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Abstract
This thesis reports the results of experiments investigating the reactivity of gas phase 

dications in collisions with neutral molecules at collision energies between leV and 

14 eV in the laboratory frame using crossed beam techniques. Product ion intensities 

are measured using time of flight mass spectrometry and integral reaction cross 

sections are extracted from raw data for the various reaction channels. Also contained 

within this thesis are details of the experimental apparatus and data reduction methods 

along with relevant theoretical aspects of the reactions.

The collision system CFn2+ + H2X (n = 1 ,2  and X = S, O) is shown to exhibit both 

dissociative and non-dissociative electron transfer reactivity which is examined using 

a model based on the Landau-Zener theory. Previously unobserved bond forming 

reactions are also observed. Mechanisms, involving a sequential process of adduct 

formation, charge separation and fragmentation, are proposed for these bond forming 

reactions.

The collision system Ar2+ + NH3 exhibits both electron transfer and bond forming 

reactivity. Again, electron transfer reactivity is rationalised using the Landau-Zener 

theory. A mechanism is proposed for this previously unobserved bond forming 

reaction.
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Chapter 1 

Introduction

1.1 Molecular dications, a brief history

This thesis describes experiments performed to study the reactions which occur 

between doubly charged positive ions (dications) and neutral molecules in the gas 

phase. The majority of the work described here is concerned with reactions of small 

molecular dications reacting with small neutral molecules, although some work has 

also been carried out on atomic dications.

Molecular dications, being highly energetic species due to the two like charges in 

close proximity, possess very different properties to corresponding monocations. 1’2

 ̂ I

In solution, dications, such as Ca(H2 0 ) 6  , may be stabilised by solvation effects of 

the liquid. However, in the gas phase, no such stabilisation occurs. In isolation, 

because of the two like charges present within the ion, gas phase molecular dications 

commonly decay via unimolecular dissociation to form two singly charged 

fragments. Therefore, molecular dications in the gas phase often possess lifetimes 

which make effective study very difficult. As a result, information regarding their 

characteristics is sparse compared to that of monocations. However, there have been 

a number of research groups investigating the properties of such dicationic species 

and the amount o f research being carried out has increased steadily over the last few 

years. 3 ’ 18 This increase in research has been fuelled, in part, by the fact that the 

properties of gas phase dications, long thought to be of no real interest outside the 

specialised field o f ion chemistry, have been shown to be important in other areas of 

physical chemistry . 19’21 For example, it is thought that double ionisation of small 

molecules can play an important role in reactions occurring in the ionosphere of
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some planets, including earth . 22 Also, the advance in experimental and theoretical 

techniques has made possible the study of these short lived species. 10 ,23 ' 36  

The first recorded observation of a molecular dication was in the 1930s, when C 02+ 

was detected by mass spectrometry. However, from then until the 1980s, dications 

were not considered of scientific importance, being more of a curiosity than worthy 

of investigation in their own right. So, while much progress was made in 

understanding the properties and reactivity of monocations, no real work was carried 

out on dicationic species. However, in the 1980s several experimental and theoretical 

groups began to investigate the properties of molecular dications. 3 8 "43 This work was, 

at first, mainly concerned with the structure, stability and lifetimes of dications in

1

isolation. For example, it has been shown that O2 has a deep potential well which 

may support many vibrational levels 4 4 -4 6  Also, C 0 2+, when trapped in a storage ring, 

can live for longer than one second .4 Theoretical studies have shown that the

OA-molecular dication CF3 , previously calculated to possess a highly symmetric planar 

structure o f D3h symmetry , 47 in fact possesses C2V symmetry4 0 ,4 2 More recently, 

experiments have been performed to investigate the bimolecular reactivity, that is 

interactions with other species, of molecular dications. These experiments usually 

involved collisions at high energy, in the keV range .4 8 ' 56 Later, experiments were 

carried out to investigate reactions between dications and neutral species at low

cn  co

collision energy, in the eV range. ’ These low energy experiments have resulted m 

the detection o f bond forming complexes. 59-61 Theoretical calculations are often 

performed to complement these experimental studies. 61 ,62 As a result of these 

experiments, a much clearer picture has emerged, of the properties o f  molecular 

dications in low lying electronic states.

10



In this thesis, Chapters Two, Three and Four discuss the experimental and theoretical 

approach used to probe the bimolecular reactivity of dications at low collision 

energy. Chapters Five, Six and Seven describe the results of experiments carried out 

on the bimolecular reactivity of dications.

In order to understand the reactions described in this thesis, it is necessary to 

understand the stability of molecular dications and how the variation in their 

lifetimes arises. The next section in this chapter explains how certain electronic 

states of some molecular dications may possess an energy barrier to charge 

separation and so have lifetimes on a timescale which will allow isolation of the 

dication for crossed beam experiments to be performed.

1.2 Stability of molecular dications

Most molecular dications are thermodynamically unstable with respect to 

dissociation to two monocations. Therefore, as one would expect, most molecular

f s ' X  *dications immediately fragment to form two positively charged ions. The stability 

of a molecular dication depends on the relative positions of two potential energy 

surfaces, one representing a purely repulsive state and the other representing an 

attractive state.
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Figure 1.1a A schematic potential energy curves for a stable diatomic molecular dication.

Ai

E

Figure 1.1b A schematic potential energy curves for an unstable diatomic molecular dication.
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Figure 1.1c A Schematic potential energy curves for a metastable diatomic molecular dication.

Figure 1.1 shows three scenarios for a hypothetical molecular dication. As 

mentioned, the stability of a molecular dication depends on the relative energetic 

positions of the diabatic potential energy surfaces corresponding to the doubly 

charged fragment and neutral fragment (attractive state), and the two singly charged 

fragments (repulsive state). Figure 1.1a shows a thermodynamically stable dication 

where the dication lies lower in energy than the asymptote for charge separation. In 

this situation, only very high vibrational levels of the bound molecular dication may 

undergo curve crossing to the dissociative state. Conversely, figure 1.1b shows a 

thermodynamically unstable dication. In this situation, the asymptote for charge 

separation lies well below the energy of the dication. In addition, the position at 

which the dissociative potential energy surface crosses the potential energy surface 

for the associative state is such that predissociation may occur for very low 

vibrational levels, making the dication unstable. Figure 1.1c illustrates a case where 

the asymptote for charge separation (dissociation) lies energetically below the energy 

of the dication. However, the crossing point of the two potential energy surfaces is in 

a position where only higher vibrational levels of the dication may cross over to the
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dissociative surface. This scenario illustrated in Figure 1.1c yields a metastable state 

where the bound state of the dication lies energetically above the charge separation 

asymptote but there exists, a barrier to charge separation.

E

r
 ►

Figure 1.2 Schematic representation of how a metastable dication state may arise as a result o f the 
avoided crossing (dashed line) between two potential energy curves

The form of the potential energy surface for a metastable dication is thought to arise 

as a result of an avoided crossing between these two potential energy surfaces 

(Figure 1.2). Again, the first surface corresponds to a state converging at large 

interspecies separation to a dicationic fragment and a neutral fragment (X2+ + Y) and 

the second surface corresponds to a purely repulsive state, converging at large 

interspecies separation to two monocations (X+ + Y 1’). Figure 1.3 shows the adiabatic 

potential energy surface, resulting from the avoided crossing illustrated in Figure 1.2, 

with an energy barrier to charge separation.
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Figure 1.3 The metastable state of a dication which arises as a result of an avoided crossing.

In all cases of dicationic dissociation, the two singly charged fragments depart with a 

considerable release of kinetic energy due to the Coulombic repulsion of the two 

positive charges. The kinetic energy released in such a charge separation is usually 

of the order of 7 eV (675 kJm of1).

Unstable molecular dications have life-times in the sub nanosecond range and are too 

short lived to be isolated . 3 2 ,64 However, dications such as C 0 2+ have been observed 

using mass spectrometry where the ions must exist for longer than 1 ps in order to be 

detected. Therefore, as discussed above, some molecular dications must possess at 

least one metastable state, which is sufficiently long-lived for the dication to be 

detected. The potential well of such metastable molecular dications may be of 

sufficient depth to support many vibrational levels. 45 The lifetime of a metastable 

dication will depend heavily on the degree of vibrational excitation it possesses. 

