The obtained TES spectrum, Figure 1.11, shows the 

laboratory momentum distribution of forward- and backward-scattered N+  plotted against W 

(the kinetic energy of the dissociation products in the centre of mass framework). Peak h 

corresponds to N+., which is broad and nearly symmetric. The broadening of the peak is 

because of the excess energy of the excited N2
+. relative to its dissociation limit, which is 

represented as ed. The shoulder peaks labeled from a to f correspond to N+. fragments with 

different ed and these peaks agree with ed of the excited electronic state C 2Σu
+ of N2

+.
 

(vibrational levels ν'=4-9) with respect to the first dissociation limit obtained from 

spectroscopic data. This indicates that the N+. fragments come from the predissociation of ν' 

= 4-9 of the C2Σu
+ state. 

 

g
h

g
h

 

Figure 1.11 High-resolution TES spectrum of the N+. fragments from the CID of 10 keV 

N2
+./He collisions(refer to Ref. 49 in Page 44). 
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b)b)b)b)    AAAAnglenglenglengle----Resolved Mass SpectrometryResolved Mass SpectrometryResolved Mass SpectrometryResolved Mass Spectrometry    

 

 Angle-resolved mass spectrometry is a variation method of translational energy 

spectroscopy in that translational energy changes are measured at different scattering angles. 

It is based on the assumption that hard collisions deposit more energy than soft collisions so 

that the collision impact parameter is related to the internal energy deposited by the collision. 

 

 This hypothesis has been tested by the Cooks group [50]. They installed an angle-

resolving slit to their double focusing mass spectrometer to obtain energy-loss spectra and 

CID mass spectra at different scattering angles (typically between 0 and 2 degrees). For 

Ar+./Ar collisions, four peaks (belonging to one electronic state) were observed in the TES 

spectrum: one elastic and three inelastic scattering peaks. When small scattering angles are 

sampled, the elastic scattering peak is much more intense than the inelastic peaks. As the 

scattering angle increases, the absolute intensity decreases for all peaks but the relative 

intensity of the inelastic peaks increases. CID mass spectra different scattering angles for 

ethyl isobutyl ether were also obtained and they followed the same trend. Angle-resolved 

CID spectra for several molecular ions have been studied by the same group, from which 

they gave a qualitative proof that selecting scattering angle does select internal energy of the 

projectile ion.  
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 The target effects have been studied by comparing the results for methanol molecular 

ions on He, N2 and Freon using angle-resolved mass spectrometry [50]. The scattering angle 

giving rise to equal intensities of the two fragment ions were determined for each target. 

These laboratory scattering angles were 0.44, 0.49 and 0.59 respectively. Helium, with the 

smallest scattering angle, is the most effective target for the collisional activation. But 

considering their large difference in mass, their laboratory scattering angles are considerably 

similar. 

 

 The Cooks group has studied the variation of scattering angles due to different 

translational energies of the projectile ions [52]. An attempt was made to investigate whether 

the reduced scattering angle, defined as τ = Eθ, can be used to relate scattering angles at 

different ion translational energies. Energy loss spectra of the same Eθ are similar for Ar+./Ar 

collision. As Eθ  increases, so does the abundance of high-energy loss peaks.  Similar 

behaviour was observed for the CID of nitromethane molecular ions.  

 

 Attempts also have been made to correlate the scattering with kinetic energy release 

(KER) [53, 54]. It is generally agreed that both impact parameters and KER contribute to 

scattering of the precursor ions. However, separating KER and collision scattering is 

infeasible. As a result, it would be difficult for angle-resolved mass spectrometry to yield 

direct information on the internal excitation of projectile ions. 
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cccc)))) Collision Collision Collision Collision----induced emission spectroscopyinduced emission spectroscopyinduced emission spectroscopyinduced emission spectroscopy    

 

 Compared with Laser-induced fluorescence spectroscopy, in which emission 

spectroscopy of polyatomic ions was obtained by laser pulses, a method called collision-

induced emission spectroscopy (CIE) can also obtain the emission spectroscopy by high 

energy ion-molecule collisions. By studying the collision-induced emission spectra, 

information on the electronic states that are accessible by collisions can be obtained bringing 

insights to the collision process.  

 

 CIE spectroscopy is often carried out in a mass spectrometer for the study of ion-

neutral collisions where projectile ions collide with a neutral target gas in a collision cell. 

The photon emissions are subsequently detected by a photomultiplier tube or a charge-

coupled device detector. 

  

 Early experiments were carried out to acquire laboratory data on ion-molecule 

collisions that occur in the Earth’s atmosphere, most of which are charge transfer processes 

between fast ions and small molecules such as N2, O2 and CO2. In addition to the 

measurement of cross sections for these charge transfer processes, emphasis is also placed on 

the determination of vibrational state distributions in the excited electronic states. To 

understand the nature of the collision processes, the observed vibrational state distributions 

are often compared to those estimated from theory using Franck-Condon factors. Moore and 

Doering [55] studied the collisions between various projectile ions and target N2. The 

vibrational distribution of the N2
+. B state resulting from charge transfer reaction was 
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estimated by observing the relative band intensities of the ∆ν = -1 sequence of the B→X 

emission. It was found out that the observed vibrational distributions depend heavily on the 

laboratory velocity of the reactant ion but very little on its chemical nature. When the 

velocity is below 108 cm/s (i.e. ~ 5 keV for H+ precursor ion), the vibrational distributions no 

longer agree with the vertical transition model. This disagreement was explained due to 

distortion of the target molecule electron cloud by the impinging ion at low velocities [55, 

56]. However, the similar behavior was also observed in N2
+./target collisions, in which the 

charge resides on the precursor ion [57]. Therefore, the ion-induced distortion explanation 

cannot be applied. Instead, Kelly et al. [58, 59] explained it with a more general qualitative 

curve-crossing model. It is assumed that the deviations from vertical transitions during 

collisions are caused by short-range, repulsive interaction between the projectile and the 

target and these short-range interactions result in direct translational-vibrational excitation in 

both the initial and final electronic states of the diatomic molecule. The fact that short-range 

forces are involved means that the reaction occurs at small impact parameters. As such, the 

diatomic molecule cannot be regarded as being isolated. In other words, distortion occurs by 

chemical forces that are operative in any short-range encounter between the two collision 

particles.  

 

 Ehbrecht et al. also studied the charge transfer process involving multiply-charged 

ions by CIE spectroscopy [60]. In the experiment, CO2+ ions with translational energies 

ranging from 60-2000 eV were produced to collide with various neutral targets, such as Ar, 

N2, H2, D2 and CO. The charge transfer process results in CO+. (B 2Σ+), and the B → X 

emission was detected. At 2 keV, the vibrational distributions in CO+. were found to be 
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similar to those predicted by the Franck-Condon principle while at lower energy, an increase 

in the population of higher vibrational states was observed, especially from collisions with 

Ar. In the case of CO2+/N2 and CO2+/CO collisions where emissions from the ionized targets 

were also observed, a comparison was made with the analogous product emission from 

charge transfer with singly-charged projectiles (i.e. Ar+./N2 and Ar+./CO collisions). 

Pronounced deviations from the Franck-Condon prediction in the latter case was explained 

as the difference in the crossing radius between the entrance and the exit channel potentials. 

Whenever the crossing radius is large, the vibrational distribution in the product deviates 

only little from the Franck-Condon prediction and vice versa.  

 

 A major advantage with collision-induced emission spectroscopy over translational 

energy spectroscopy is that it offers a more direct way to identify the energy levels of the 

collision species. The emission spectra obtained have higher resolution and sensitivity.  

 

 In this thesis, the majority of my work is focused on the study of high energy ion-

molecule collisions using CIE spectroscopy. A summary of my work is given below. 

 

1.2.8 1.2.8 1.2.8 1.2.8 SSSSummary of the works in this thesisummary of the works in this thesisummary of the works in this thesisummary of the works in this thesis    

 

 The projects introduced in this work starts with the CIE studies from an ion of 

atmospheric importance, N2O
+.. The collision mechanism of N2O

+./He has been discussed (in 

Chapter 3). The He+./CO2  study is discussed in Chapter 4, in comparison with a previous 



 28 

study of CO2
+./He by Poon et al. [61], showing different collision processes. To explain the 

target effects of O2, CIE studies were carried out on the collisions between various projectile 

ions and O2 (Chapter 5). Lastly, in Chapter 6, a highly reactive compound trans-

hydroxymethylene was produced by the collision experiments and its energetics have been 

studied. 
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Chapter 2                    Methods of study 

 

 

 

    

2.1 The modified VG2.1 The modified VG2.1 The modified VG2.1 The modified VG----ZAB Mass SpectrometerZAB Mass SpectrometerZAB Mass SpectrometerZAB Mass Spectrometer    
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Figure 2.1 Schematic diagram of the modified VG-ZAB mass spectrometer used in this 
research work. 
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Tandem mass spectrometry experiments were performed on a modified VG-ZAB 

mass spectrometer [62] incorporating a magnetic sector followed by two electrostatic sectors 

(BEE geometry), shown in Figure 2.1. It is composed of one electron impact (EI) ion source, 

a magnetic mass analyzer and two electrostatic analyzers (ESA). The region between the ion 

source and the magnetic analyzer is the first field-free region (1FFR). The second field-free 

region (2FFR) is between the magnetic analyzer and the first electrostatic analyzer. The third 

field-free region (3FFR) is between the first electrostatic analyzer and the second 

electrostatic analyzer, in which three collision cells are installed. Collision experiments in 

this thesis were all carried out in this instrument including collision-induced dissociation 

CID and neutralization-reionization experiment NRMS etc. A brief introduction of the basic 

counterparts in the mass spectrometer is given in the next section. 

 

 

2.1.1 Ion source 2.1.1 Ion source 2.1.1 Ion source 2.1.1 Ion source     

 

In this study an electron impact (EI) ion source [63] is used, the schematic diagram is 

shown in Figure 2.2. 
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Figure 2.2  A typical electron ionization (EI) ion source used in mass spectrometers. 

 

The major components of the EI source are the filament, electron trap and ion repeller. 

Electrons are formed by thermal emission from a heated filament and accelerated to 

approximately 80 eV from a potential difference applied between the filament and the ion 

source block.  The filament current can be adjusted to provide a constant trap anode current 

and, thus, maintain steady ionizing conditions. When the sample molecules are introduced to 

the source chamber, this electron beam will interact with them and produce molecular ions. 

The ions formed are repelled by the ion repeller and pass into the accelerating field of the 

mass spectrometer. The kinetic energy of the ion is thus determined by the potential 

difference, Vacc, applied between the ion source and the entrance slit of the 1FFR, typically 

8kV. 

 

There are 4 sample introduction devices for the ion source: two variable leak valves 

(one for gas samples and one for liquid vapor), a heated liquid septum for volatile liquids and 
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a solid probe for solid samples.  

 

2.1.2 2.1.2 2.1.2 2.1.2 Magnetic Magnetic Magnetic Magnetic analyzeranalyzeranalyzeranalyzer    

The main job of the magnetic mass analyzer is to apply an external magnetic field to 

the ions exiting the ion source. It consists of two parallel electromagnets surrounding an iron 

core, shown in Figure 2.3. 

 

 

 

Figure 2.3 A magnetic analyzer used in 
mass spectrometers to select ions with 
specific m/z ratio. 

 

Under the influence of the external magnetic field, the ion trajectory will bend. How 

much an ion's path curves depends on the momentum of the ion and its charge. This is given 

by the mathematical expression (eq. 2.1) [63] 

rBzemv =      (2.1) 

where r is the curvature radius the ion will travel, v is the ion velocity, z is the ion charge and 

e is the unit of elementary charge. 

Electromagnet

Ion stream
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The kinetic energy of the ion departing the ion source can be expressed using the 

relationship 

2

2mv
zeVacc =     (2.2) 

By combining these two equations, we get 

 
accV

erB

z

m

2

22

=     (2.3) 

In this way, the mass to charge ratio (m/z) is correlated to the magnetic field intensity 

B, since r is fixed and Vacc is held constant. By applying the right magnetic field, ions with 

specific m/z ratio are allowed to pass through the mass analyzer while others hit the flight 

tube of the spectrometer vacuum chamber and are neutralized.  

 

2.1.3 2.1.3 2.1.3 2.1.3 EEEElectrostatic analyzerlectrostatic analyzerlectrostatic analyzerlectrostatic analyzer    

The electrostatic analyzers in the VG-ZAB mass spectrometer consists of two curved 

parallel plates at different potentials, shown in Figure 2.4. When entering the electrostatic 

analyzer, the inward-pointing force generated by this electric field will cause the projectile 

ions' trajectories to curve in a circular motion with radius r.  
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Figure 2.4 An electrostatic analyzer 

used in mass spectrometers to select 

ions with specific translational energy 

 

Depending on their initial energy, only certain ions with "correct" translational 

energy can exit the analyzer while others will collide into the walls of the instrument, as 

described by the following expression [64] 

2
rE

V =    (2.4) 

where V is the translational energy of the ion, E is the electric field intensity and r is the 

radius of curvature.  

 

Therefore, when the projectile ion M+ falls apart into M1
+ and M2 in the 2FFR or 3 FFR 

without any conversion of internal energy to translational energy (eq. 2.5), the fragments will 

continue to move along the ion beam at the same velocity. Thus, the ratio of the translational 

energy follows eq. 2.6.  

M+ →M1
+ + M2  (2.5) 

+

+

+

+

=
M

M

M

M

m

m

V

V
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In this way, by measuring the translational energy of the fragment ions, their mass can be 

identified. 

 

2.1.4 Ion detector2.1.4 Ion detector2.1.4 Ion detector2.1.4 Ion detector    

 

Photomultiplier 

Ions from Mass 
Analyzer

Conversion 
Dynode

-20 KV

e-

Scintillator
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Figure 2.5 Schematic diagram of the ion detector used in the mass spectrometer. 

 

The ion detector in VG-ZAB mass spectrometer is a gas phase ion detector that 

consists of a conversion dynode, a CaF2 scintillator (phosphor screen) and a photomultiplier. 

Ions that hit the conversion dynode release secondary electrons. A high voltage (ca. -20,000 

V) between the dynode and the scintillator accelerates the electrons onto the optically 

coupled photomultiplier and the signal is amplified. All spectra were recorded with the ZAB-

CAT program written by Mommers Technologies [65]. 
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2.2 Experiments performed in the VG2.2 Experiments performed in the VG2.2 Experiments performed in the VG2.2 Experiments performed in the VG----ZAB Mass SpectrometerZAB Mass SpectrometerZAB Mass SpectrometerZAB Mass Spectrometer  
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Figure 2.6 A simplified layout (not to scale) of the modified VG-ZAB with BEE geometry 

showing collision cells and deflector electrodes. FFR, CC and ESA represent field-free 

region, collision cell and electrostatic analyzer for short. 

 

The collision experiments and spectroscopic experiments are carried out in the 

second and third field-free region (2FFR and 3FFR) in the VG-ZAB mass spectrometer, 

shown in Figure 2.6. In each field-free region there are collision cells and an ion deflector. 

The collision cells are 2-3cm long steel bocks with a 2mm wide groove cut through it to 
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allow the ion beam to pass through. The collision cells are connected to gas lines so that 

collision gas can be introduced. The gas pressure in the collision cells is monitored by 

ionization gauges placed in close proximity. Voltages can be applied to the ion deflector (e.g. 

500 V) to remove ions out of the beam path. 

 

2.2.1 Collision2.2.1 Collision2.2.1 Collision2.2.1 Collision----induced dissociation (CID) expinduced dissociation (CID) expinduced dissociation (CID) expinduced dissociation (CID) experimenterimenterimenterimentssss    

 

Collision-induced dissociation (CID) experiments in the VG-ZAB mass spectrometer 

were carried out by introducing a target gas into the collision cell. When the ion beam 

(typically with a kinetic energy of 8 keV) is introduced in the collision cell, it can undergo 

dissociation. By scanning the ESA to measure the product ion translational energy, the CID 

mass spectrum is obtained.  

 

In my CID experiments, the target gas was introduced to the collision cell until the 

ion flux was reduced by 10% (i.e. single collision conditions) [66]. Helium is often chosen as 

the target gas because it can exist in the pure state and is fast to pump away. 

 

2.2.2 Neutralization2.2.2 Neutralization2.2.2 Neutralization2.2.2 Neutralization----Reionization Mass spectrometry Reionization Mass spectrometry Reionization Mass spectrometry Reionization Mass spectrometry experiment experiment experiment experiment     
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NRMS [67-70] is associated with the study of neutral molecules rather than ions. 

Generally speaking, after ions are transmitted to the first collision cell (CC1) in the second 

field-free region (2FFR), shown in Figure 2.6, some of the ions undergo electron transfer 

reaction and become neutralized (under single collision condition), other remaining ions are 

all deflected by a charged deflector electrode (with a voltage of +500 V).  Thus, only neutral 

species are allowed to enter the next collision cell (CC2). In CC2, neutral molecules are 

reionized and dissociated by the target gas (single collision). The NRMS spectrum is then 

produced.  

 

To identify the reionized ions, they were transmitted to the third field-free region 

(3FFR) where they undergo collision-induced dissociation. Therefore, a NR-CID spectrum 

can be obtained. Detailed descriptions are given in Chapter 6.  

 

2.2.3 2.2.3 2.2.3 2.2.3 CCCCollision induced emission (CIE) experimentollision induced emission (CIE) experimentollision induced emission (CIE) experimentollision induced emission (CIE) experiment    

 

The goal of collision induced emission experiments is to study the emission 

spectroscopy produced by high energy collision between the projectile ion and relatively 

stationary neutral target gas. It is carried out in the third field-free region (3FFR) in VG-ZAB 

mass spectrometer, shown in Figure 2.7. 
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Figure 2.7 The inside of the third field-free region. CC and ESA and CCD represent 

collision cell, electrostatic analyzer and charge-coupled device for short. 

 

The 3FFR, between the first and the second electrostatic analyzer, is a 1m long box 

that is differentially pumped by two six-inch diffusion pumps. Two optically correct rails run 

along the bottom of the box, allowing collision cells and other experimental hardware to be 

precisely located in the ion beam path.  

 

The collision cell 5 (CC5, as is shown in Figure 2.7), where collision-induced 

emission is observed, is a 16 mm internal diameter aluminum cylindrical tube with a 

thickness of 4.7 mm and a length of 16mm. A 6 mm diameter circular hole is drilled at the 

top of the tube and covered by a fused silica (UV grade) window (Edmund Optics, 10 mm 

diameter, 1mm thickness) for photon transmission. Above the collision cell, a fused silica 

window of 1 cm diameter (Optikon WU-25) is embedded in the lid of the 3FFR to allow 

photons to exit and be detected. 

 

Photons transmitted through the windows are dispersed by an Acton spectraPro 275 

spectrograph (27.5 cm focal length, 1200 g mm-1 holographic grating) and detected with an 
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Andor thermoelectrically cooled charge-coupled device (CCD) detector (Andor DV 401-UV, 

front-illuminated with UV coating). The CCD detector can be cooled to -42 oC with air and 

to -49 oC when water cooling is used. In the experiment, the CCD is cooled to a temperature 

of -35 oC. 

  

Optical emissions from 190-1020 nm were recorded by the Andor MCD 2.63.1.8 

program in 14 separate fragments, each being 50-79 nm wide. The entrance slit width of the 

spectrograph can be adjusted from 0 to 3 mm. The emission peak width decreases as the slit 

narrows, increasing the spectral resolution. To maximize emission signal intensity, the slit 

width is set to 3.0 mm, producing a spectral resolution (full width at half maximum) of 8.5 

nm for atomic lines. 

 

A detailed description of the experimental procedure to obtain a collision-induced 

emission spectrum is given in chapter 3. 
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Chapter 3 

 

Fluorescence from the A 2ΣΣΣΣ+ state suggests a non-

Franck-Condon N2O
+● vibrational state population 

after keV collisional activation with helium. 

 

 

 

 

 

3.1 Introduction 

 

The triatomic ion N2O
+● is isoelectronic with NCO, CO2

+● and BO2. It is the 

intermediate in an important ion-molecule reaction in the upper atmosphere.1  

O+.(4Su) + N2 (X
1Σg

+ ) →  N2O
+● (A 2Σ+) → NO+.(X1Σ+) + N(4S)      (1) 

 



 47 

The dominant emission band systems of N2O
+●, extending from 335 to 405 nm, are 

the A 2Σ+ →  X 2Π+ transitions from 3 dominant levels 10, 11, 31 of the A state.  Here the 

capital number represents the normal vibrational mode involved (1 being the symmetric 

stretch, 2 being the degenerate bend and 3 the asymmetric stretch), the superscript and 

subscript represent the vibrational quanta in the upper and lower state, respectively).2  Higher 

excited states of N2O
+●, such as the B and C states, are predissociative and not observed in 

emission spectra.3  Also, the state crossings between the potential surfaces of the 

predissociative states and that of the A 2Σ+ state occurs near the bottom of the potential 

surface of the A state, restricting the number of vibrational levels in which the A state is 

formed.4-6 

  

Emission cross sections and vibrational level ratios of N2O
+● have been measured by 

a variety of techniques including photon ionization, Penning ionization, electron impact and 

charge exchange.7-10 It is well known that when an ion is formed by vertical excitation, the 

vibrational branching ratio is equal to the ratio of the corresponding Franck-Condon factors. 

Tokue and coworkers determined the vibrational distributions of the 11 and 31 levels relative 

to the 10 level of the A state, using Penning ionization.11 The branching ratio for the 11 level 

strongly depended on the excitation energy, showing non-Franck-Condon behavior, resulting 

from autoionization and shape resonant ionization, indicating that a vertical transition is not 

always available.  

  

In this study, we have focused on keV (laboratory frame) ion-molecule collisional 

activation. In mass spectrometry, collisional activation is an essential method for 
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fragmenting ions to gain further structure determination.12-16 When a projectile ion with keV 

translational energy collides with a relatively stationary target gas moiety, a portion of the 

ion’s translational energy is converted to internal energy, sufficient for the ion to undergo 

dissociation reactions. Of the potential mechanisms for this energy transfer, the most widely 

applicable one is the curve-crossing mechanism.17-19 The qualitative and quantitative 

description of curve crossing adiabatic energy transfer to produce electronic excitation has 

been described by Massey, Burhop, Gilloby and Nikitin. 20,21 As shown in Figure 1.7, 17 

during the collision process, when the projectile ion approaches the target, the energy of the 

collision complex increases along the adiabatic curve of the ground state, until the ground 

state potential surface crosses with that of an excited state through point C. The strength of 

the non-adiabatic coupling of the two curves can be represented as the Massey parameter,ξ , 

in the Massey equation υξ hEa /∆=  ( E∆  is the smallest energy gap between two adiabatic 

states, a is the width of the nonadiabatic interaction region and υ  is the classical nuclear 

velocity). The curve-crossing then brings about a radiationless transition between the ground 

and electronic excited state of the collision complex. During separation of the collision 

complex, the projectile ion may return to its original energy surface or remain in an excited 

electronic state. In the latter case the electronic excitation can be removed by emission of a 

photon or converted to ro-vibrational excitation of the ground state by IVR (intramolecular 

vibrational redistribution). As the relative velocity of the interacting pair increases the time 

of interaction decreases, decreasing the Massey parameter, thereby increasing the probability 

that the system crosses into an excited state. Thus, this direct T→E (translational to 

electronic) energy transfer is operable at keV collision energies. 
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Recent work by our group showed that for keV N2
+●/He and CO2

+●/He collisions, the 

relative emission intensity between the fragments and the projectile ions are independent of 

ion translational energy in the 3-8 keV range, results consistent with the formation of a 

discrete distribution of excited states by the curve-crossing mechanism.22-24 The purpose of 

this paper is to extend our CIE study to the N2O
+●/He system, and by comparing our results 

to those obtained from other activation methods, to get a clearer picture of the mechanism of 

high energy ion-molecule collisions.  

 

3.2 Experimental procedures 

 

All experiments were performed on a modified VG ZAB mass spectrometer14 with an 

added third field-free region (3FFR) as previously described.25, 26  

 

 N2O
+● ions were generated from N2O

 by 80-90 eV electron ionization in the ion 

source of the instrument. The ions were transmitted to the 3FFR where they collided with the 

target gas in the collision cell at a collision gas pressure that reduces the pre-cell ion flux by 

10% (i.e. essentially single collision conditions).14 With 80-90 eV electrons, ionization of 

N2O
+● could result in N2O

+● A 2Σ+ being formed in the ion source.27 However, the radiative 

lifetime of the A state is shorter than 400 ns.28-30 When compared to the time required for the 

ions to reach the collision chamber, which ranges from 17 to 34 µs depending on the 

accelerating voltage, virtually all ions that are formed initially in the A 2Σ+ would have 

returned to the ground state by the time they collide with the target gas.  
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A spectrograph (Acton SpectraPro 275, 27.5 focal length, 1200 g mm-1 holographic 

grating) and a thermoelectrically-cooled charge-coupled device (CCD) detector (Andor 

DV401-UV, front-illuminated with UV coating) have been installed above the collision cell 

for the detection of photon emissions resulting from ion-target collisions.22 Emissions from 

the excited state species were directly observed with the CCD detector cooled to a 

temperature of -35 ºC. The time window of observation ranges from 30-60 ns for 8 keV to 4 

keV N2O
+●. The entrance slit of the spectrograph was set to 3.0 mm, providing a spectral 

resolution of 8.5 nm (measured at full width at half-height for atomic lines). Optical 

emissions were recorded from 190-1020 nm using the Andor MCD 2.63.1.8 program and 

were recorded in 14 separate segments, each being 50-70 nm wide. Two accumulations of 30 

minutes were collected at 8 keV ion translational energy for each segment at full vertical 

binning reading mode. For other ion translational energies, the total acquisition time for each 

of the separate segments ranged from 1 hour to 4 hours. Each segment was background 

subtracted and background spectra were collected prior to signal acquisition with exactly the 

same conditions except without an ion beam. Spectral spikes resulting from cosmic rays 

were removed digitally by the program.  Horizontal binning was performed manually in the 

ASCII file by combining data of every 20 pixel columns and the overlapping portion of the 

spectrum at the two ends of each window was averaged. 