Higher vibrational states of a metastable dication may tunnel through the barrier to 

charge separation whereas dications in lower vibrational levels will be trapped in the 

potential well. Storage ring experiments have shown that low lying vibrational states 

of some dications may exist for more than Is .4 As the charge separation portion of
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the metastable dication’s potential energy surface varies approximately with r l, the 

barrier to charge separation becomes wide at large values of r and low vibrational 

excitation.

Another explanation for the metastability o f molecular dications has been proposed 

by Senekowitsch et al.65 They suggest that the potential energy of F22+ may be 

explained by taking the chemical binding potential o f the isoelectronic O2 and simply 

adding a Coulomb repulsion potential. They also suggest that a metastable state will 

arise if  the chemical binding potential is sufficient to overcome the Coulomb 

repulsion between the two positive charges. This theory holds as a result of the 

similarities in the electronic structure of F22+ and O2 . However, this theory is not 

sufficient to explain the existence of some metastable dications such as HC12+ where 

both charges are on the same atom . 15

1.3 Dication formation

Dications can be formed by double ionisation of a suitable precursor gas. For 

example, two electrons may be removed from CF4 to form CF42+. However, CF42+ is 

an unstable ion and quickly fragments to yield, among other products, CF2 and
■*> 1

CF3 . Double ionisation of a precursor gas may be achieved by electron impact 

ionisation. Electron impact ionisation involves bombarding the precursor gas with 

electrons of sufficiently high energy to remove two electrons from the neutral 

species.

X + e ->• X2++ 3e (1.1)

where X may be a molecule or atom. This double ionisation process occurs on a 

timescale where the reaction X —» X2+ proceeds via a vertical transition. Therefore, if
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a particular dication is not accessible via a vertical transition from a corresponding 

neutral, it will be difficult to form using electron impact ionisation.

Electron impact ionisation often produces ions in excited electronic states and, in the 

case of molecular product ions, with a broad distribution of vibrational energies. 

Doubly charged ions may also be formed by charge stripping. 2 Charge stripping 

involves an electron being removed from a monocation, to form a dication, during a 

collision with a neutral. This mechanism takes the form

AB+ + X -> AB2+ + X + e' - AE  (1.2)

where AE is the kinetic energy of the projectile, AB+, required for ionisation to form 

AB2+. The translational energy spectrum of the doubly charged product, AB2+, gives 

the energy required for the process

AB+ -» A B 2+ (1.3)

If the incident beam consists o f AB+ in a variety of vibronic states, a series of peaks

0 4 -will be present in the translational energy spectrum of AB , each corresponding to a 

different value of AE.

The charge stripping method yields the difference between the first and second 

ionisation energies of a molecule, AB. Therefore, a value for the single ionisation 

energy of a molecule, AB -> AB+ must be determined by some other method such as

• • • "h  0 i1photoelectron spectroscopy. The vertical ionisation energy of CS going to CS has 

been measured, by charge stripping, to be 22.0 ± 0.9 eV . 66 This measured ionisation 

energy is in good agreement with the value of 21.3 eV calculated using ab initio 

techniques. 66

Another method for double ionisation is photoionisation. Photoionisation is usually 

achieved with a laser, 67 ,68 a discharge lamp9 ,30 ' 32 or using synchrotron radi ation33 ,34 ,69  

and takes the form
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X + hv -> X2+ + 2e (1.4)

Photoionisation using a He discharge yields more doubly charged species than 

electron impact with electrons of corresponding energy. Also, by knowing the 

energy of the incident photon, the energy deposition in the target molecule is better 

quantified than for Electron Impact ionisation.

1.4 Studying the character of isolated molecular dications

The properties of molecular dications may be investigated using a variety of 

techniques. Most of these techniques usually involve formation of short lived 

molecular dications followed by the detection of the dissociation products in 

coincidence using time o f flight mass spectrometry. These coincidence experiments 

can reveal information on the double ionisation process and on the electronic 

structure of the dication. This section gives a brief account of some of these 

coincidence techniques.

1.4.1 Ion-ion and photoion-photoion coincidence spectroscopy

TDC
STOP/START

Electron
beam

Detector

Figure 1.4. A diagram of an ion-ion coincidence spectrometer
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Ion-ion coincidence spectroscopy measures the difference in flight times of two 

singly charged ion fragments using time of flight mass spectrometry. 7 0 ' 72 The ions 

are formed by electron impact ionisation in the case of ion-ion coincidence 

spectroscopy (Figure 1.4), and the process is usually of the form

XY + e' -> [XY2+ + 3e] - > X+ + Y+ + 3e (1.5)

In photoion- photoion coincidence spectroscopy, doubly charged ions are formed by 

photoionisation . 3 1 ’7 3 ’7 4  The process usually takes the form

XY + hv-+  [XY2+ + 2e'] -> X+ + Y+ + 2e (1.6 )

By measuring the difference in flight times of the two fragments X+ and Y+ formed 

from dissociative double ionisation, the kinetic energy release of the process may be 

determined. By detecting X+ and Y+ in coincidence, it is possible to distinguish 

between these ions formed from a double ionisation event and the equivalent ions 

formed as a result o f single ionisation as the ions X+ and Y+ are formed from the 

same double ionisation event.

Coincidence
counts

Time of flight 
difference

Figure 1.5. A schematic representation of an ion- ion coincidence spectrum. The dashed line is the 
peak shape expected under high angular discrimination.
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Figure 1.5 shows a peak due to coincidences of a pair of ions. The peak is centred 

about a time of flight difference At, which is the time of flight difference the ions 

would have if  they were formed with no initial kinetic energy. As the time of flight 

of an ion is proportional to the square root of the ion mass, At is proportional to the 

difference between the square roots of the ion masses. The kinetic energy release 

experienced by the two monocations during dication dissociation may be determined 

from the width of the coincidence peak W. The width of the coincidence peak arises 

as a result o f the direction, with respect to the axis of the spectrometer, o f the initial 

impulse imparted onto each product monocation during dication dissociation. The 

dashed line in figure 1.5 shows the expected peak shape under high angular 

discrimination.

1.4.2 Photoelectron-photoion-photoion coincidence spectroscopy

2000 V

STOP <

START

Detector
Channeltron

Figure 1.6. A typical design of a photoelecron-photoion-photoion coincidence spectrometer
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Photoelectron-photoion-photoion coincidence spectroscopy (PEPEPICO) involves 

detecting three charged particles in coincidence. 7 5 ’76 A photoelectron, ejected as a 

result of a double ionisation event is detected along with two singly charged ions 

formed from the unimolecular dissociation of a molecular dication in a dissociative 

state. A typical design of a PEPIPICO apparatus is shown in figure 1.6. This 

apparatus uses a time of flight mass spectrometer (TOFMS) based on the Wiley

HI •Mclaren two field design. The detection of a photoelectron, ejected on 

photoionisation, gives the START signal for the time of flight. The detection of a 

photoion gives the STOP signal. By detecting the photoelectron, the exact time of 

dication formation may be determined allowing the absolute flight times of the ion 

fragments to be determined accurately. By measuring the flight times o f each ion, 

PEPIPICO allows the distinction between two different dissociation channels where 

pairs of ions are the same mass. For example, in previous studies on the double 

ionisation of SO2 using PIPICO, the fragmentation channels

S 0 22+ -> S+ + 0 2+ (1.7)

could not be distinguished from the fragmentation channel

S 0 22+ ->• 0 + + 0 + + S (1.8)

The lack of distinction between fragmentation channels arises because PIPICO only 

yields information regarding the difference in flight times of two ions detected in 

coincidence. However, since the differences in flight times for the two product ions 

shown in equations (1.7) and (1.8) are both zero, these channels cannot be 

differentiated using PIPICO. Using PEPIPICO, it has been shown that S0 2 2+ 

fragmenting to 0 2 + + S+ is the dominant dissociation channel compared to S0 2 2+ 

dissociating to yield 0 + + 0 + + S.
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1.4.3 Doppler Free Kinetic Energy Release Spectrocopy78

Techniques, which measure the kinetic energy release upon fragmentation of doubly 

charged ions, such as those described above, give little information regarding 

dissociation channels due to poor resolution caused by Doppler broadening in the 

kinetic energy distribution of the fragments.

e gun

TOF
tube

TOF
tube

H I F
fcU Ih

Differentially 
pumped gas 

cell Data acquisition Pulse trigger

Figure 1.7. Experimental set-up for DFKERS. Two TOF tubes allows energies of the two 
dissociation products to be measured independently but in coincidence.