  

A higher-resolution spectrum (330-400 nm) was obtained by reducing the entrance 

slit width to 1.0 mm, resulting in a spectral resolution of 3.0 nm, and the data acquisition 

time of each segment was increased to 4 hours. 
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3.3 Results and discussion 

 

3.3.1 Emission spectrum from N2O
+●

/He collisions 

  

The emission spectrum obtained from N2O
+●/He collisions at 8 keV ion translational 

energy is shown in Figure. 3.2, and this is compared to those obtained at 6 and 4 keV in 

Figure 3.3. A summary of the peak and transition assignments is presented in Table 3.1. 

Emission signals observed in the lower wavelength region (330-400 nm) correspond to the 

N2O
+● (A 2Σ+ � X 2Π+) system. Three dominant vibrational bands, 11 , 13  and 01 were 

observed. Other peaks observed in the spectrum arise from the emissions of the target gas He 

and electronically excited fragments N+., N, O+. and O.. 

 

  

In our earlier study of the CO2
+●/He system,24 two obvious band emissions resulting 

from electronic transitions of the B 2Σu
+ and A 2Πu states to the ground X 2Πg state of CO2

+● 

were observed. The vibrational progression in CO2
+● A 2Πu → X 2Πg transition showed 

emission from high vibrational levels (7, 0, 0) in the A 2Πu state. In the present N2O
+●/He 

system, only the expected A 2Σ+ → X 2Π+ transition was observed, and in addition, 

emissions arise only from low (indeed v = 1) vibrational levels of the A state. Also, the 

CO2
+●/He CIE spectra only showed 2 atomic emissions from the oxygen radicals O(5P) and 

O(3P), meanwhile in the N2O
+●/He CIE spectra, 9 more atomic emissions from fragments N+., 

N, O+. and O were observed. The intensity ratio between the molecular emission and atomic 
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emission from O(5P) and O(3P) were calculated: 
)(5

2
/

POON
II +  and 

)(5
2

/
POCO

II +  are 19 and 31; 

)(5
2

/
POON

II +  and 
)(5

2
/

POCO
II +  are 11 and 22, respectively, indicating the greater tendency to 

form excited fragments in the collisional activation of N2O
+●, in agreement with the 

dissociative nature of the N2O
+● higher excited states.3,31 According to ab initio calculations 

of the potential surfaces by Komiha,31,32 shown in Figure 3.4, two repulsive potential curves 

of 14Π and 14Σ- state curve-cross with the A and X state surfaces, leading to different state 

specified fragments. Also, there are avoided crossings between 14Σ- and 24Σ- state. We have 

identified a number of higher energy fragments in our CIE spectra indicative of the 

dissociation of higher electronic states of N2O
+●, Table 3.1.  This example shows that one 

benefit of the CIE experiment is that it not only offers rich information on the excited states 

of the projectile ion generated in a collision, but also on the excited states of CID products. 

 

3.3.2 Relative emission intensities as a function of ion translational energy 

 

The emission spectra over the wavelength range of 280-950 nm from 8 keV to 4 keV 

ion translational energy are presented in Figure 3.3. The intensities of the emissions from the 

target gas cannot be directly compared with those from the projectile ions or the fragments 

since the spatial distribution of collisions across the collision cell is unknown. The relative 

emission intensities of N2O
+●, N+., O+. and O at various collision energies are presented in 

Figure 3.5. The intensities have been corrected for their difference in radiative lifetime, as 

only a portion of the emission from each excited-state species is detected. The correction was 

performed based on our previous conclusion that the majority of collision events take place 

under the window.22 In Figure 3.5, all the points falls on y=x line indicating that the relative 
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emission intensities do not change with ion translational energy, supporting the curve-

crossing mechanism for collisional excitation which will produce the same distribution of 

excited states in the projectile ion, only the probability with which they are formed changes 

with translational energy according to the Massey equation. 

 

3.3.3 Relative band strength in the A 
2ΣΣΣΣ+ state N2O

+● 
 

 

Figure 3.6 shows a higher resolution CIE spectrum of the N2O
+● A 2Σ+ → X 2Π+ 

system in the 330-400 nm region produced by 8 keV collisions. The three bands 0
01 , 1

01  and 

1
13  are located at 354 nm, 338nm and 347 nm, respectively, together with related transitions 

0
11 , 0

21 and the combination band 0
11 1

13 . Each N2O
+● A 2Σ+ → X 2Π+ vibrational band 

consists of a pair of subbands with nearly equal intensity due to the spin-orbit splitting of the 

X 2Π+ state. The band emission intensities have been lifetime corrected for later calculation 

of the relative intensities.30 

  

The relative emission cross section is known to be related to the vibrational branching 

ratios and emission intensities as described in equations below 
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where ),( "' υυemI  ),( "' υυq  ),( "' υυε  and ),( "' υυσ em are emission intensity, Franck-Condon 

factor, transition frequency and cross section, respectively, for the "' υυ − band. The )( 'υf  

and )( 'υσ  represent the fluorescence versus predissociation branching ratio and excitation 

cross sections, respectively, for the 'υ  level of the A state. By transforming the equations 

and obtaining the )( 'υf  and ),( "' υυq  value based on the photoelectron-photoion 

coincidence measurement,27 the branching ratios can be determined from the relative 

intensities of the vibrational bands.11,13 The band strength of the 1
01  and 1

13  relative to that of 

the 0
01  band are listed in Table 3.2, along with values from photoionization and Penning 

ionization. In photoionization, )1(/)1( 0
0

1
0 II  and )1(/)3( 0

0
1
1 II  maintain constant values of 0.27 

and 0.05, respectively, when the photon energy is larger than 45 eV. Since the energy range 

above 45 eV is free of autoionization and shape resonance, these values are regarded as the 

branching factors in the Franck-Condon limit. Penning ionization obtained by Ne(3P: 16.6eV) 

and He(23S: 19.9eV) is similar to photoionization, showed non-FC behavior when the 

excitation energy was lower than 45 eV. Since autoionization is from the Rydberg state of 

the neutral molecule and shape resonant ionization is due to the interaction of the 

photoelectron or metastable atom and the target neutral molecule,34-36 neither of them have 

relevance to the N2O
+●/He system in this study. In the present CIE experiments, 

the )1(/)1( 0
0

1
0 II  and )1(/)3( 0

0
1
1 II  ratios in the N2O

+● A state show obvious deviation from 

Franck-Condon behavior, unlike our previous observations with CO2
+●/He.23 This is a clear 

example of collisional excitation producing a decidedly non-Franck-Condon distribution of 

vibrational levels.  This must be due to the fact that many predissociative states (such as the 

14Π and 14Σ- states, Figure 3.4) cross with, and populate the vibrational levels of, the A state 
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of N2O
+●. 
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3.4 Conclusion 

 

Using a modified VG-ZAB mass spectrometer, the emission from electronic excited 

projectile N2O
+● ions and their collision induced dissociation products have been observed, 

giving a relatively full picture of the activation process. Collision-induced emission 

spectroscopy produced from high keV N2O
+●/He collisions showed that the relative 

populations of electronically excited N2O
+●, N, O, O+. and N+. states remains constant as the 

collision energy is increased from 4 keV to 8 keV, a result consistent with the curve-crossing 

mechanism of collisional activation. The relative vibrational branching ratios of N2O
+● after 

collisional activation were compared with those obtained by different activation processes. 

Results indicate that due to the complex curve-crossing between predissociation states and 

the A and X states of N2O
+●, the vibrational population in the A state appears more evenly 

distributed than that resulting from Franck-Condon photoexcitation.  This was also different 

than that seen in the case of CO2
+●/He collisions and is the result of the many predissociative 

higher energy states populating the vibrational levels of N2O
+● A 2Σ+. 
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Table 3.1.  Observed emissions in Figure and their corresponding radiative lifetimes 

 
Transition   τ (ns) λ (nm) Ref. 

1
01  180 338 
1
13  199 344 
0
01  243 355 
0
11  243 368 
0
21  243 383 

N2O
+● A 2Σ+ → X 2Π+ 

1
1

0
131  195 360 

 
 
 
(29) 

O+. 
(3p)6P→(3s)6S0 
(3p)4D0→(3s)4P 

 
11 
39 

446 
468 

(36, 37) 

      

O 
(3d) 5P → (3s) 5S0 
(3p) 4P0 → (3s) 4P 
(3p) 3P → (3s) 3S0 

 
27 
34 
31 

779 
822 
847 

(36, 37) 

      

N+. 

(3d) 3F0 → (3p) 3D 
(3p) 3S → (3s) 3P0 
(3p) 3D → (3s) 3P0 

(3p) 3P → (4l) 3P0 

 

8 
13 
18 
33 

503 
503 
570 
659 

(36, 37) 

      

N 

(3p) 4S0 → (3s) 4P 
(3p) 4D0 → (3s) 4P 
(3d) 2P → (3p) 2S0 
(3p) 2F0 → (3s) 2D 

 

31 
44 
52 
39 

748 
872 
906 
906 

(36, 37) 

      

He 
(3p) 3P0 → (2s) 3S 
(3d) 3D → (2p) 3P0 

(3d) 1D → (2p) 1P0 
 

18 
14 
16 

389 
590 
671 

(36, 37) 
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Table 3.2  Band emission intensities of 1
01  and 1

13  relative to the 0
01 band of N2O

+● (A → X). 
 

Method Ionizing energy 
(eV) 

)1(/)1( 0
0

1
0 II  )1(/)3( 0

0
1
1 II  Ref. 

CIE  0.227 (2) 0.124 (3) This work 

PI 17.1-26.8 0.162(17) 0.057(6) 38 

 17 0.237(6) 0.047(2) 

 20 0.113(4) 0.038(3) 

 45-53 0.272(6) 0.049(3) 











32 

He(23S)-FA Thermal 0.137(12) 0.062(3) 9 

Ne(3P)-FA Thermal 0.208(43) 
0.019-
0.061(9) 

10 

He(23S)-FA 0.15 0.105(7) 0.045(3) 11 

 

a PI: photoionization; FA: Penning ionization 

b Numbers in parentheses represent uncertainties attached to the last digit  
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Figure Captions 

 
Figure 3.1.  A simplified diagram illustrating curve-crossings during ion-target collisions. 

The behavior of the excited states is drawn as a single entity. 

Figure 3.2 Collision-induced emission spectra (190-1020 nm) of N2O
+●/He collisions at 

8 keV. Collision gas pressure corresponded to 90% ion beam transmission. The arrows with 

different shapes                represent photoemission from O+., N+., He, N and O, respectively. 

Figure 3.3  Collision-induced emission spectra (190-1020 nm) of N2O
+●/He collisions at 

8, 6 and 4 keV. Collision gas pressure corresponded to 90% ion beam transmission. 

Figure 3.4  Ab initio potential curves for a collinear N2O
+● geometry calculated by 

Komiha (Ref. 32).  Reprinted with permission from Richard-Viard, M.; Atabek, O.; Dutuit, 

O.; Guyon P.M. J. Chem. Phys. 1990, 93, 8881. Copyright 1990, American Institute of 

Physics. 

Figure 3.5  The plot of the lifetime-corrected relative emission intensities of N2O
+●, N+., 

N, and O at various ion translational energies vs. those at 8 keV. All ion translational 

energies were obtained by varying the source accelerating voltages. Spectra are normalized 

to the ion flux at 8 keV. Collision gas pressure corresponded to 90% ion beam transmission. 

Figure 3.6  Collision-induced emission spectrum (330-400 nm) of 8 keV N2O
+●/He 

collisions obtained with an entrance slit width of 1.0 mm (total data acquisition time per 

section: 8 hours). 
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Figure. 3.1: refer to Figure 1.7 in the introduction part. 

 
 
 
 
 
 
 
 
 
Figure. 3.2 
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Figure 3.3 
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Figure 3.4 
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Figure 3.5  
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Figure 3.6 
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Chapter 4 

 
 
 

A comparison of the charge transfer and 

collisional activation processes in ionized 

CO2/He collisions 

 

 

 

 

 

4.1 Introduction 

 

The fluorescence of CO2
+● and its dissociation products had been observed to be the 

important components of the dayglow of Mars in 1968 [1,2]. The emission band systems of 

CO2
+● arise from the transitions between the excited A 2Πu

+ and B 2Σ+
u states to the ground 
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state X 2Πg [2,3]. Prominent transitions of the A 2Πu
+ → X 2Πg system, ranging from 280 to 

500 nm, are the symmetric ( 1ν ) vibrational progressions, while the unsymmetrical ( 2ν and 

3ν ) vibrational progressions do not make a great contribution [4,5]. The B 2Σ+
u → X 2Πg 

band system, located at 288nm, displays a dominant ∆ ν = 0 sequence. Higher lying 

electronic states of CO2
+● are found to be efficiently predissociative [6-9].  For example, the 

C 2Σ+
g state of CO2

+● has been determined by photoionization experiments to be able to fully 

predissociate into O+● +CO and CO+●+O [10].  

 

Various studies of ionization and dissociative excitation of CO2 have been published, 

such as electron ionization [11-13], Penning ionization [14-16], photon impact [17,18] and 

charge transfer ionization [19-21]. In 1980, the photoelectron-photon coincidence 

experiments by Maier et al. [22] showed the existence of interelectronic state coupling 

between the A and B states of CO2
+●. The A and B state coupling can result in photon 

emission between 330 and 450 nm, changing the vibrational distribution of the A state.  