These previous coincidence techniques use only one channel for energy analysis and

• 2 “j_

the second pulse simply as a coincidence requirement. For example, CO 

dissociating with a kinetic energy release of 8  eV produces two ions with kinetic 

energies of 4.57 eV and 3.43 eV. The line broadening caused by the Doppler effect 

at 293 K is 0.73 eV. By eliminating this Doppler broadening, higher resolution 

spectra may be acquired. Energy measurements are achieved by using two separate 

time of flight tubes and detecting both fragments independently but in coincidence as 

shown in figure 1.7.

By measuring the energies of both dissociation fragments, the centre of mass kinetic 

energy may be eliminated. The kinetic energy release of a dication AB2+ dissociating 

to A+ and B+ is then given by
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e  = e a + e b -
-jE AmA - J E Bm B

m A +m B
(1.9)

where EA and EB are the kinetic energies of the monocations fragments A+ and B+ 

and mA and mB are their masses.

1.4.4 Threshold Photoelectrons Coincidence Spectroscopy79

Gas
needle

Photon
beam

TOF Tube
r <

Channeltron Cylindrical
deflector
analyser

Lenses

Channeltron

Figure 1.8. A threshold photoelectron coincidence spectrometer.

Threshold photoelectrons coincidence spectroscopy (TPEsCO) involves detecting 

two, essentially zero energy, photoelectrons in coincidence. These photoelectrons are 

ejected from the molecule as the energy of the scanned ionising photon goes through 

the threshold of a vibronic state of a particular dication. The experimental apparatus 

used by Hall et al.m is shown in figure 1.8. This experiment uses a time of flight 

mass spectrometer coupled with a cylindrical deflector analyser. The electrical fields 

in the ion-molecule interaction region are such that, at threshold, the electron 

intensity is divided between the two analysers. The photoelectrons are detected 

within a few meV of their formation. A TPEsCO spectrum is able to resolve 

vibrational levels of a particular electronic state of a molecular dication and can offer
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much information about the vibrational structure. For example, vibrational constants 

may be determined as well as accurate values for double ionisation potentials.

1.5 Studying the bimolecular reactivity of dications

1.5.1 Experimental techniques to study the reactivity of dications

As mentioned, molecular dications are usually short-lived species. Therefore, if  the 

reactivity between these dications and other species is to be studied, experiments are 

limited to investigating relatively long-lived states. It is necessary to manipulate 

these dications effectively in order to study collisions. One of the most effective 

methods of manipulating ions is with guided ion beams.

1.5.2 Guided ion beams

Ions are formed by some ionisation method such as electron impact or 

photoionisation. Dications are isolated and inhomogeneous electric fields are used to 

confine, focus and transport the ions. Ion guides such as octopoles may guide the 

ions as well as serve as a collision cell. These electric fields may be used to 

accelerate or decelerate the ions to the required collision energy before encounters 

with the collision partner. By varying the collision energy of the ion beam, a picture 

of how the product ion yield varies with collision energy may be obtained. The 

product ions are then mass analysed by a quadrapole mass filter before they are 

detected. 81

Ions in an electric field that changes rapidly, such as those generated by octapoles or 

quadrapoles, are held in a “pseudopotential” which is flat near the middle but rises 

steeply near the electrodes. By altering the frequency and amplitude of the 

alternating field, a pseudopotential well may be created whose depth is greater than
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the kinetic energy o f the ions within the electrode structure. An example of a 

quadrapole ion guide and the electric field created are shown in figure 1.9. Such ion 

guides are often used as the collision region for ion molecule reactions. 81 ,83 ,84 If the 

well depth within the collision region of an ion-neutral collision experiment is 

greater than the kinetic energy release experienced by, say, coulombic explosion of a 

dissociating dication, all product ions will be trapped within the electric field and 

may be transported out of the ion guide and detected. By trapping and detecting all 

of the product ions, accurate total cross sections for ion- molecule reactions may be 

determined.

ions

Figure 1.9 A quadrapole ion guide (a) and the electric field generated by the guide (b). Switching the 
potentials on the rods at high frequency (rf) creates a pseudopotential well in the centre 
along the axis of the ion guide.

R1 •Bassi and co-workers have used ion guide methodology to investigate ion- 

molecule reactions. They use electron impact ionisation to create ions. Selection of 

the primary ion beam is achieved by a 90° magnetic sector. The beam is then 

focused into an octapole radio frequency ion guide which is surrounded by a 

collision cell where they encounter the neutral collision partner. The ion guide 

focuses the product ions to a quadrapole mass analyser, after which they axe detected 

by a conventional electron multiplier detector. This method has proved successful for
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measuring the cross section of a particular ion-molecule reaction channel as a 

function of collision energy.

1.5.3 Crossed beam experiments

Ions are formed by electron impact, photon impact or charge stripping ionisation as 

described in section 1.3. The ions are collimated and the dications are isolated by 

some mass spectrometric technique such as a quadrapole mass filter43 or velocity

57 rn • • •filter. The pure dication beam is then decelerated to the required collision energy 

before intersecting, at right angle, the beam of the collision partner. Products formed 

as a result of these collisions are mass analysed, usually by a time of flight mass 

spectrometer or a quadrapole mass spectrometer, and detected.

Angularly resolved crossed beam experiments are achieved by rotating the detector 

about the collision point. By rotating the detector in this way, ion intensity may be 

determined as a function of angle. 85

Scattering angles may also be determined by using a position sensitive detector. In 

position sensitive coincidence spectroscopy, ions are detected in coincidence and the 

velocity vectors of the two detected ions are determined. These velocity vectors 

allow information to be gained on the electronic states of the reacting species and the 

products formed. Details of reaction mechanisms may also be obtained in this way.

1.6 Review of collisions between dications and neutrals

The processes, which occur as a result of a collision between a dication and a 

neutral, depend heavily on the identity of the dication, the identity of the neutral, and 

the energy at which the collision occurs. It has been shown previously that these

• R 7  •processes are of three mam types. The first, energy transfer, involves a proportion
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of the collision energy being used in breaking chemical bonds. Energy transfer may 

be divided into two classes: collision induced charge separation (CICS), where some 

of the collision energy is used to overcome the energy barrier to charge separation in 

the dication

XY2+ + Z -> X* + Y+ +Z (1.10)

and collision induced neutral loss (CINL) , 88 ,89 where some of the collision energy is 

used to cause dication to dissociate to a dication and a neutral fragment.

XY2+ + Z - » X 2+ + Y + Z (1.11)

The second type of process which may occur, as a result of a dication neutral 

collision, is electron transfer. That is a single electron moving from the neutral to the 

dication during the collision. Again, this type of process may be one of two classes. 

Non-dissociative electron transfer, where no fragmentation of the monocationic 

products occurs

XY2+ + Z -> XY* + Z+ (1.12)

Similarly, an electron may transfer with fragmentation of one or both of the 

monocationic products

XY2+ + Z - > X + + Y + Z+ (1.13)

The third type of bimolecular process is a chemical, or bond forming, reaction. A 

bond forming reaction involves formation or rearrangement of chemical bonds.

XY2+ + Z -> X* + YZ+ (1.14)

These bond-forming processes often have very small cross sections and usually only 

occur at very low collision energies. It is these bond-forming reactions which have 

prompted the study of low energy collisions described in this thesis.

As mentioned, early experiments investigating the properties of dications have 

concentrated on dications as isolated species. However, later experiments have been
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performed to study the consequences of collisions between dications and neutral 

species. Early collision experiments were performed at high collision energies in 

conventional mass spectrometers. High energy collisions of atomic dications with 

neutrals90,91 and molecular dications with neutrals48 ,5 0 ,5 1 ,5 4 ,5 6 show electron transfer, 

from the neutral to the dication, and collision induced dissociation dominate. 

However, to investigate more chemically realistic situations, collisions were 

performed at much lower energies (< 100 eV). These low energy collisions again, 

showed electron transfer reactivity to dominate, with two singly charged products

r o  < jq  Q'y
being formed. ’ ’ In the cases where one or both of the colliding species contain 

more than one atom, dissociative electron transfer, where the product monocations 

fragment soon after the reaction has occurred, was often observed. In 1986, bond- 

forming reactions were identified following collisions between transition metal 

dications and alkanes, for example93 ,94

Ti2+ + CH4 -> TiCH42+ (1.15)

Later, the molecular oxygen dication was seen to react with NO to yield N0 2 + and 

0 + .95 Chemical reactions between molecular dications and neutrals are now an active 

area for research. Bond forming reactions often have very small cross sections 

compared to electron transfer reactions, usually less than about 5%. An example of 

an early study of chemical reactivity is that carried out by Price and co-workers. 96 

The bimolecular reactivity o f 44 molecular dication/neutral collision systems 

revealed a large proportion to exhibit bond-forming reactivity. Following this study, 

many papers have been published reporting bond-forming reactions following 

collisions between molecular dications and neutral species.23 ,2 4 ,5 9 ,8 5 ,9 7 ,9 8 Itl particular, 

many examples of the formation of a doubly charged adduct following collisions
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between both atomic dications with neutrals and molecular dications with neutrals 

have been reported . 83 ,84  

For example

Ar2* + 0 2 -> A r02+ + O (1.16)

As well as adducts being formed, bond formation may occur as a result of direct 

abstraction of an atom from one colliding species to another. Hydride transfer has 

been reported following collisions between CF22+ and H2 (D2) forming HCF2+ 

(DCF2+ ) . 2 4 ,9 8 Following these hydride abstraction studies, work was carried out on 

the effects of isotopes on the product ion yields. For example, intermolecular isotope 

effects where CF22+ was collided with H2 and D2 24 and intramolecular isotope 

effects, where CF22+ was collided with H D ." Collisions of CF22+ with HD showed a 

strong preference for the formation of DCF2+ over HCF+. Statistical effects 

accounted for this preference.

Angularly resolved studies, where the post collision scattering angles are determined, 

have shown electron transfer to be dominated by forward scattering of the

or

monocations derived from the dication. Scattering experiments carried out by

o r  n i

Mrazek et al. have provided mechanistic details of the reactions of C 0 2 + D2 for

both bond forming and electron transfer processes. Angularly resolved experiments

or

have also been carried out using coincidence techniques. These experiments allow 

knowledge of exactly which ionic products are formed together, by  detecting 

products in coincidence. From these experiments, mechanisms of reactions have 

been determined. For example, it has been shown that the process

CF22+ + H20  -¥  OCF+ + HF + IT  (1.17)

proceeds via charge separation, losing H+, then neutral loss of HF in a sequential 

mechanism . 100 These findings have been confirmed by ab initio calculations .62 By
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determining the velocity vectors of the product ions in the centre of mass frame, 

details have been obtained regarding the electronic states of the reactant dications.

1.7 Overview of work presented in this thesis

This thesis describes the results of experiments, carried out on a crossed beam 

apparatus, to study the reactions which occur when dications collide with neutral 

molecules. In previous experiments, CF22+ colliding with H2 was seen to yield the 

product ion HCF2 + .24 This reaction was thought to involve the abstraction of a 

hydride ion H' by the dication. Here, experiments have been performed to replicate 

previous experiments where we replace H' with OH'. Therefore, CF22+ has been 

studied in collisions with H20 .59 Following these experiments, which reveal a new 

bond forming process, forming OCF+, H20  was replaced with H2S and, later, CF22+ 

was replaced with CF22+. It will be shown that the formation of OCF+ and SCF+ do 

not proceed via a direct abstraction of the relevant anion but instead involve a more 

complicated mechanism with complex formation, bond rearrangement and 

fragmentation of the adduct. Finally, in an attempt to find further bond forming 

processes, the reaction Ar2+ + NH3 has been studied . 60 This is shown to possess 

interesting bond forming reactivity where two products are detected, one a fragment 

of the other.

Contained within the first part of this thesis, are detailed descriptions of experimental 

procedures, data reduction methods and theoretical background. The later section of 

this thesis contains details of results obtained along with conclusions drawn from 

those results.
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Chapter 2 

Experimental 

2.1 Overview

The object of this project is to study the reactivity of molecular dications with neutral 

molecules. To date, most work has concentrated on collisions at relatively high 

energies. 1' 9 The work described in this report is concerned with much lower collision 

energies (<15 eV in the laboratory frame). At lower collision energies the colliding 

species should have more time for processes such as bond forming reactions to 

occur, as the interaction time will be longer, the interaction time being the amount of 

time that the collision partners are in close enough proximity for a reaction to take 

place. To this end, an instrument has been designed and built (figure 2.1) which 

allows crossed beam collision reactions to be carried out at low collision energies. 

This experiment uses electron-impact (El) ionisation of a suitable precursor gas to 

produce a mixture of monocations and dications. These ions are then extracted from 

the source, focused and accelerated to form an isoenergetic beam. A velocity filter is 

employed to reject all but the dications of interest from the extracted beam. The 

dications are decelerated to the required collision energy before encounters with the 

neutral collision partner occur in the source region of a time of flight mass 

spectrometer (TOFMS). The TOFMS is used to identify and quantify the product 

ions produced in these collisions.
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Figure 
2.1 
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2.2 Detailed description 

2.2.1 Generation of cations

Filament shield 
Electron beam

Ion beamFilament
Vertical deflectors

Gas inlet

Source block.

Electron trap Ion optics
Extraction electrode

Figure 2.2 Electron impact ionisation source and focusing optics

The precursor gas, from which the dications are to be generated, is introduced into 

the El source (figure 2.2). This El source is of a stainless steel construction to 

withstand the harsh ionisation plasma created when the precursor gas is ionised. 

Ionisation is achieved using a beam of 100 eV electrons created by passing a 3.7 A 

current through a thermionic tungsten filament. A filament shield directs the 

electrons into the source block and an electron trap regulates the filament current so 

that a constant rate of ion production is maintained. The electron emission current 

generated is 10 pA. The resultant electron beam intersects a perpendicularly 

orientated jet of the precursor gas. This precursor gas reaches the source block via a 

PTFE tube. Newly formed ions are extracted from the ionisation source by an 

extraction electrode. The El source is maintained at sufficiently high pressure for a 

good supply of ions to be achieved. However, the pressure is maintained low enough 

that collision-induced dissociation of the newly formed dications, caused by 

collisions with other species present in the ionisation source, is minimised. This 

pressure in the El source is typically 4x1 O' 6 mbar. In single collision conditions, the
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number of desired dications formed is proportional to the precursor gas pressure 

inside the ionisation source. Indeed, a proportional increase in the dication current is 

observed as the ionisation source pressure is raised. However, there is a certain 

threshold above which the increase in dication current is not proportional to source 

pressure. At higher source pressures, collision induced dissociation of the newly 

formed dications within the El source decreases the number of dications available for 

the collision experiment causing the dication yield to decrease as the pressure 

becomes sufficiently high to allow reactions such as

SF22+ + SF6  -> SF+ + F+ + SF6  (2.1)

In addition to the reduction in dication current, collisions between the newly formed 

dications and other species present in the ionisation source may increase the number 

of other ions being formed within the ionisation source and so being extracted from 

the source. The likelihood of impurity ions passing through into the collision region 

and so contaminating the mass spectrum will therefore increase.

The electron beam passing through the source block is only a few millimetres in 

width. As a result, the ions formed in the narrow electron beam are all formed in the 

same region in the source block and so are formed at close to a uniform electrical 

potential. Therefore, the potential energy spread of the ion beam is only about 0.5 

eV. This energy spread is determined by using one of the ion optics as a retarding 

field analyser.

The ions are all extracted to the same energy by the extraction electrode. If the 

ionising region were larger, the kinetic energy spread of the beam would be much 

greater. After extraction from the source by the extraction electrode to  a kinetic 

energy of 200# eV, the ions are focused by a number of electrostatic optics and a



pair of vertical deflecting plates. These electrostatic optics serve to collimate the ion 

beam. The ions are then directed into the velocity filter.

2.2.2 Dication beam selection

Beam S7 V  V V  V V \7

B

Figure 2.3a Electric field component of the velocity filter

N

S

Beam

Figure 2.3b Magnetic field component of the velocity filter

The ion beam leaving the ionisation source region and passing through the various 

electrostatic optics is made up of a mixture of parent and fragment ions. These ions 

include monocations and dications derived from both the original precursor gas and 

any traces of impurity gases including, but not exclusively, N2 , O2 and CO 2 . In most
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circumstances, the desired dication will account for only a small fraction of the total 

ion beam at this point. It is therefore necessary to extract the desired dications from 

this ion beam. A pure dication beam is vital to the success of this crossed beam 

experiment as many of the other ions formed within the El source may well be 

indistinguishable from the product ions formed following collisions between the 

dications and neutral collision partners. A pure dication beam is achieved by means 

of a Colutron velocity filter10 based on the Wien filter. 11,12 This velocity filter is 

made up of an electric field (E) (figure 2.3a) and a magnetic field (B) (figure 2.3b) 

set up perpendicularly to each other.