 

A recent paper from our lab studied the collision induced emission of CO2
+● formed 

by the keV (laboratory frame) ion-molecule collisional activation (CO2
+●/He) [23]. Results 

confirmed that the activation follows the curve-crossing mechanism [24-26]. The qualitative 

and quantitative description of curve crossing adiabatic energy transfer to produce electronic 

excitation has been described by Massey, Burshop, Gilbody and Nikitin [27-28]. During the 

CO2
+●/He collision process, when the projectile ion approaches the target, the electronic 

energy of the collision complex increases along the adiabatic curve of the ground state (at the 

expense of translational energy), until the ground state potential surface crosses with that of 
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an excited state.  The strength of the non-adiabatic coupling of the two curves can be 

represented as the Massey parameter, ξ , in the Massey equation υξ hEa /∆=  ( E∆  is the 

smallest energy gap between two adiabatic states, ‘a’ is the width of the nonadiabatic 

interaction region and υ  is the classical nuclear velocity). The curve-crossing then brings 

about a radiationless transition between the ground and electronic excited state of the 

collision complex. During separation of the collision complex, the projectile ion may return 

to its original energy surface or remain in an excited electronic state. In the latter case the 

electronic excitation can be removed by emission of a photon or converted to ro-vibrational 

excitation of the ground state by IVR (intramolecular vibrational relaxation).  

 

As a comparison, the charge transfer reactions of He+● with CO2 were studied via the 

collision-induced emission (CIE) spectrum from the collision of He+● with stationary CO2 at 

laboratory frame collision energies of 4-8 keV. The photoemission spectrum with higher 

resolution was also obtained in the wavelength range of 280-500 nm, sufficient for the 

measurement of vibrational populations.  

 

 

4.21 Experimental procedures  

 

All experiments were performed on a modified VG ZAB mass spectrometer[29] with 

an added third field-free region (3FFR) as previously described [30-31].  He+● ions were 

generated from He by 80-90 eV electron ionization in the ion source of the instrument. The 

ions were transmitted to the 3FFR where they collided with the target gas CO2 in the cell at a 
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collision gas pressure that reduces the pre-cell ion flux by 10% (i.e. essentially single 

collision conditions) [29]. With 80-90 eV electrons, ionization of He could result in He+● 

excited states being formed in the ion source. However, most of the radiative lifetimes of 

those states are under 100 ns [32]. When compared to the time required for the ions to reach 

the collision chamber, which ranges from 5 to 10 µs depending on the accelerating voltage, 

virtually all ions that are formed initially in excited states would have returned to the ground 

state by the time they collide with the target gas.  To ensure that excited states of He+● were 

not playing a significant role, He was ionized with <50 eV electrons.  The resulting 8 keV 

collision-induced emission spectrum is indistinguishable from that obtained with >80 eV 

electron ionization (Table 4.2 and supporting information). 

 

A spectrograph (Acton SpectraPro 275, 27.5cm focal length, 1200 g mm-1 

holographic grating) and a thermoelectrically-cooled charge-coupled device (CCD) detector 

(Andor DV401-UV, front-illuminated with UV coating) have been installed above the 

collision cell for the detection of photon emissions resulting from ion-target collisions [33]. 

Emissions from the excited state species were directly observed with the CCD detector 

cooled to a temperature of -35 ºC. The time window of observation ranges from 14-19 ns for 

8 keV to 4 keV He+●. The entrance slit of the spectrograph was set to 3.0 mm, providing a 

spectral resolution of 8.5 nm (measured at full width at half-height for atomic lines). Optical 

emissions were recorded from 190-1020 nm using the Andor MCD 2.63.1.8 program and 

were recorded in 14 separate segments, each being 50-70 nm wide. Two accumulations of 30 

minutes were collected at 8 keV ion translational energy for each segment at full vertical 

binning reading mode. For other ion translational energies, the total acquisition time for each 
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of the separate segments ranged from 1 hour to 2 hours. Each segment was background 

subtracted and background spectra were collected prior to signal acquisition with exactly the 

same conditions, except without an ion beam. Spectral spikes resulting from cosmic rays 

were removed digitally by the program. Horizontal binning was performed manually in the 

ASCII file by combining data of every 20 pixel columns and the overlapping portion of the 

spectrum at the two ends of each window was averaged.  A higher-resolution spectrum (280-

450 nm) was obtained by reducing the entrance slit width to 1.0 mm, resulting in a spectral 

resolution of 3.0 nm, and the data acquisition time of each segment was increased to 4 hours. 

 

4.2.2 Potential energy curves calculation of collision complex CO2
+●

-He 

 

Adiabatic potential curves for the ionized collision complex CO2/He as a function of 

collision coordinate were calculated at the  CISD/6-311+g(2df) level of theory using the 

Gaussian 98 suite of programs [34]. The collision trajectory in Cartesian coordinates is 

shown in Figure 4.1. Single-point energy calculations of ionized CO2/He were performed as 

a function of α, from 0 to 3 Å in steps of 0.1 Å with a specific impact parameter β. (β value 

varies from 0.5 to 0.8 Å) The collision trajectory was chosen in this way so that the collision 

complex always possesses C2v symmetry and the adiabatic curves in the C2v point group will 

have different irreducible representations, allowing us to identify which state crossings are 

involved in the collision processes.  Due to the relative ionisation energies of the two species, 

the curves relate specifically to a collision between ionized CO2 and neutral He.  The 

potential energy curves of the A 2Πu
+ state and the ground state X 2Πg of CO2

+-He contain 
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more than one individual orbital component; the A state consists of A1 and B1 components, 

the ground state consists A2 and B2 components, respectively. 

 

4.3 Results and discussion 

 

4.3.1 Emission spectrum from He
+●

/CO2 collisions 

 

The emission spectrum obtained from He+●/CO2 collisions at 8 keV ion translational 

energy is shown in Figure 4.2. A summary of the peak and transition assignments is 

presented in Table 4.1. Emission signals observed in the lower wavelength region (290-440 

nm) correspond to the A 2Πu
+ → X 2Πg and B 2Σ+

u → X 2Πg transitions of CO2
+●, emissions 

from the neutralized He+● and emissions from C, C+., and O dissociation fragments. The 

continuum at 500 nm is due to the He+● ion beam striking the silica window [35,36]. Almost 

all of the species observed in the CIE spectrum must be from charge transfer reactions 

(including dissociative charge transfer) indicating that this is the dominant reaction during 

the He+●/CO2 collision process.  

 

The strongest emission band is from the CO2
+● B→X system. The remainders of the 

molecular emissions at longer wavelengths are vibrational transitions in the CO2
+● A→X 

system. The 0,0,0-7,0,0 appear to be the dominant vibrational levels populated. The relative 

peak intensity ratios for the molecular emission of CO2
+● are shown in Table 4.2. Among the 

vibrational transition progressions of CO2
+● A→X system, ν∆  = +5, +4, +3, +2, +1, 0, -1, -2, 

ν∆ = +2 (326nm) is the most prominent one. ) 2 X,A(X)B( / +=∆→→ νΙΙ = 250:100 (where I is the 
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intensity of the designated band). In our earlier study of the CO2
+●/He system [23], both 

A→X and B→X band emissions were also observed, however, the ν∆ = +1 (338nm) instead 

of ν∆ = +2 (326 nm) was the most intense progression in the A→X system.  In addition, the 

intensity (relative to the A→X system) of the B→X band was lower than in the present 

experiment ( ) 1 X,A(X)B( / +=∆→→ νΙΙ = 102:100, as compared to the present value of 250:100, 

Table 4.2).  So, due to the exothermic nature of the collisional charge transfer, and the 

slightly shorter interaction time (factor of ~ 3), excitiation of neutral CO2 to form CO2
+● has 

more Franck-Condon character (similar to photoexcitation) than the excitation of CO2
+● upon 

collision with neutral He.  In the latter case, interelectronic coupling of the B and A states 

produces more IVR [22], reducing the population of the B state and producing a more evenly 

distributed vibrational excitation in the A state. 

 

Figure 4.1 presents the adiabatic potential energy curves of the CO2
+●/He collision 

complex at β=0.6 Å using the CISD/6-311+g(2df) level of theory. Since the excited states of 

He are much higher than those of CO2
+●, the lowest excited states of the collision complex 

are the interaction of the ground state of He with excited states of CO2
+●. Figure 4.3 shows 

the calculated potential curves with 0.5, 0.7 and 0.8 Å as the β values. In all cases, the A2 

component of the X 2Πg state crosses with the A1 component of the A 2Πu state and the B2Σ+
u 

state crosses with A2 component of the A 2Πu state, in agreement with the CO2
+● A→X and 

B→X band emission observed in the CO2
+●/He experiment. Also, note that the potential 

curves of A and B states are crossing during the collision process, which could promote the 

A and B electronic state coupling, thus explaining the discrepancy between the CO2
+●/He 

and He+●/CO2 spectra. 
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4.3.2 Vibrational distribution in the A state CO2
+●

 ion 

 

Figure 4.4 shows a higher resolution CIE spectrum of the CO2
+● A 2Πu

+ → X 2 Πg 

system in the 280-440 nm region produced by 8 keV collisions. Stretching vibrational 

progressions ν∆  = +5,+4,+3, +2, +1, 0, -1, -2, -3,-4 were observed. In addition, another 

vibrational progression marked by asterisks was seen. The assignment of this series is also 

included in Table 4.1. The vibrational distribution is known to be related to the emission 

intensities and Franck-Condon factor as described in the equation below [40] 
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N
KI eem =            (1) 

where '''νν
emI  '',' ννq  '','ννλ  are emission intensity, Franck-Condon factor and emission 

wavelength, respectively, for the ''' νν −  band. 'νN  is the vibrational population of  'ν  level 

and eR  is the average electronic transition moment which is nearly  constant within a 

sequence. Each peak in A 2Πu
+ → X 2Πg transition is composed of several individual 

components corresponding to transitions between different vibrational states, for example the 

peak of 0=∆ν sequence contains contribution from transitions 0-0, 1-1, 2-2, 3-3 etc. 

Therefore, each peak in  the A 2Πu
+ → X 2Πg transition in Figure 4.4 can be fitted by 

combining  those )0,0,()0,0,( ji νν → transitions with the same ν∆  values in A 2Πu
+ → X 

2Πg system, as shown below  
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where )(λH  is the emission peak to be fitted, )(λG is Gaussian function, 'K is a 

constant, ijλ and ijq are the emission wavelength and Franck-Condon factor between 

)0,0,( iν of the A state and )0,0,( jν of the B state, respectively. 

 

Figure 4.5 shows the result of the fits for He+●/CO2 spectrum. Also, the previously 

reported CO2
+●/He spectrum [23] was fitted using the same equation. The relative vibrational 

populations for states )0,0,0( to )0,0,7( are listed in Table 4.3 along with those produced by 

electron ionization and photoionization. The vibrational population obtained from He+●/CO2 

collisions is quite similar to that obtained from the photoelectron spectrum. The relative peak 

intensities of each sequence in A 2Πu
+ → X 2Πg emission barely change in going from  4-8 

keV.  This again shows that when the velocity of He+● is larger than 3.1 710× cm/s, the 

excitation of the A state in CO2
+● is similar to that using photoexcitation, due to the short 

reaction time and high exothermicity of the charge transfer reaction that produces the excited 

A state.  The vibrational population obtained derived from the previously reported CO2
+●/He 

collisions is different from He+●/CO2 but similar to the result from electron ionization (Table 

4.3). Compared with photoionization, CO2
+●/ He collisions show a more even distribution 

among levels i = 0-4, that are likely the result of the initial formation of higher dissociative 

states of CO2
+● from curve-crossing excitation followed by intramolecular vibrational 

redistribution (IVR) before emission.  
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4.4 Conclusion  

 

The emission spectra produced by He+● impact on CO2 at 4-8 keV (He+● / CO2 ) have 

been observed using a modified VG-ZAB mass spectrometer. The spectra consist almost 

exclusively of emissions from dissociative charge transfer products, confirming dissociative 

charge transfer reactions dominate the collisional activation process. The vibrational 

distribution of the resulting CO2
+● A 2Πu

+ state indicate that the excitation mechanism is 

similar to the photo-excitation. For the previously reported case of CO2
+● impact on He 

(CO2
+● /He ), newly calculated adiabatic potential energy surfaces show the direct crossing 

of the CO2
+● A 2Πu

+ and B 2Σ+
u states. Differences in the vibrational populations of the A 

state in these two types of collisions is likely due to IVR following the formation of higher 

CO2
+●  states when it is the projectile ion.   

 

. 
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Table 4.1.  Observed emissions in the collison of He+● with neutral CO2. 

Transitiona  τ 
 (ns) 

cλobs 
(nm) 

c λref 
(nm) 

Ref. 

  B2Σ+
u → X 2Πg  

(n,0,0) → (n,0,0)  (∆ν = 0) ~ 145 288 288 
41-43 CO2

+● 

           A 2Πu
+ → X 2Πg     

 (n,0,0) → (n-5,0,0)  (∆ν = 5)  295 294  
 (n,0,0) → (n-4,0,0)  (∆ν = 4)  305 304  

(n,0,0) → (n-3,0,0)  (∆ν = 3)  315 315   
 (n,0,0) → (n-2,0,0)  (∆ν = 2) ~ 120 327 326  

(n,0,0) → (n-1,0,0)  (∆ν = 1)  338 338 41-42 
(n,0,0) → (n,0,0)      (∆ν = 0)  354 351 44-47 
(n,0,0) → (n+1,0,0)  (∆ν = -1)  368 368  
(n,0,0) → (n+2,0,0)  (∆ν = -2)  388 386  
where n = 0, 1, 2 …     
b(n,0,0) → (n-2,0,2)   (∆ν = 2)* ― 362 361 
(n,0,0) → (n-1,0,2)   (∆ν = 1)*  377 361 

 
 

 
 
 

(n,0,0) → (n,0,2)      (∆ν = 0)*  396 392 45-47 
(n,0,0) → (n+1,0,2)  (∆ν = -1)*  413 411  
(n,0,0) → (n+2,0,2)  (∆ν = -2)*  435 434 

 
 

where n = 0, 1, 2 …    
 
 

(3p) 3P→ (3s) 3S0 36 845 845  
(3p) 5P→(3s) 5S0 29 779 777  

O 

(3p’) 3D→(3p) 1D0 46 944 939-944  
(3d) 5D0

→(3p) 5P 24 929 926  
(4d) 5D0

→(3p) 5P 142 617 616 
 
 

(4d’) 3G0
→(3p’) 3F 159 626 626 

 

C (3p) 3P→(3s) 3P0 40 908 906-911  32, 48 

(3p) 4D→(3s) 4P0 27 678 678-681 
(3d) 2D→(3p) 2P0 22 727 723-724 

C+. 
 

(3p) 2P0→(3s) 2S 21 658 658 

 
 

(3d) 3D→(2p) 3P0 14 590 588 
(3d) 1D→(2p) 1D0 16 669 668 

He 

(3s) 3S→(2p) 3P0 65 707 706 
 

 

aTransition written in notation ( 321 ,, ννν ). For CO2
+●, 1ν =symmetric stretch, 2ν =bending 

mode and 3ν = asymmetric stretch. 
b The * refers to the sequence of ( 0,0,1ν )→( 2,0,1ν ) transitions. 
cλobs and λref refer to the wavelength values observed in this study and those reported in the 

literature, respectively. 
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Table 4.2. The relative peak intensity ratios for the molecular emission of CO2
+●

 

 

a
 IA→X   Method 

 
a
 IB→X  294 b 304 315 326 338 351 

c CO2
 +●/ He 102 9 20 43 76 100 74 

d He+● /CO2 (80-90 eV) 250 12 31 81 100 66 38 
e He+● /CO2 (50 eV) 258 12 29 81 100 66 37 

 

a The relative peak intensity of CO2
+●emission peak, the most intense peak in the CO2

+● A 

2Πu
+ → X 2Πg system is taken as 100. 

b The wavelength of each progression transition in CO2
+● A 2Πu

+ → X 2Πg band emission, in 

nm. 

c 8 keV collisions between projectile CO2
 +● ions and stationary He target gas, from Ref. 23 

d 8 keV collisions between projectile He+● ions (produced by electron energy at 80-90 eV) 

and stationary CO2 target gas, this study. 

e 8 keV collisions between projectile He+● ions (produced by electron energy at 50 eV) and 

stationary CO2 target gas, this study.  The spectrum is included in the supporting material. 
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Table 4.3. The relative vibrational populations for states )0,0,0( to )0,0,7(  in the CO2
+● A 

2Πu
+ state. 

 

 Vibrational level (i,0,0) Method Electron 
energy 0 1 2 3 4 5 6 7 

He+●/CO2 
a
  3 12 28 21 16 12 6 2 

PES b  8 18 28 18 12 9 4 2 
CO2

+●/ He c  13 19 19 18 18 5 5 2 
EI d 30 12 26 21 19 13 6 2 1 
 50 13 23 22 20 13 6 2 1 
 100 13 23 21 19 14 6 2 1 
 300 14 23 23 20 14 5 2 1 

 

a 8 keV collisions between projectile He+● ions and stationary CO2 target gas,  this study 

b PES Photo-excitation spectrum, Ref. 18 

c 8 keV collisions between projectile CO2
 +● ions and stationary He target gas, described in 

Ref. 23 

d EI Electron ionization, Ref. 49 
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Figure Captions 

 
Figure 4.1  Collision trajectory of CO2

+●/He collisions and adiabatic potential energy 

curves of the CO2
+●-He collision complex calculated with impact parameter 6.0=β Å at the 

CISD/6-311+g(2df) level of theory.  

Figure 4.2 Collision-induced emission spectra (190-1020 nm) of He+●/CO2 collisions at 

8 keV. Collision gas pressure corresponded to 90% ion beam transmission. The arrows with 

different shapes              represent photoemission from C, He, O and C+., respectively.  

Numbers refer to vibrational transitions listed in Table 4.1. 

Figure 4.3  Adiabatic potential energy curves of the CO2
+●/He collision complex at 

various β values calculated at the CISD/6-311+g(2df) level of theory. 

Figure 4.4  Collision-induced emission spectrum (330-400 nm) of 8 keV He+●/CO2 

collisions obtained with an entrance slit width of 1.0 mm (total data acquisition time per 

section: 8 hours).   Numbers refer to vibrational transitions listed in Table 4.1. 

Figure 4.5  Peaks in the CO2
+● A 2Πu

+ → X 2Πg emission obtained from He+●/CO2 

collisions fitted with equation (2). Individual vibrational transitions from (i,0,0) of the A 

2Πu
+ state to (j,0,0) of  the X 2Πg state are represented as i-j. 
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Figure 4.1. 

 

5

10

15

20

25

30

35

0.0 0.5 1.0 1.5 2.0 2.5 3.0

CO2
+.(X)+He

0

R
el

at
iv

e 
E

ne
rg

y 
(e

V
)

α (Å)

β = 0.6 Å

CO2
+.(A)+He

CO2
+.(B)+He

CO2
+.(C)+He

Z

Y

X

Z

Y

X

O

HeHe

C
(0,0,0)

(rCO,0, 0)

(-rCO,0, 0)

(0,αααα,ββββ)

O

β

α



 87 

Figure 4.2.  
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Figure 4.3. 
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Figure 4.4 
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Figure 4.5 
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Chapter 5 

 

 

Do the O2 Shumann-Runge bands 

participate in keV collision-induced 

dissociation experiments?   

 

 

 

 

5.1 Introduction 

 

In mass spectrometry, dissociation of the ions may either occur spontaneously 

(metastable ion) or can result from intentionally supplied additional activation.  Typically the 

activation is from collisions with neutral target gases, a process called collision-induced 

dissociation (CID). In a magnetic sector mass spectrometer, CID mass spectra are obtained 
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by mass selected ions colliding ions having keV lab frame energies with a stationary target 

gas. During the keV ion-target collision, part of the translational energy of the projectile ion 

can be converted into its internal energy and the internal energy of the ion is assumed to be 

redistributed statistically among the internal degrees of freedom, in the form of vibrational 

energy in the ground state, prior to dissociation [1, 2]. With this assumption, the produced 

CID mass spectra, resulting from the competition of different dissociation pathways, are 

independent of how the internal energy got into the ion in the first step. 

 

To obtain CID mass spectra, various target gases can be used, such as N2, Ar and He. 

According to empirical observations, the CID mass spectra using different target gases are 

quite similar [3]. However, O2 behaves differently from most of the target gases in that it can 

particularly favor some specific fragmentation reactions. This nonergodic behavior of O2-

enhanced dissociation then arouses interests of several groups.  Flammang et al. reported a 

series of O2 enhanced dissociations in CID mass spectra compared with other common target 

gases such as N2 and Ar [4-8]. Holmes et al. [9,10] did a systematic study of the O2 enhanced 

dissociations: the CH3
. loss from CH3CH+X (X=OH, NH2, SH, CH3); CH3

. and Cl. loss from 

CH3C
+(Cl)CH; C2H5

. loss from CH3CH2CH+X (X=OH and NH2); H
. loss from +CH2OH and 

+CH2NH2; O loss from 1,2-, 1,3- and 1,4-C6H4(NO2)2
+, etc. They found that these 

dissociation reactions share some common features in that they are all high-energy simple 

bond cleavage reactions.  Moreover, their minimum energy requirements all fall in a 

relatively narrow energy range (450-565 kJ/mol). Some examples are shown in Figure 5.1.  

In the +CH2OH CID mass spectrum, the peak with m/z 30 (fragment ion from H. loss of 

+CH2OH) is more intense using O2 as the target gas as compared to He, indicating that H. loss 

from +CH2OH is an O2-enhanced dissociation. The +CH2NH2 CID mass spectrum shows the 
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same pattern. The reaction leading to O loss from Nitromethane cation, CH3NO2
+. 

(producing m/z 45), thermochemically does not fall in the above energy window (229 

kJ/mol), however enhancement is still observed. Note that the fragment ion peak exhibits 

significant broadening due to kinetic energy release during the dissociation, an indication 

that this channel involves a large reverse-energy barrier. This means though the reaction 

energy, ΔH, is 229 kJ/mol, the real energy requirement for this fragmentation, Ea, could still 

fall in the 450-565 kJ/mol energy range. This again is in agreement with the O2-enhanced 

dissociation pattern. To rationalize these observations, the specific energy range of the 

dissociations was correlated to a property of the O2 target itself. It has been reported [16] that 

the B 3Σu
+state of O2 has a long lifetime in the range of milliseconds, and also its potential 

energy relative to the X 3Σg
- ground state is from 598 to 682 kJ/mol (the later being the 

dissociation limit of O2  to O(3P) to O(1D), shown in Figure 5.2 ), which is close to the O2-

enhancement dissociation energy window. Accordingly, it was proposed [10] that O2 was 

excited from the ground X 3Σg
- state to the B 3Σu

+ state (belonging to B 3Σu
+
― X 3Σg

- 

Shumann-Runge system) and that this B state of O2 resonantly transfers this energy quanta 

back to the projectile ion in the collision complex, allowing the ion to undergo dissociations 

whose activation energy lies within that range.  

 

Although the hypothesis explained the experimental results very well, there has been 

no concrete experimental evidence for the formation of the O2 B state during the collision.  It 

is known that when the excited states of a species are produced in the collision process, some 

of them will transit to lower states giving out characteristic photon emissions with specific 

wavelengths, (collision-induced emission, CIE). In this study, the CIE spectra were obtained 
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from different ion-O2 collisions to probe the produced excited electronic states, especially the 

O2 B 3Σu
+ → X 3Σg

- SR emission band (the only observed emission involved with the B 3Σu
+ 

state [16]).  

 

5.2 Experimental procedures 

 

All experiments were performed on a modified VG ZAB mass spectrometer. The 

original, double-focusing mass spectrometer [11-13] with an added third field-free region 

(3FFR) as previously described [14, 15]. Ions were generated 80-90 eV electron ionization in 

the ion source of the instrument. The ions were transmitted to the 3FFR where they collided 

with the target gas in the collision cell at a collision gas pressure that reduces the pre-cell ion 

flux by 10% or 40% as needed. 

 

A spectrograph (Acton SpectraPro 275, 27.5 focal length, 1200 g mm-1 holographic 

grating) (Acton Research Corp, Acton, Mass, USA) and a thermoelectrically-cooled charge-

coupled device (CCD) detector (Andor DV401-UV, front-illuminated with UV coating, 

Andor Technology, Belfast, Northern Ireland) have been installed above the collision cell for 

the detection of photon emissions resulting from ion-target collisions [15]. Emissions from 

the excited state species were directly observed with the CCD detector cooled to a 

temperature of -35 ºC. The entrance slit of the spectrograph was set to 3.0 mm, providing a 

spectral resolution of 8.5 nm (measured at full width at half-height for atomic lines). Optical 

emissions were recorded from 190-1020 nm using the Andor MCD 2.63.1.8 program and 

were recorded in 14 separate segments, each being 50-70 nm wide. Two accumulations, 
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ranging from 1 hour to 4 hours, were collected at 8 keV ion translational energy for each 

segment at full vertical binning reading mode. Each segment was background subtracted and 

background spectra were collected prior to signal acquisition with exactly the same 

conditions except without an ion beam. Spectral spikes resulting from cosmic rays were 

removed digitally by the program. Horizontal binning was performed manually in the ASCII 

file by combining data of every 20 pixel columns and the overlapping portion of the 

spectrum at the two ends of each window was averaged.  

 

Higher-resolution spectra were obtained by reducing the entrance slit width to 1.0 or 

0.5 mm, resulting in a spectral resolution of 3.0 and 2.4 nm, and the data acquisition time of 

each segment was increased to 8 and 10 hrs. 

 

During the whole accumulation, the ion flux intensity was monitored and adjusted to 

remain stable, and each segment is normalized according to the flux intensity of the ion beam. 

 

5.3 Results and discussion 

 

The Shumann-Runge (SR) system (B 3Σu
+ → X 3Σg

-) is the most extensively studied 

system of O2, with more than a hundred lines of this system being identified. The emission 

bands range from 207-535 nm, they are red-degraded and show no prominent band heads. 

Most other O2 transitions are considerably weaker than the B 3Σu
+ → X 3Σg

- system, being 

forbidden by electric dipole selection rules. 
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5.3.1 CIE spectra of CH3NO2
+.