The force (FE) acting on the ion due to the electric field is simply the product of the 

charge (q) and the field strength (E)

FE = qE (2.2)

This force acts in the direction of the electric field.

The force (FE) acting on the ion as a result of the magnetic field is given by the 

product of the charge (q), the magnetic flux density (B) and the velocity (v) of the 

ion

FB = Bqv (2.3)

This force is perpendicular to the direction of the magnetic flux. These forces are

opposed and any ion will be deflected out of the beam if the forces are not equal.

qE = Bqv (2.4)

This equality of forces will occur for an ion velocity where

v = E / B (2.5)

If all the ions are accelerated to the same energy by a uniform potential then



This shows that for certain values of B and E , any ion not of a given mass will be 

deflected out of the ion beam. For convenience, the magnetic field is kept constant 

and the electric field is varied as constant heating and cooling of the electromagnet 

may damage the magnet coils.

The natural focusing effects of these crossed electric and magnetic fields means that 

dications in the centre of the beam will be unaffected by the fields. However, 

dications towards the edges of the beam will be drawn to a central focal point 

beyond the velocity filter. Shim plates placed between the electrostatic plates 

compensate for this effect. The potential on these shim plates are biased with respect 

to the electrostatic plates potential and may be adjusted by a potentiometer. The 

overall effect is to make the electric field weaker at the positive electrostatic plate. 

The electric field shape produced compensates for the focusing properties of the 

velocity filter.

In previous experiments by other groups, mass selection of the dication beam has 

been achieved using a quadrapole mass spectrometer (QMS) . 13' 16 A  QMS is 

satisfactory for higher collision energies (>40 eV). However, the ions possess a 

transverse velocity while travelling through the QMS, caused by the oscillating 

electric field associated with quadrapole ion selection. The decelerating optic used in 

our experiments is only capable of decelerating the ions in the longitudinal direction. 

Therefore, if  a QMS is used, ions will still possess a significant transverse velocity 

which will cause an unacceptably high divergence of the dication beam at our low



collision energies. The scope of this work is collision energies below 15 eV in the 

laboratory frame so the velocity filter described here is most appropriate.

2.2.3 Dication beam deceleration

1 2 3 4 5 6 7
HI ----

►

Figure 2.4 Decelerator optics

Molecular dications, being short-lived species, must be accelerated down the 

instrument to the interaction region as quickly as possible. On exiting the velocity 

filter, the pure dication beam possesses a relatively high kinetic energy. This kinetic 

energy of 200# eV must be reduced in order for the dications to collide with the 

neutral molecules at the required, low energy. The high energy with which the 

dications pass through, and then exit the velocity filter means that the dications reach 

the interaction region quickly. Dications are often very short-lived species with 

lifetimes of microseconds or even less. By accelerating the dications to a high 

velocity then decelerating them to the required collision energy, we reduce the transit 

time between formation and interaction with the neutral collision partner. By 

reducing the transit time, we minimise the number of dications lost as a result of 

unimolecular dissociation. The scope of these collision experiments is limited to low 

energy collision reactions. That is typically less than 15 eV in the laboratory frame. 

Therefore, the pure dication beam must be decelerated to the required collision 

energy before interactions take place.
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The desired collision energy is set by a commercial decelerator (figure 2.4). This 

decelerator is made up of six focusing lenses (2-7) and a base (1). The first two (2 

and 3) are maintained at the same potential as the beam (-200 V) while the third and 

fourth (4 and 5) are set to a lower potential which may be adjusted using 

potentiometers. The sixth lens (7) is set to ground. This gradual change in potential 

slows the beam down in a stepwise fashion. The deceleration process causes a high 

level of divergence of the beam because it is only able to reduce its longitudinal 

velocity. To rectify this beam divergence, an Einzel lens (6 ) is employed to refocus 

the ions before the encounter with their neutral collision partner. The Einzel lens is 

made of three electrically isolated cylinders. The two outer cylinders are held at 

ground potential and the inner cylinder is held at a higher potential. The potential on 

the inner cylinder may be adjusted using a potentiometer. By adjusting the potential 

on the centre cylinder, it is possible to vary the position of the focal point. Figures

1 72.5a and 2.5b show Simion diagrams of how an Einzel lens may focus ions.

Figure 2.5a A Simion diagram of an Einzel lens.
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Figure 2.5b A Simion potential energy diagram of an Einzel lens. The “saddle” nature of the lens 
focuses the ions to a point.

2.2.4 Product ion mass analysis
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Once the dication beam has been decelerated to the required collision energy by the 

decelerator assembly, the reactant dications enter the source region of the time of 

flight mass spectrometer (TOFMS) shown in figure 2.6. The TOFMS source region 

also serves as a collision region where dications and neutrals interact. The dication 

beam intersects an effusive jet of the neutral collision partner. Product ions formed 

as a result of these collisions, as well as unreacted dications are periodically 

extracted from the TOFMS source. Extraction from the source is achieved by pulsing 

a positive potential on a repeller plate (Figure 2.6). The ions are then accelerated 

through a second acceleration region before reaching the field free drift zone, after 

which they are detected.

Time of flight mass spectrometry relies on the principle that two ions o f different 

masses, accelerated to the same kinetic energy, will possess different final velocities. 

This difference in their final velocities means that, over a given distance, their times 

of flight will be different. It is shown in the appendix of this thesis that, using simple 

electrostatics and Newtonian mechanics, the time of flight ( rtoj) of an ion of mass m 

in a series of electric fields is given by

where k  and c are constants, k relates to the internal dimensions o f  the mass 

spectrometer and the electric fields used, c relates to the electronic timing delays of 

the TOFMS.

In time o f flight mass spectrometry, ions are all detected simultaneously allowing 

many complete mass spectra to be collected each second. In addition to this 

advantage over other types of mass spectrometry, time of flight mass spectrometry is 

a relatively simple technique which, unlike other types of mass spectrometry, does 

not require the fine alignment of expensive equipment.
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The TOFMS used in the experiments described in this thesis is of a standard Wiley-

1 SMcLaren two-field design with first order space focusing. The TOFMS source 

region is twice the length of the second acceleration region. As mentioned, collisions 

between the reactant dications and the neutral collision gas occur in the source 

region. Following these collisions, a repellar plate (figure 2.6) is periodically pulsed 

from 0  V to + 400 V at a frequency of 50 kHz. This pulse creates an electric field in 

the source region which extracts the collision product ions and any unreacted 

reactant dications out of the source region, through the second acceleration region 

where they are further accelerated, and into the field free drift zone. In the field free 

drift zone, ions possessing different masses, having different final velocities and so 

different flight times, separate out before impinging onto the MCP detector. The 

source region, the second acceleration region and the field free drift zone are 

assigned lengths of 2So, d  and D respectively.

As mentioned, the TOFMS employed in these crossed beam collision experiments 

possesses first order focusing properties. A brief outline of the general principle of 

this focusing follows.

Source
region

0

Repeller
plate

K~ r J
Acceleration
region

0

MCP
'detector

Figure 2.7 schematic representation of first order spatial focusing in a two field time o f  flight mass 
spectrometer



Ions being extracted from the source of the TOF by the electric field may have some 

spatial distribution about the centre of the source. If we consider three ions of equal 

mass and charge being formed in the TOFMS source with a spatial distribution along 

the axis of the TOFMS, as shown in figure 2.7, one ion So formed in the centre of the 

source, a second ion S. formed slightly further away from the TOFMS detector, and 

a third S+, formed slightly forward towards the TOFMS detector. When the repeller 

plate is pulsed to +400 V, the field created in the source region will cause the three 

identical ions to be accelerated towards the detector. However, The spatial 

distribution of the three ions will result in ion S+, being closer to the detector, having 

a “head start” over ions So and S.. Similarly, ion So will have a head start over S.. 