/O2 and CH3NO2
+.

/He 

 

The CH3NO2
+.-target system has been studied since CH3NO2

+. ions can undergo an  

O2-enhanced dissociation as mentioned in the introduction. In the experiment, CH3NO2
+. ion 

beams of same intensity were prepared and target gas were supplied to get 10% beam 

reduction (i.e. essentially single collision conditions [11]). The resulting CIE spectra were 

obtained after two hours signal accumulation for each section. Figure 5.3a shows the CIE 

spectra obtained from CH3NO2
+./O2 and CH3NO2

+./He in the range of 190-570 nm, 

respectively. The CH3NO2
+./O2 CIE spectra exhibit 3 narrow atomic emission peaks of C (3s 

1P0
→ 1p 1D), H.

β (n=4→n=2) and H.
λ (n=5→n=2) [17] as well as a broad emission band 

ranging from 190-310 nm, falling right in the range of the SR band.  In contrast, the CIE 

spectrum of CH3NO2
+./He collisions exhibits no obvious emissions in this spectral range. 

Although the CIE spectrum of CH3NO2
+./O2 indicates that a large amount of excited C and H. 

have been produced during the collision, the ion fragment at m/z 49 (corresponding to loss of 

C) is not shown in the O2 CID mass spectrum. The m/z 60 (loss of H.) peak is of similar 

intensity in both the He and O2 CID mass spectra. Mclafferty et al. in 1987 [18] reported that 

the efficiency of the CID process was related to the ionization potential of the target gas and 

the Cooks group [19] showed that CID efficiency is greater for He targets because losses due 

to scattering and neutralization are reduced. Accordingly, the significant amount of excited C 

and H., as shown in the CIE spectrum of CH3NO2
+./O2 only, could be produced from 

dissociative charge transfer rather than CID.  

 

To enhance the signal-to-noise ratio, target gas pressures were increased to produce 

40% beam reduction.  The resulting CIE spectra are shown in Figure 5.3b. In the CIE 
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spectrum of CH3NO2
+./O2, the peak appeared at 314 nm was identified as atomic emission of 

O+. (4s 4P0
→ 3p 4D0) [17], again confirming the charge transfer reactions existed during ion-

O2 collisions. Although the strength of the broad peak increased, it was still too weak to be 

identified. The CIE spectrum of CH3NO2
+./He shows no obvious emissions, indicating that 

the unidentified broad peak could come from the target O2. 

 

5.3.2 CIE spectra of N2
+.

/O2 and N2
+.

/He 

 

The simpler N2
+./target gas system has also been studied.  Figure 5.4 shows the CIE 

spectra obtained from N2
+./O2 and N2

+./He collisions in the range of 190-570 nm. Both 

spectra show molecular emission from N2
+. and N2 [20-22]. The broad feature in this region 

is now more intense, but again appears only in the N2
+./O2 CIE spectrum, while N2

+./He 

collisions give only a helium atomic emission.  Figure 5.5a shows a higher resolution CIE 

spectrum for which the slits were narrowed from 3mm to 1mm and the accumulation time 

was increased from 2 hrs to 8 hrs. The unknown broad peak showed obvious vibrational 

structure and can now be indentified. The best match to the experimental data was found not 

to be the O2 SR bands but rather the A 2Πu→X 2Πg O2
+. ion emission, which falls in the same 

energy window (Figure 5.2). The O2
+. A→X emissions have obvious band heads and they 

are red-degraded and double-headed. The wavelengths of the O2
+. A→X bands range from 

194 to 653 nm, heavily overlapped with the SR band making emission identification difficult. 

The vertical lines in Figure 5.5a show the O2
+. A→X emission bands reported in the 

literature [16] and agreement with the experimental data is excellent. However, the 

characteristic double head of the bands was not observed, due to low resolution. Fig 5.5b 

shows the CIE spectrum with the slit width reduced to 0.5 mm. The spectrum shows that 
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though the peak intensity becomes weaker we now observe the characteristic splitting of the 

A→X O2
+. emission bands, confirming the existence of a significant amount of O2

+. from 

charge transfer reactions.  A full list of experimentally observed band heads and the reported 

O2
+. A→X emission bands is available as supporting information.    

 

5.3.3 CIE spectra of CH3
+
/O2 

 

Based on the above observation of the O2 excited states produced, it is proposed that 

there are two possibilities: one is that there is no SR band formed in the collision; the other is 

the A→X O2
+. emission produced from the charge transfer reaction between N2

+. and O2 is so 

intense that it masks the SR emission. To exclude the latter case, CH3
+ was chosen as a 

projectile ion (ionization energy = 9.84 eV, compared to 12.07 eV for O2) [23], so that the 

charge transfer reaction producing O2
+. ion is not thermochemically favored. Figure 5.6 

shows the CIE spectrum of CH3
+/O2 collisions compared to the N2

+./O2 system. The N2
+. and 

N2 emissions were not observed, of course, and two atomic emissions C. (3s 1P0
→ 1p 1D) 

and O+. (4d 4P→3p 4S0) were found. The band emission is also present and compared with 

N2
+./O2 it is of lower intensity and shows no well resolved sequences. The accumulation time 

was increased from 2 hrs to 10 hrs, and the resulting spectrum obtained is shown in Figure 

5.6b. The vertical lines show the wavelength of O2
+. A→X emission. The band emission 

agrees with A→X O2
+. emissions. When compared with the literature SR bands, shown in 

Figure 5.7, there are several peaks, marked by arrows, that don’t agree with SR band values.  

 

Above all, there is no strong evidence for the formation of a significant amount of the 

B state of O2.  However, the A→X O2
+. emission bands and dissociative charge transfer 
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products emissions were consistently observed, even when charge transfer is 

thermochemically unfavorable, indicating that a considerable amount of the A state of O2
+. 

can be generated during ion-O2 collisions. Combining this with the fact that the energy 

difference between the A and X O2
+. states is close to that between the B and X O2 states [16], 

a second potential mechanism can be put forward to rationalize the O2-enhancement effect: 

during ion-O2 collisions, electron transfer in the collision complex forms a significant 

amount of O2
+. A state. During the separation of the collision complex, some of the O2

+.  ions 

remain in their A state (collisional charge transfer) and emit, while others back-charge 

transfer to the projectile re-forming O2 in its ground state, leaving the A→X energy quanta in 

the projectile ion, allowing it to undergo O2-enhanced dissociation. 

 

5.4 Conclusions 

 

Strong O2
+. A→X emission was observed in N2

+/ O2 CIE experiments, due to the 

charge transfer reaction between N2
+ and O2. This emission band is also observed CH3

+/O2 

collisions, even though charge transfer is thermochemically unfavorable.  It is postulated that 

the source of the observed O2-enhancement for certain dissociation channels in O2 CID 

experiments could result not from the participation of the O2 Shumann-Runge bands (as 

previously hypothesized) but rather from the participation of this charge-transfer band.  
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Figure Captions 

 
Figure 5.1. Partial He and O2 CID mass spectra of (a) source +CH2OH (b) source +CH2NH2 

(c) CH3NO2
+. by Holmes et al. (Ref. 9).  (Reprinted from J Am. Soc. Mass Spectrom. 2000, 

12(1), Aubry, C.; Holmes, J. L The Behavior of Oxygen as a Collision-induced Dissociation 

Target Gas p23-29 with permission from Elsevier) 

Figure 5.2.  Potential energy diagram of O2 and O2
+. by Krupenie (Ref.16).  

Figure 5.3. a) CIE spectra of CH3NO2
+./O2 versus CH3NO2

+./He, 10% beam reduction; slit 

width 3mm; accumulation time 1hr. b) CIE spectra of CH3NO2
+./O2; 40% beam reduction; 

slit width 3mm; accumulation time 2hrs.  

Figure 5.4. CIE spectrum of N2
+./O2 versus N2

+./He, 40% beam reduction; slit width 3 mm, 

accumulation time 2hrs. The bands appeared in the wavelength range larger than 290 nm, 

marked by a circle, were identified as the emissions from N2
+. and N2. 

Figure 5.5. a) CIE spectrum of N2
+./O2, 40% beam reduction; accumulation time 8hrs; slit 

width 1mm, b) CIE spectrum of N2
+./O2, 40% beam reduction; accumulation time 8hrs; slit 

width 0.5mm. Superimposed on the spectrum are the A 2
Πu→X 2

Πg O2
+. emission bands 

reported in the literature (Ref.15). 

Figure 5.6.  a) CIE spectrum of N2
+./O2 versus CH3

+/O2, 40% beam reduction; accumulation 

time 8hrs; slit width 1 mm. b) CH3
+/O2, 40% beam reduction; accumulation time 10 hrs; slit 

width 0.5 mm. Superimposed on the spectrum are the A 2Πu→X 2Πg O2
+. emission band 

reported in the literature (Ref.15). 

Figure 5.7.  CIE spectrum of CH3
+/O2, 40% beam reduction; accumulation time 10hrs; slit 

width 0.5 mm. Superimposed on the spectrum are the Shumann-Runge (B 3Σu
+ ― X 3Σg

-) O2 

emission bands reported in the literature (Ref.15). 
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Figure 5.1. 
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Figure 5.2. 
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Figure 5.3. 
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Figure 5.4. 
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Figure 5.5 
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Figure 5.6 
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Figure 5.7.   
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Chapter 6 

 

 

Can neutral hydroxymethylene play a 

significant role in interstellar space? - A 

neutralization-reionization and reactivity 

mass spectrometry study 

 
 

 

 

 

6.1 Introduction 

 

The Green bank telescope (GBT), the world's largest fully steerable single aperture 

antenna, has been used to identify interstellar glycolaldehyde, the simplest aldehyde sugar in 



 112 

C

H

O

H
O

C

H H

C

O

H

CH2

OH

space, one of the building blocks for life. This discovery was made by Hollis et al in 2001 [1]. 

One theoretical possibility for its formation is that trans-hydroxymethylene (trans-HCOH, 

1a) is first formed, which can readily combine with formaldehyde (H2CO, 2a) to produce 

glycolaldehyde, Equation 1 [2]:  

 

          

                                                        (1) 

 

If interstellar 1a were observed it would provide strong support for the mechanism by 

which glycolaldehyde is formed and also could be applied to the synthesis of more complex 

sugars in space. 

 

Trans-HCOH, 1a, an isomer of formaldehyde, is highly reactive because of its 

divalent carbon atom. It is an important intermediate in many chemical reactions, but due to 

its high reactivity all attempts to observe this species failed, until 2008 when Schreiner et al 

[3] first reported the generation of 1a by high-vacuum flash pyrolysis of glyoxylic acid and 

its capture by matrix isolation. Under the conditions they employed it was found that 1a 

rearranges to 2a by hydrogen tunnelling through the isomerisation barrier.  

 

In the present study we employ both neutralisation-reionization mass spectrometry 

(NRMS) and proton transfer reactions to generate neutral hydroxymethylene. The NRMS 

technique that has been described in detail elsewhere and has been used to generate a wide 

range of transient neutral species which are often inaccessible by standard preparative 

chemistry [4-7]. In the NRMS method, neutral species are first generated by a charge transfer 
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reaction between mass-selected projectile ions and the stationary neutralization target gas in 

a magnetic sector mass spectrometer. Subsequent reionization of the neutralized species 

further along the flight path provides a way to estimate the lifetime of the generated neutral. 

In this study, the projectile ion was accelerated to 8 keV translational energy so that the 

charge transfer process is quasi-vertical, the reaction time being fast relative to internuclear 

motion. The energetics of the neutralization reaction follow Equation 2 

 

QN = NE(precursor ion) – IE(neutralization gas)   (2) 

 

Where QN, NE and IE are the energy deficit of the reaction, the neutralization energy of the 

precursor ion and the ionization energy of the neutralization gas, respectively. When   

QN = 0 the reaction is said to be a symmetrical resonance charge transfer and an 

enhancement of the reaction cross section will occur [8]. In this way, by applying target 

gases with different ionization energies and observing the resulting reaction cross section, the 

vertical neutralization energy, NEv, of the mass selected ion can be deduced.   

 

In 1980s Mclafferty [9] and Holmes [10] reported the identification of HCOH+ based 

on its CID mass spectrum, this allows structure identification of the neutralized HCOH in our 

NRMS experiment. The main goal of the present paper is to generate and identify 

hydroxymethylene (1a) by the NRMS technique and to compare our experimental results 

with quantum chemical calculations.  

The neutral is also generated by ion-molecule reaction in which a proton is 

transferred from CH2OH+ to a base and the kinetic isotope effect for deprotonation at the C 
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atom is determined (this part of work were carried out by Crestoni  and Fornarini from the 

univeriety of Roma). 

 

6.2 Experimental procedure 

 

6.2.1 Chemicals 

 

CD3OH (99.8 atom % D), CH3OD (99.5 atom % D), and all other chemicals were 

research grade products purchased from Sigma-Aldrich. 