However, ion So will experience the force created by electric field from the repeller 

plate pulse for a greater amount of time than that of S+. Similarly, S. will experience 

the electric field for longer than So- As a result of the differences in these electric 

field times, on entering the field free drift zone, S. will have the highest velocity, So 

will have an intermediate velocity and S+ will be travelling slowest. Some distance 

along the field free drift zone, the ions initially further back from the detector will 

“catch up” with the ion initially closest to the detector. This point along the drift 

zone is known as the primary focal point. If the detector is placed at this focal point, 

then ions formed with an initial spatial distribution along the axis of the TOFMS will 

reach the detector simultaneously and so have equivalent flight times. That is, that 

there is no variation in rtof  with initial position about the centre of the TOF source 

region sq.



If these conditions are applied to the expression for the total flight time of an ion in a 

two field TOFMS, we have

where Es and Ed are the strengths of the electric fields in the source and accelerating 

regions respectively and k relates to the electric fields in the source and second 

accelerating region. In practice, space focusing may be achieved by adjusting the 

ratio of the electric fields Ed and Es. All ion peaks within the mass spectrum will 

have a finite width corresponding to a range of ion flight times. This width arises 

because ions being formed over a range of positions in source region, even with 

good first order focusing, will increase peak width. Further complications arise as the 

ions in the TOF source region may have different initial velocities along the axis of 

the TOFMS. Ions experiencing the extraction field whilst travelling away from the 

MCP detector will have a certain ‘turn around’ time. That is, the time required for 

the electric field to change the direction of the ion’s motion. Also, ions with initial 

kinetic energy in the direction on the detector will have a final velocity in the field 

free drift zone greater than an ion with no initial kinetic energy. This initial kinetic 

energy distribution along the axis of the TOFMS will further increase the width of 

the peak in the mass spectrum.

A grid, held at 2.5 V, is positioned between the grounded acceleration grid and the 

drift tube grid to prevent stray ions from entering the acceleration region when the 

repeller plate is at ground potential.

(2.11)

sE. + d E . 
k = — ------- - (2 .12)

sE,
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2.2.5 Product ion detection

■30 V Ground

Incident ions

Figure 2.8 MicroChannel plate detector

The detector positioned at the end of the flight tube of the TOFMS is a multichannel 

plate detector and works by amplifying a signal given by the arrival of an ion. The 

multichannel plate detector (figure 2 .8 ) consists of two multichannel plates 

positioned one behind the other. The channels within the plates are angled with 

respect to the incident ions so that when an ion enters the channel it will strike the 

walls of that channel thereby ejecting secondary electrons. This process is illustrated 

in figure 2.9.

Figure 2.9 Schematic o f a single channel in the microchannel plate detector. The first arrow 
represents the incident ion.
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The result of this cascade in electrons from a single ion striking the detector is a 

large increase in current at the end of the channel. The electrons are drawn through 

the plates by the potential difference applied to the plates. The momentarily large 

electron current is amplified and discriminated by a constant fraction discriminator 

(CFD). This electron current “spike” is counted as one ion arrival. One ion arrival 

can generate more than 106 electrons. Ion arrivals are counted, converted to flight 

times and added to a histogram to build up a complete mass spectrum. This process 

is detailed below.

2.2.6 Time of flight measurements

The time of flight is determined by the difference in time of a start signal, given by a 

pulse of the accelerating potential and the stop signal triggered by the ion’s arrival at

n

the detector. Since the difference in flight times of successive ions may be < 1 0 's, 

fast electronics are required. The advantages of this technique are that a complete 

mass spectrum is obtained for each pulse and that many mass spectra may be 

obtained every second allowing for more statistically significant results.
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Figure 2.10 The TOFMS timing electronics.

Figure 2.10 shows schematically the electronic design of the crossed beam 

apparatus. The time of flight of an ion is measured by timing the difference between 

a START signal given when the ion is accelerated from the source and a STOP 

signal given when the ion reaches the detector at the end of the flight tube. When the 

pulse generator (Stanford) issues a pulse to the high voltage switch, 4-  400 V is 

applied to the repeller plate. This voltage causes an electric field which accelerates 

the ion out of the source. When the voltage is applied, the pulser sends a START 

signal to the Lecroy time to digital converter (TDC) via a Lecroy constant fraction 

discriminator (CFD). The CFD converts the pulse from the pulser to an ECL signal. 

The TDC then starts the timing cycle. This START signal is delayed slightly so that 

any RF noise generated by the high voltage applied to the repeller plate will not be 

detected. When the ion reaches the detector, a signal is sent from the MCP detector, 

amplified and discriminated and a STOP signal is sent to the TDC via the Lecroy 

CFD ending the timing cycle. The difference between the START and ST OP signals
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gives the time of flight of the ion. These times are stored in the Lecroy memory 

module. Once this memory module has accumulated 16 K of data, the ion’s flight 

times are downloaded to a PC. A memory module is used to allow fast acquisition 

and transfer of data to the PC. Each memory download is termed one cycle. A mass 

spectrum is typically run for 1000 cycles. Each ion is allocated a channel number 

(from 1 to 1000) according to its flight time. Any ion having a flight time 0-6 ns is 

placed into channel 1 , any having a flight time 6 - 1 2  is placed into channel number 2 . 

This continues to channel number 1000. The range of ion flight times for each 

channel may be determined by the user. The complete mass spectrum is built up as a 

histogram, with each detected ion’s flight time added in this way. A complete mass 

spectrum is typically run for about 5 x 106 ion counts. The software used to collect 

and process the accumulated data has been specially constructed in Visual Basic. 

The output file of a mass spectrum takes the form of a list o f two columns, the first 

corresponds to ion channel number, and the second is the number of detected ions 

corresponding to that particular channel number. Channel number and flight time 

may easily be transposed to mass to charge ratio by equation (2.9). For example, a 

known gas may be introduced into the system. Using two peaks of known mass m 

and flight time tl0f, it is a simple case of solving a simultaneous equation to 

determine c and k. These values of c and k  may then be used to calculate the masses 

of unknown peaks in a new mass spectrum.

2.2.7 Single Collision Conditions

When interactions occur between the reactant dication and its neutral collision 

partner, it is important to ensure that any product formed is the result o f  a single 

collision. If the neutral collision gas is maintained at too high a pressure, it is likely

54



that multiple collisions will occur. A multiple collision is considered as occurring if 

an ion undergoes two or more collisions between the times of entering the source 

region and reaching the MCP detector. These multiple interactions could 

unnecessarily complicate a mass spectrum, as a product formed from multiple 

collisions may be the same as a product formed from a single collision. If the 

pressure is such that single collisions occur, then the intensity of any product ion 

peak should vary linearly with neutral collision gas pressure.

Experiments were carried out to ensure that the pressure was maintained within the 

single collision range. CF32+ was collided with H2O at H2 O pressures of 2x1 O' 6 torr, 

4x10‘6 torr, 6x1 O’6  torr and 8x1 O' 6 torr. Background subtraction of the CF2+ peak 

{mlz = 50) was performed and then impurity ion subtraction of the spectrum carried 

out in the usual way (discussed in Chapter 3). The resultant, corrected spectrum was 

normalised to the CF32+ peak (mlz = 34.5). The relative intensity of the CF2+ peak 

was then plotted against H2 O pressure (Figure 2.11)

From Figure 2.11, it is clear that single collision conditions are maintained as the 

plot shows that a linear relationship between the neutral target gas pressure and the 

ion signal relative intensity. Under single collision conditions, the intensity of the 

product ion signal should be proportional to the H2 O pressure. We also expect that 

under single collision conditions, the product ion intensity will be proportional to the 

dication flux density.

I  prod ^  Ph 20  ICF^+ (2-13)

Since the dication current is not precisely constant, to remove any effects from its 

variation, we normalise the product ion yield to the dication current in the spectra. 

Normalising in this way gives relative ion intensities which can count across

55



experiments carried out for different durations and with different dication counts. By 

normalising, from equation (2.13) we get

Lprod

1CFi*
k P K O

(2.14)

So we would expect a graph of I prod /Id ica tion  vs P neutrai to be linear if  single collision 

conditions are valid assuming that only a small number of the reactant dications 

react, during collisions with H2O. Under single collision conditions, this is the case. 

Experiments are typically carried out at an H2O pressure o f 4x1 O' 6 Torr.