 

6.2.2 Neutralization-reionization mass spectrometry 

 

Tandem mass spectrometry experiments were performed on a modified VG ZAB 

mass spectrometer [7, 11] incorporating a magnetic sector followed by two electrostatic 

sectors (BEE geometry), shown in Figure 6.1. Precursor [C,H2,O]+ ions were generated from 

methanol and formaldehyde respectively by electron ionization in the ion source of the 

instrument using an electron energy of 100 eV. The sequence of events in NRMS is 

described below. The  [C,H2,O] + ion, with a m/z ratio of 30, was accelerated to 8 keV, mass 

selected by the magnetic sector and transmitted into the first collision cell (CC1) where it 

encountered the neutralization target gas. The mixture of ionic and neutral species leaving 

the first collision cell was separated by the beam deflector electrode to which a potential of 

+500 volts was applied so that only the neutrals continue on to the second collision cell (CC2) 

where they were reionized by collision with oxygen gas. The mass spectrum was obtained by 
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scanning the potential on the electrostatic analyser. Neutralization gases were chosen so that 

their IEs spanned the range between ~8.2 to ~12.5 eV (Table 6.1). To do a NR-CID 

experiment, the recovery signal, with m/z ratio of 30, was selected according to its kinetic 

energy with the first ESA and transmitted into the third field-free region and to the next 

collision cell (CC3) containing oxygen as the target gas. The resulting mass spectrum is 

called a NR-CID mass spectrum. To obtain reliable relative peak intensity values, all NR-

CID spectra have been smoothed by combining data from every 10 pixel columns. 

In all the collision experiments, collision gas was introduced into the collision cell to achieve 

a 20% beam reduction in the precursor ion beam flux. The pressure in the collision cells was 

read with ionization gauges located above the diffusion pump situated beneath each cell. The 

pressure value was in the range of 7108 −×  to 6103 −×  Torr. 

 

6.2.3 FT-ICR mass spectrometry  

 

The experiments were run on a Bruker BioApex 4.7 T Fourier transform ion 

cyclotron resonance (FT-ICR) mass spectrometer equipped with a cylindrical “infinity” cell 

within a 4.7 T superconducting magnet. Neutral compounds were leaked in the cell, 

maintained at ca. 300K, through needle valves up to constant pressures in the range of 0.5 - 

6.0 × 10-8 mbar. The pressure were measured with a cold cathode sensor (IKR Pfeiffer 

Balzers S.p.A., Milan, Italy), calibrated by using the rate constant k = 1.1 × 10-9 cm3 s-1 for 

the reference reaction CH4
.+  +  CH4 → CH5

+  +  CH3
., and weighted by individual response 

factors. The ion of interest was isolated by ejection routines and allowed to react with the 

selected neutral. Pseudo-first-order rate constants were obtained from the slope of 
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semilogarithmic decrease of reactant ion abundance versus reaction time. The kinetics 

obeyed a pseudo first order rate law and the rate constants (kobs) were obtained from the 

slope of the semilogarithmic decrease of reactant ion abundance versus reaction time. The 

pseudo first order rate constants divided by the substrate concentration yield the bimolecular 

rate constants (kexp). The reaction efficiencies were calculated as % ratio of kexp relative to 

the collision rate constant (kc) calculated by parameterized trajectory theory [12]. The 

relative abundances of the BH+ and BD+ product ions were obtained by plotting the 

[BH+]/[BD+] ratio as a function of time and taking the intercept at initial time. In this way 

spurious effects due further proton/deuteron transfer reactions or H/D exchange on the ions 

primarily formed are minimized. The elemental composition of the product ions was verified 

by m/z measurements at high resolution. 

 

CD2OH+ and CH2OD+ ions were produced by electron ionization at 35 eV of labeled 

methanol, either CD3OH or CH3OD, respectively. In the presence of a base such as acetone 

(PA = 812 kJ mol-1) exclusive H+ or D+ transfer was observed, respectively from CD2OH+ 

and CH2OD+ ions. 

 

6.3 Theoretical procedure 

 

6.3.1 Geometry Optimizations and Frequency Calculations 

 

Standard ab initio molecular orbital calculations [13] were performed by using the 

Gaussian-03 suite of programs [14]. The geometries for all the species were calculated at 
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both the CCSD(T)/6-311++G(3df,2p) and QCISD/6-311+G(d,p) levels of theory. The 

optimized bond lengths and bond angles for 1a, 2a, HCOH+ (1b) and H2CO+ (2b) are listed 

at Table 6.2. The resulting geometries and zero-point energies (ZPE) were used to obtain G3 

total energies [15].  

 

Transition states are further confirmed by the intrinsic reaction coordinate (IRC) 

procedure in the Gaussian programs. An IRC calculation starts at the saddle point, steps 

along the reaction path in both directions from the transition state in several small steps while 

optimize the geometry of the molecular system at each point along the path. As a transition 

state is a maximum along the reaction coordinate, IRC calculations should result in lowering 

the energy. A subsequent geometry optimization on the IRC structure should result in a local 

minimum. This procedure confirms that the saddle point found is the true transition state 

connecting the two minima on a potential energy surface. 

 

6.3.2 Gaussian-3 (G3) Calculation 

 

Gaussian 3 (G3) is one of the quantum chemistry composite methods that aim for high 

accuracy by combining the results of several calculations. They combine methods with a 

high level of theory and a small basis set with methods that employ lower levels of theory 

with larger basis sets. They are commonly used to calculate thermodynamic quantities such 

as enthalpies of formation, atomization energies, ionization energies and electron affinities. 

They aim for chemical accuracy which is usually defined as within 1 kcal/mol of the 

experimental value.  
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In G3 theory, an optimized geometry was used to carry out single-point energy 

calculations at the following levels of theory: MP4/ 6-31G(d), MP4/ 6-31G+(d), MP4/ 6-

31G(2df,2p), QCISD(T)/6-31G(d) and MP2(full)/G3large. 

 

The resulting energies are mathematically manipulated and modified by a series of 

corrections. Details of the G3 calculation can be found in the original publication by Curtiss et al [16]. 

The zero-point vibrational energy (ZPE) scale factors for QCISD/6-311+g(d,p) is 0.9812 [15]. The zero-

point vibrational energy (ZPE) scale factors for CCSD(T)/6-311++G(3df,2p) have not been published, so 

we used the CCSD(T)/6-311+G(d,p) scale factor [15]. The resulting energy diagram is presented in Figure 

6.2.  

 

6.4 Results and discussion  

 

6.4.1 CID experiments for HCOH
+
 (1a) and H2CO

+
 (2a) 

 

[C,H2,O]+ has 3 possible isomers, the formaldehyde ion 2b, the hydroxymethylene 

ion 1b and the oxonium ion COH2
+. The latter has never been generated and characterized by 

experiment. 1b and 2b can be generated by the ionization of formaldehyde and dissociative 

ionization of methanol, respectively [9, 10]. The m/z 12 to m/z 18 region of their CID spectra 

differ sufficiently to allow identification these two isomers. In Figure 6.3, we present the 

CID mass spectra of the [C,H2,O]+ ion generated from formaldehyde and methanol. Ionized 

formaldehyde produces a CID mass spectrum in which the most prominent peak is m/z 14 

(loss of O) while the most prominent peak is m/z 13 (loss of OH) when m/z 30 is formed 

from methanol, in agreement with earlier reports [9, 10]. CID experiments were performed 
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on different days and using two different collision cells, CC1 and CC3. The spectra are 

reproducible, confirming that the two isomers can be distinguished based on the intensity 

ratio of peaks with m/z 13 and m/z 14 (Table 6.2). The calculated geometries for 1 and 2 

(ions and neutrals), listed in Table 6.3, are in close agreement with those reported by Matus 

et al [17]. The presently calculated adiabatic ionization energy IEa of H2CO is 10.89 and 

10.90 eV, by the QCISD and CCSD(T) levels of theory, respectively, in good agreement 

with the experimental value 10.88 ± 0.001 eV [18]. The calculated energy barrier for the 

isomerization of 2a to 1a is 183.4 kJ/mol (QCISD) and 184.4 kJ/mol (CCSD); both are 

smaller than that obtained from a previous MP3/6-31G**calculation [19], 192.9 kJ/mol. 

 

6.4.2 Neutralization-reionization (NR) for trans-
1
HCOH (1b) and H2CO (2b) 

 

The NR mass spectra of m/z 30 ions generated from formaldehyde and methanol are 

presented in Figure 6.4. Strong recovery signals were observed in both spectra confirming 

that the [C,H2,O] neutrals, whose life times are long enough for them to travel the distance 

between the CC1 and CC2, 100 mm, were produced during the neutralization process [7]. By 

using standard equations [20], we estimate that the lifetime of [C,H2,O] neutrals exceeds 13.9 

µs at 8000 eV, but the question remains as to whether the neutrals are formaldehyde or 

hydroxymethylene. If the neutrals produced in NR were all of the formaldehyde structure, 

then the NR-CID spectra should only have the features of formaldehyde CID mass spectrum. 

Thus, by comparing the CID mass spectra with the corresponding NR-CID mass spectra, the 

[C,H2,O] neutrals produced in CC1 can be identified.  

 

6.4.3 NR-CID experiments to identify trans-
1
HCOH (1b) 
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The NR-CID mass spectra obtained, using oxygen as target gas in CC1, CC2 and 

CC3 and 500eV on the ion deflector, are shown in Figure 6.5. The signal intensities for both 

spectra are obviously weaker than the CID and NR mass spectra. This is because only a 

fraction of the precursor ions were neutralized and reionized before being transmitted to the 

3FFR. The relative peak intensities for both spectra are listed in Table 6.2. The formaldehyde 

NR-CID mass spectrum, with a relative peak intensity of 20:100 for fragment ions m/z 13 

and 14, is quite similar to its CID spectrum (23:100), indicating that the [C,H2,O] species 

produced by the charge transfer neutralization in CC2 retain the formaldehyde structure. The 

NR-CID mass spectrum of m/z 30 ions generated from methanol, with a relative peak 

intensity ratio of 54:100, is very different from that of formaldehyde indicating that most of 

the neutrals produced are evidently not solely formaldehyde. However, compared with the 

corresponding CID mass spectrum of hydroxymethylene (relative peak intensity of 100:60) 

the neutral species produced are not mostly hydroxymethylene either, but are a mixture of 

formaldehyde and hydroxymethylene, the former resulting from the fast rearrangement of 

neutral hydroxymethylene.  

 

6.4.4 Vertical neutralizaiton energy (NEv) experiments  

As described in the introduction, to maximize the yield of hydroxymethylene, a 

neutralization gas whose IE equals the NEv of HCOH+ should be used. In our calculation, 

the energy of trans-1HCOH (1b) relative to H2CO (2b), 219.9 kJ/mol (QCISD) and 219.8 

kJ/mol (CCSD), is smaller than that reported by Schreiner et al (225.9 kJ/mol) [3] and 

slightly larger than a recently reported value 214.6 kJ/mol from CCSD(T)/CBS by Kiselev et 

al [21]. The calculated isomerization energy barrier of 1b (126.8 kJ/mol (QCISD) and 127.4 
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kJ/mol (CCSD)) is in close agreement with the CCSD(T)/CBS calculated value (126.8 

kJ/mol) [21]. The vertical neutralization NEv of 1a (Figure 6.2 ) is 8.22 eV (QCISD) and 

8.20 eV(CCSD). Three neutralization target gases dimethylamine, trans-2-butene and 1-

butene with IEs ranging from 8.2 to 9.6 eV were used. The properties of the neutralization 

gases are summarized in Table 6.1. The resulting NR-CID mass spectra of m/z 30 generated 

from methanol employing each of these gases in CC1 are shown in Figure 6.6. The relative 

peak intensities obtained from each spectrum are listed in Table 6.1, along with the 

calculated ratios of formaldehyde and hydroxymethylene in the [C,H2,O] mixtures. As 

indicated from the Table, when the IE of the chosen neutralization gas energy is 8.22 eV, the 

calculated NEv value of 1a, the fraction of neutrals having the HCOH connectivity increased 

due to the enhancement of the charge-transfer cross section. Note that even when the 

neutralization gas used is dimethylamine (IE 8.24 eV), there is still 40% of formaldehyde 

produced. To explain this result, note that the energy barrier for 1a to isomerize to 2a is 27.3 

kJ/mol (QCISD) and 27.2 kJ/mol (CCSD) higher than that for 1b to isomerize to 2b. Some 

of the HCOH+ ions from the ion source may have internal energies in excess of 127.4 kJ/mol 

and still be below the ion isomerization barrier. After undergoing neutralization with 

dimethylamine, this excess energy is sufficient to allow HCOH to overcome the energy 

barrier and isomerize to H2CO, as is shown in Figure 6.2. 

 

6.4.5 Proton transfer reactions 

 

We also attempted to trap neutral hydroxymethylene in the gas phase by ion-

molecule reaction. The hydroxylmethyl cation, CH2OH+, could yield hydroxymethylene 

upon reaction with a base strong enough to abstract a proton from carbon [22]. Deprotonation 
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from oxygen is favoured, though, by the difference in enthalpy of formation of the two 

conjugate bases, namely formaldehyde and hydroxymethylene, amounting to 219.8 kJ/mol 

(Figure 6.2). It was reasoned that if the active basic site was placed in the same molecule 

holding a functional group that could act as a methylene scavenger, the proton transfer could 

be followed by a fast trapping reaction within the ion-molecule complex. To this end 2-

vinylpyridine was selected as a probe owning to both a highly basic N atom and a double 

bond susceptible to cyclopropanation by carbenes, Equation 3 [23].  

 

 

     

 (3) 

 

 

 

 

The expected reaction was, however, not observed, the only product ion being the 

protonated base. The effectiveness of carbon deprotonation by pyridine bases has been 

further confirmed examining the reaction of deuterium labeled ions with pyridine and 4-

methylpyridine (4-picoline) as bases (B), whose proton affinity is reported equal to 930 and 

947 kJ/mol [18]. The reaction of CD2OH+ and CH2OD+ with B yields both BH+ and BD+ 

product ions in the relative ratios listed in Table 6.4. The proton transfer from CH2OD+ and 

the deuteron transfer from CD2OH+ confirm that carbon deprotonation is occurring and the 

product ratios lend themselves to estimate the relative kinetic isotope effect (KIE) associated 

to the reaction (Equation 6.4 and 6.5).  
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(6.4)

 

            

 

(6.5)

 

 

 In order to evaluate the net kinetic isotope effect affecting deprotonation at carbon 

(kC
H/kC

D) one needs to know the KIE for deprotonation at the hydroxyl group. The latter 

reaction is strongly exothermic, given a PA of formaldehyde of 713 kJ/mol [18]. The ratio 

kO
H/kO

D is then expected to be close to 1 [24]. To obtain an experimental value supporting 

this assumption, the ion corresponding to protonated methanol D-labelled on the hydroxyl 

group, CH3OHD+, was allowed to react with either pyridine or 4-picoline in the FT-ICR cell 

(Equation 6.6).  

 

(6.6)  

 

 The so-obtained ratios of the relative abundances of BH+ and BD+ formed in the 

initial stages of the reactions are also listed in Table 6.4. The data yield kO
H/kO

D = 1.06 ± 

0.02 (B = pyridine) and kO
H/kO

D = 1.15 ± 0.02 (B = 4-picoline), two values reasonably close 

to unity. Taking them into account the KIE for reaction at C, kC
H/kC

D = 3.05 (B = pyridine) 

and 2.27 (B = 4-picoline) are obtained. The higher KIE for carbon deprotonation by pyridine 

is accounted for by the thermoneutrality of the reaction which instead becomes exothermic 

 

2.46 ± 0.26 (B = pyridine) 
1.83 ± 0.16 (B = 4-picoline) 
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kD O 
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by about 20 kJ mol-1 in the case of 4-picoline (the PA at C of HCOH is 933 kJ mol-1, based 

on the PA of formaldehyde and the relative energies of 1b and 2b shown in Figure 6.2).  

These findings thus confirm that deprotonation at the carbon atom of the hydroxymethyl 

cation can provide a viable route to hydroxymethylene that may potentially be exploited for 

further investigations about this fleeting species of astrochemical and pre-biotic interest. On 

quantitative grounds it has been possible to measure the KIE affecting the proton transfer 

from carbon to two exemplary pyridine bases of known proton affinity.  

 

6.5 Conclusions 

 

We have calculated the optimized equilibrium geometries of neutral and ionized 

hydroxymethylene and formaldehyde at the QCISD/6-311+G(d,p) and CCSD(T)/6-

311++G(3df,2p) levels of theory, along with their G3 energies based on the QCISD/6-31G(d) 

theory level. The vertical IEv and NEv have also been calculated.  

 

The existence of hydroxymethylene, with a life time exceeding 13.9 µs, has been 

confirmed using neutralization-reionization mass spectrometry. The maximum in the relative 

charge-transfer cross section as a function of IE of the neutralization gas has also been 

investigated and found to occur at ~8.2 eV, in agreement with our calculated NEv of HCOH+. 

Neutral hydroxymethylene can also be produced by proton transfer from CH2OH+ to a strong 

base such as pyridine. There is a kinetic isotope effect for H+ vs. D+ transfer from C of ~ 3 

due to the near thermoneutrality of the reaction. 
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Table 6.1.  Properties of neutralization gases and data from the corresponding NR-CID mass 

spectra 

 
 

Neutralization 
gas 

aIonization 
energy (eV) 

Polarizability 

a 
Å3 

bI13:I14 
cHCOH : H2CO  

Dimethylamine 8.24 5.447 91 : 100 60 : 40 
trans-2-butene 9.13 8.49 62 : 100 38: 62 
1-butene 9.55 7.97 49 : 100 27 : 73 

Oxygen 9.59 1.5812 46 : 100 24 : 76 

 
 
a Obtained from Ref. [18]  

b I13 and I14 represent the peak intensities of ions with m/z 13 and m/z 14 in the NR-MS 

spectra 

cHCOH : HCHO the estimated ratio of HCOH and H2CO yield, relative to ∑= 100 
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Table 6.2. Peak intensity ratios of ions having m/z 13 realtive to those with m/z 14 in the 
CID and NR-CID mass spectra of [C,H2,O]+ ions 
 

aI13:I14  from mass spectra of the C,H2,O isomers 

Reagentb CID NR-CID 
aH2CO 23:100 20:100 
bCH3OH 100:60 46:100 

 
a To calculate the relative peak intensities, all NR-CID spectra have been smoothed by 

combining data from every 10 pixel columns. 

 
bm/z 30 ions were obtained from electron impact of H2CO and CH3OH vapour 

 



 131 

Table 6.3. Optimized Bond Lengths (Å) and Bond Angles (°) for 1a, 2a, 1b and 2b  
 
molecule Level of theory rHC rCO rOH ∠ HCO ∠ HCH ∠ HCOH 

QCISD(T)/6-311G(d, p) 1.1038 1.2078  121.8 116.5 180.0 
CCSD(T)/6-311++G(3df, 2p) 1.1038 1.2078  121.8 116.5 180.0 
aexp 1.1005 1.2033  121.9 116.2 180.0 

1H2CO 
2a 

bCCSD(T)/aVDZ 1.1031 1.2115  121.7 116.6 180.0 

QCISD(T)/6-311G(d, p) 1.1156 1.2019  119.4 121.1 180.0 
CCSD(T)/6-311++G(3df, 2p) 1.1152 1.1957  119.4 120.98 180.0 

H2CO+ 
2b 

bCCSD(T)/aVDZ 1.1143 1.2001  119.4 121.2 180.0 

molecule Level of theory rHC rCO rOH ∠ HCO ∠ COH ∠ HCOH 
trans-1HCOH QCISD(T)/6-311G(d, p) 1.1168 1.3173 0.9646 102.1 107.6 180.0 
1a CCSD(T)/6-311++G(3df, 2p) 1.1140 1.3142 0.9654 102.3 107.9 180.0 
 bCCSD(T)/aVDZ 1.1138 1.3195 0.9677 102.1 107.7 180.0 

 
cCCSD(T)/cc-pCVQZ 1.111 1.311 0.964 102.3 107.8 180.0 

HCOH+ QCISD(T)/6-311G(d, p) 1.1014 1.2251 0.9863 124.6 116.7 180.0 
1b CCSD(T)/6-311++G(3df, 2p) 1.0994 1.2215 0.9870 124.3 117.7 180.0 

 
bCCSD(T)/aVDZ 1.0993 1.2255 0.9895 124.4 117.3 180.0 

 
a
 Ref. [18] 

b Ref. [17] 

c Ref. [3] 
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Table 6.4. Relative abundances (%) of the BH+ and BD+ product ions formed in the reaction 
of a base B with D-labeled hydroxymethyl cation and protonated methanol.a  
  
B CH2OD

+ CD2OH
+ CH3ODH

+ 
BH+ BD+ BH+ BD+ BH+ BD+ 

69 31 64 36 51 49 
74 26 55 45 52 48 
73 27 60 40   
70 30 53 47   

Pyridine 

69 31     

61 39 57 43 54 46 
65 35 60 40 53 47 
66 34 62 38   

4-Picoline 

66 34 57 43   

 
a The proton/deuteron transfer reactions proceed all at nearly collision controlled rate, 
namely with unit reaction efficiency. 
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Figures Captions 

 

Figure 6.1. A simplified layout (not to scale) of the modified VG-ZAB with BEE geometry 

showing collision cells and deflector electrodes. FFR, CC and ESA represent field-free 

region, collision cell and electrostatic analyzer for short.  

 

Figure 6.2. Schematic relative G3 energies for CCSD(T)/6-311++G(3df,2p) level of theory. 

Values in italics are QCISD/6-311+g(d,p) G3 energies. Numbers in brackets are NEv values 

in the unit of kJ/mol. Numbers in the double arrows are the energy differences between two 

states.  

 

Figure 6.3. Collision induced dissociation mass spectra of [C,H2,O]+ produced from 

respectively (a) formaldehyde, (b) methanol. 

 

Figure 6.4. Neutralization-reionization mass spectra of [C,H2,O]+ produced from respectively 

(a) formaldehyde, (b) methanol. 

 

Figure 6.5. Neutralization-reionization-collision induced dissociation mass spectra of 

[C,H2,O]+ produced from respectively (a) formaldehyde, (b) methanol. 

 

Figure 6.6. Neutralization-reionization-collision induced dissociation mass spectra of 

[C,H2,O]+ produced from methanol with collision gases as respectively (a) 1-butene/ O2/ O2, 

(b) 2-butene/ O2/ O2, (c) dimethylamine/ O2/ O2. 
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Figure 6.1 
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Figure 6.2 
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Figure 6.4 
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Figure 6.5. 
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Figure 6.6.   

 

1-butene / O2/ O2

2-butene/ O2/ O2

Dimethylamine/ O2/ O2

12 13
m/z

14

(a)

(c)

(b)
12 13 14

12 13 14

m/z

m/z



 140 

 

Chapter 7                             Conclusions 

 

 

 

 

 

 

In this study, the activation mechanisms of high energy ion-molecule collisions have 

been investigated using a modified VG-ZAB mass spectrometer. In the CIE experiment of 

N2O
+● /He, the relative emission intensity remains constant as the collision energy is 

increased from 4 keV to 8 keV, a result consistent with the curve-crossing mechanism of 

collisional activation. The relative vibrational branching ratios of N2O
+● after collisional 

activation were compared with those obtained by different activation processes. Results 

confirmed the curve-crossing of different potential energy surface from another aspect.  

 

In the investigation of CIE spectra of He+●/CO2 collisions. The spectra confirmed that 

the dissociative charge transfer reactions dominate the collisional activation process. The 

vibrational distribution of the resulting CO2
+● A 2Πu

+ state indicate that the excitation 

mechanism is similar to the photo-excitation as compared with that of the CO2
+● /He 

collisions due to the shorter reaction time. Differences in the vibrational populations of the 
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CO2
+●  A state in these two types of collisions is likely due to IVR following the formation 

of higher CO2
+●  states when it is the projectile ion.   

 

The source of the O2-enhancement for certain dissociation channels in O2 CID 

experiments has been examined by CIE experiment. Strong O2
+. A→X emission which is 

produced from charge transfer reaction was observed in N2
+/ O2 and CH3

+/O2 collisions, even 

though charge transfer is thermochemically unfavorable for CH3
+/O2 collisions. It is 

postulated that the O2-enhanced dissociation is probably due to the participation of this 

charge-transfer band.  

 

The existence of hydroxymethylene, with a life time exceeding 13.9 µs, has been 

confirmed using neutralization-reionization mass spectrometry. The maximum in the relative 

charge-transfer cross section as a function of IE of the neutralization gas has also been 

investigated and found to occur at ~8.2 eV, in agreement with our calculated NEv of HCOH+. 

Neutral hydroxymethylene can also be produced by proton transfer from CH2OH+ to a strong 

base such as pyridine. There is a kinetic isotope effect for H+ vs. D+ transfer from C of ~ 3 

due to the near thermoneutrality of the reaction. 
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Claims to Original Research 

1. Collision-induced emission spectra of keV N2O
+./He collisions were collected at different 

ion translational energy from a wavelength range of 190-1020 nm. This is the first time 

collision-induced emissions were collected from N2O
+./He. This allows both emissions 

from the precursor ions and the fragments to be observed. By observing the relative 

emission intensity of these two groups, it was suggested that these processes were excited 

by curve-crossings of the potential energy surfaces of the collision complex. The relative 

intensity within the N2O
+.

 band does not agree with the Franck-Condon factors, which 

confirms the curve-crossing mechanism. 

2. The collision-induced emissions of He+./CO2 collisions were also collected, for the first 

time, in a longer wavelength observation window (190-1020) nm. Atomic emissions 

from dissociation fragments He, C, C+. and O were observed, showing the dominant 

reaction is the dissociative charge transfer reaction upon collision. The relative intensity 

within the CO2
+.

 band follows the Franck-Condon factors as a result of short transition 

time at high collision energy.  

3. For the first time, collision-induced emission spectra of various ion-O2 collisions were 

collected at 8 keV ion translational energy to probing the source of the O2-enhancement 

for certain dissociation channels in O2 CID experiments. Strong O2
+. A→X emissions 

observed from the N2
+/ O2 and CH3

+/O2 collisions indicates that the involvement of the 

charge transfer band of O2
+. is the potential cause for O2-enhanced dissociation. 

4. Neutralization-reionization mass spectrometry was, for the first time, used to generate a 

highly reactive diradical, trans-hydroxymethylene. Its life time was estimated exceeding 
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13.9 µs. The vertical neutralization NEv of trans-hydroxymethylene has also been 

calculated for the first time, the value has been confirmed by the experimental 

observation. 
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