Further experiments were carried out to test the effect of variations in the pressure of 

the dication precursor gas in the electron impact source. For this, CF22+ was collided 

with H2 O at CF4 pressures of 4, 6 , and 8x1 O’6 mbar. The relative intensity of the

I 24“CF2 peak (normalised to the CF2 peak) was plotted against CF4 gas pressure 

(figure 2 .1 2 ).
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Ph
o

+
PH

m
o

0

0 k-6
8 10

10" H20  pressure /Torr
Figure 2.11 The variation o f (CF2+/CF22+) with neutral collision gas pressure
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Figure 2.12 The variation of (CF2+/CF22+) with dication precursor gas pressure

8

From figure 2.12, it is clear that product ion relative intensity is independent of 

source gas pressure. This is because

i c e ? x  p h 2o  I cf}* (2.15)

1  c f !~  - k P c F , (2.16)

r _  h->p p  
1 c f :  h 2o  c f a

^CFt Ph2o Pcfa k

I CFi

IC F ?

PcF, k

I
k '

H-,0

(2.17)

(2.18)

(2.19)
CF-t
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Therefore, the relative intensity of the CF2+ signal should be proportional to the H20  

pressure, not the CF4  pressure, as is observed.

2.2.8 Channeltron ion counter

In order to extract integral reaction cross sections (a) from our raw data, which is 

one of the objectives of this project, it is necessary to accurately quantify the reactant 

dication current. However, at the high dication currents utilised in these experiments, 

certain saturation effects have been observed at the constant fraction discriminator 

(CFD). Saturation o f the CFD occurs because there is a dead time of 70 ns after an 

ion has been counted, during which, if another ion arrives, it will not be counted. The 

probability that two dications will arrive within 70 ns of each other is only 

significant because the dication beam is pulsed towards the MCP detector and only 

affects the reactant dications because they are much more abundant. This 70 ns dead 

time means that some o f the unreacted reactant dications arriving at the MCP 

detector will not be counted. Therefore, it was deemed necessary to find another 

method by which to measure the dication beam current.

In the line of the dication beam, perpendicular to the axis of the TOFMS, we 

positioned a channeltron detector. This channeltron has been incorporated into the 

crossed beam instrument in order to measure accurately the dication beam current. 

With the voltages on the TOFMS turned off, the ion beam passes through the 

TOFMS source and is focused into the channeltron detector by an electrostatic optic. 

Because there is a constant stream of dications (not pulsed), the probability of two 

ions reaching the channeltron within 70 ns of each other is negligible.

When this method was used to accurately quantify the reactant dication beam, it was 

found that charging at the mountings around the channeltron caused the count rate to
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fluctuate in an erratic manner. This effect could not be eliminated. It was therefore 

necessary to find an alternative method by which to accurately count the unreacted 

reactant dications. This new, more successful, method is described in detail in 

Chapter 3 and involves precisely determining what proportion of the dications are 

not counted at a given dication current and adjusting our data processing 

methodology accordingly.

2.3 Operational parameters

Experiments are carried out at a rigidly maintained target gas pressure, typically 4.0 

x 10' 6 Torr. Table 2.13 gives a list of operational parameters.

Parameter Typical Value

Laboratory frame collision energies 1-15 eV

Repeller plate pulse frequency 50 kHz

Precursor gas pressure 4 x 1 0 ' 6 mbar

Neutral collision gas pressure 4 x 10' 6 torr

El electron energy 100 eV

Repeller plate potential 0 to +400 V

Field free drift zone potential -1230 V

MCP detector front plate -2400 V

MCP detector rear plate +40 V

El extraction electrode potential -200 V

El filament current 3.7 A

Electromagnet current 2.2 A

2.4 Conclusions

A detailed description of the cross beam time of flight apparatus has been given. All 

experiments are carried out under single collision conditions. A discussion of how 

the raw data obtained from these experiments is given in Chapter 3.
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Chapter 3 

Data reduction 

3.1 Introduction

In order to extract meaningful information from our raw data, we use data reduction 

methods which take into account various aspects of the instrumental setup. These 

include knowledge of the internal dimensions of the time of flight mass spectrometer 

(TOFMS) and the timing electronics. This chapter describes, in detail, how the raw data 

was processed to extract integral reaction cross sections for the reaction processes we 

observed.

3.2 Data analysis

3.2.1 Determination of R abs

In order to extract reliable information from our raw data, we must correct any raw data 

to allow for background counts and impurity ions. Background counts arise as a result of 

random stray ions hitting the detector and are seen as a non zero baseline. It is important 

to correct the data for background counts as some reaction channels, such as bond 

forming processes, may have small cross sections and the background counts may 

account for a significant proportion of the ion signal. 1' 5 Although the dication beam is of 

high purity (> 9 9  %), impurity ions may be present in the mass spectrum as a result of 

unimolecular dissociation of the reactant dication, 6 collision induced dissociation caused 

by the reactant dication colliding with residual gas in the chamber or undesired ions 

passing through the velocity filter due to its less than perfect resolution. These impurity 

ions may be the same ions as the product ions of interest formed as a result o f  collisions 

between the reactant dications and neutral collision partner.



Background subtraction is achieved, using the mass spectra we record, by selecting an 

appropriate background area in the spectrum close to the ion signal under consideration. 

The average number of counts per channel in this background area of the mass spectrum 

close to the peak of interest, is then subtracted from each channel of the product ion 

signal. In short, the background corrected ion signal intensity Ibgc is given as

h
^bgc ^obs

bgd
x N 2 (3.1)

where I0bS is the observed ion signal intensity, Ibgd is the number of counts in the 

selected background region and N2 and Nj are the widths, in terms of number of 

channels, in the ion’s signal and selected background region in the mass spectrum 

respectively.

Three mass spectra are collected and treated in this way. In addition to these three mass 

spectra, two mass spectra are collected in the absence of any neutral collision partner. 

These ‘collision free’ mass spectra allow us to determine which ion signals arise in our 

mass spectrum as a result of unwanted processes such as those outlined above. The 

collision free spectra are treated in exactly the same manner as the mass spectra 

collected in the presence of the neutral collision gas. In total, these five mass spectra, 

three with neutral collision gas and two without, make up one “set”. Three o f these sets 

are collected for each collision energy in the energy range under study. The lbgc for each 

ion signal is averaged across the three mass spectra gathered in the presence of neutral 

collision gas. The same is done for the collision free mass spectra and the second 

subtracted from the first. This yields /, a value which is corrected for both background 

counts and impurity ions
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Following this procedure, the background and impurity ion corrected I  value for a 

particular ion in reaction channel y, Ij, for each ion signal is normalised to the 

background and impurity ion corrected value for the unreacted reactant dication Iq to 

yield a value for R 0bs(J), the observed ion intensity ratio for a particular reaction channel

j-

Rcs = J -  (3-3)
0

However, in order to extract absolute reaction cross sections from our data, various 

other factors must be taken into consideration. These include mass discriminating effects 

of the TOFMS, that is, the fact that the TOFMS may count some ions more efficiently 

than others, kinetic energy release associated with these collision reactions and dication 

flux saturation at the CFD. By accurately knowing exactly how each of these factors 

affects the final ion signals in the mass spectrum, it is possible to determine integral 

reaction cross sections from our data. These data reduction methods are discussed in the 

following section.

3.2.2 Determination of integral reaction cross section cr'7

The variation in the cross sections for the various product channels with collision energy 

for a given collision system can provide a valuable insight into the dynamics and 

mechanisms of the reactions which are occurring. In previous investigations we

4 8extracted from our data the ratio of the cross sections of pairs of product channels. ’ 

Such “ product ion ratios” are independent of the target gas pressure and their extraction



from the experimental mass spectra does not require a detailed consideration of the 

detection efficiency of the unreacted dications. However, accounting for the variation of 

such product ion ratios with the collision energy is not straightforward, as the cross 

sections of both of the reaction channels under consideration may vary with collision 

energy. To overcome these problems we present below a new data analysis procedure, 

which allows us to extract integral reactive cross sections from the R 0bs(j) values by 

accurately counting the unreacted reactant dications.

If the cross section for a particular reaction channel j  is o) then

Where Fu is the final flux of the dication beam, that is the flux of the unreacted reactant 

dications, Fo is the initial flux of the dication beam, n is the number density of the 

neutral collision partner and / is the length of the interaction region in which a collision 

may occur. The reduction in this dication flux on passing through an interaction region 

is

F  =  F  e~ajnl1 u 1 0 e (3.4)

(3.5)

and

(3.6)

(3.7)

However, when a^nl is small, e ajnl may be approximated as

(3.8)
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The initial flux Fo may not be directly determined from our experiments. However, 

because only a very small fraction of incident dications react during an experiment 

(<1%), F0 » Fu, we may use Fo instead of Fu. From the above, we have

Fj = a  jtilF0 (3.9)

where Fj is the flux of the product channel j.  Rearranging, we have

< j,= F -r  (3.10)
nlF0

The initial flux, Fo, of the dication beam is the product of the ion density of the initial 

dication beam and its velocity.

F, = Pouo (3.11)

Similarly, the flux of the product ion is the product of the ion density of the product and 

its velocity

Ft = p tvj (3 .12)

substituting equations 3.11 and 3.12 into equation 3.10 gives

p v
<7: — —-— (3.13)

nlp0o „

p  may be expressed in terms of the detected ion intensity /, the volume of the interaction 

region imaged onto the detector V and some constant k, where A: is a mass independent 

ion detection efficiency. For reaction channel j  and for the reactant dication, we have

k l i
p j = F  (3-14>

j

and

(3-15)
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The volume of the interaction region imaged onto the detector is included here as ions 

with different kinetic energies across the source region of the TOFMS possess different 

velocities and so will travel different distances orthogonal to the axis of the TOFMS 

prior to reaching the end of the TOFMS. Hence, a certain ion with a certain velocity 

across the source region will image a certain volume of the source onto the detector. A 

different ion possessing a different velocity will image a different volume of the source 

region onto the detector . After a reaction occurs between a dication and a neutral, the 

product ions may separate from each other with a considerable release of kinetic energy. 

This kinetic energy release (KER) arises as a result of the Coulomb repulsion 

experienced by the two positive charges in close proximity. This KER is released in the 

centre of mass frame and affects the ion’s velocity in the laboratory frame. As a result of 

this KER, two product ions with different masses may depart with different velocities 

across the source region of the TOFMS. For these calculations, the reaction is known to 

give forward scattering of the ion derived from the reactant dication. 5 The difference in 

these ions’ transverse velocities across the source region of the TOFMS means that they 

will travel different distances perpendicularly to the axis of the TOFMS before reaching 

the detector. Consequently, more energetic ions may not reach the detector but be lost to 

the sides of the chamber. Figure 3.1 shows how the trajectories of two ions with 

different energies across the TOFMS may behave. Trajectory A shows an ion formed 

with low kinetic energy. Any ion formed with less kinetic energy than the ion tracing 

trajectory A will be lost to the sides of the chamber. Similarly, Trajectory B shows an 

ion formed with high kinetic energy. Any ion formed with higher kinetic energy than the 

ion tracing trajectory B will be lost to the sides of the chamber.
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Point 
where ion 
is formed

Trajectory

Trajectory

Figure 3.1 Trajectories of two ions. One with low kinetic energy perpendicular to the axis o f the TOFMS
(Trajectory A) and the other with high kinetic energy (Trajectory B)

For a particular reaction channel, where the ion produced possesses a certain laboratory 

frame kinetic energy across the TOFMS, there will be a range of positions, in which, if 

the ion is formed, it will reach the detector and not be lost to the sides of the chamber. 

This area, in which the ion may be formed and not be lost, will be cylindrical in shape, 

being determined by the cross sectional shape of the incident dication beam.
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Volume of source 
region imaged onto 

detector

Figure 3.2 The volume of the TOFMS source region imaged onto the detector. L is used in calculating
integral reaction cross sections

The volume of the source region imaged on to the detector may be expressed as a length 

L and an area A.

Vj ^ A jL, (3.16)

and

r*=4>L0 (3-17)

for reaction channel j  and the dication respectively. Combining equations 3.13, 3.14, 

3.15, 3.16 and 3.17 gives

j V  j  -AqL q
<j  = --------- L - ± ----------------

nlklnUnAX,
(3. 18)

0 ^ 0

However, the cross sectional areas of the interaction region imaged onto the detector for 

the initial flux Fo and the product channel flux Fj are equivalent for the same reaction 

system because the dication beam is the same throughout, so

A0 =Aj  (3. 19)

and
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(3.20)

Ij and Io are the detected ion intensities of the product j  and the reactant dication, uj and 

l>o are their velocities and Lj and Lo are their effective lengths of the source region 

imaged onto the detector, n is the number density of the neutral gas and / is the 

interaction path length, n and I are constant for a particular reaction system at constant 

pressure.

Equation 3.20 shows that, in order to calculate the absolute reaction cross section o), we 

require the laboratory frame velocities of the ion j ,  and the reactant dication, and the 

lengths of the TOFMS source region imaged onto the detector. All of these parameters 

may be calculated using knowledge of the internal dimensions of the TOFMS and 

simple ion dynamics. The total kinetic energy release of the two monocationic products 

following an electron transfer reaction is usually about 7 eV. Therefore, we have

where mi, vi, m2 and V2 are the masses and velocities of electron transfer product ions 1 

and 2. We also know that, in the center of mass frame, the sum of the momenta of the 

electron transfer products following the reaction is zero. Therefore we have

By solving equations 3.21 and 3.22 simultaneously, it is possible to calculate the 

velocity v of an ion across the source region of the source region of the TOFMS. This 

velocity then allows the length of the source region imaged onto the detector, L , to be 

calculated using the dimensions of the TOFMS to determine whether an ion will reach 

the detector or be lost to the walls of the chamber.

(3.21)

mlvl + m2 v2 = 0 (3.22)
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The value Ij/Io (R 0bs(J)) is evaluated using the method in the previous section of this 

chapter. Unfortunately, an additional constant c (c > 1) is required in equation 3.20 to 

quantify saturation effects associated with the constant fraction discriminator, which 

means that the reactant dications are not, at higher dication beam currents, detected by 

the experimental electronics with the same efficiency as the product ions. Thus, 

experimental values of Iu may underestimate the flux of unreacted dications and the 

experimental values of R 0 bs{j) are artificially large. However, as shown in the next 

section, this reduction in the dication detection efficiency can be quantified, that is, c can 

be accurately determined, so that integral reaction cross sections in arbitrary units can be 

evaluated using equation 3.20. As described above, in previous studies we presented the 

variation in the relative yields of pairs of product ions with collision energy. This 

procedure was adopted as these product ion ratios are independent of target gas pressure 

and ion beam fluctuations. However, the above analysis shows that, as long as the 

neutral gas pressure (n) and beam quality (affecting A and I) can be maintained 

throughout a series of experiments, by expressing our product ion intensities relative to 

the accurately measured intensity of the unreacted dication signal we can extract a value 

which is directly proportional to the absolute reaction cross section, with a constant of 

proportionality that will not vary between experiments. That is, we can extract values of 

the integral cross sections oj in arbitrary units. These values of oj are, of course, 

proportional to the absolute reaction cross section.

3.2.3 Determination of c

For every real ion signal which is sent from the multichannel plates to the CFD, a 

corresponding signal is sent to the TDC and an ion is counted. However, if two (or
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more) ions arrive at the MCP detector in close succession, within the dead time (70 ns) 

of the CFD, the later ions will not be counted. The space focus of the TOFMS means 

that the temporal width of the dication peak in the TOF mass spectrum is less than 20 ns. 

Hence, if more than one dication reaches the detector following a given repeller plate 

pulse then the second arrival will be lost within the dead-time of the CFD. Hence, at 

significant dication currents, the number of reactant dications reaching the detector 

during the course of the acquisition of a mass spectrum may well be greater than that 

recorded in the mass spectrum via the TDC. It is important to note that the dead-time 

losses described above only affect the dication signals. This is because the number of 

unreacted dications detected, approximately 0.3-0 . 8  per repeller plate pulse on average, 

is far greater than the number of product ions detected, as we operate under single 

collision conditions. This means that the probability of two product ions arriving within 

the dead-time of the CFD is negligible. Hence, the CFD losses will lead to the raw 

values R 0bs(J), being larger than the true value R reai(j)  =  Robsij')/c. We need only to 

determine a value of c for each set of mass spectra recorded, as the dication beam 

current is effectively constant during the accumulation of the five mass spectra making 

up a set. In practice, we endeavour to use the lowest practical dication beam current in 

our experiments and to keep the dication beam current approximately constant between 

the different sets of mass spectra we record. This results in c being as close to unity as 

possible and not varying dramatically between different sets of spectra. To determine c 

we must consider in detail how we record a mass spectrum. Each pulse o f  the TOF 

repeller plate causes any ions in the source region to accelerate towards the detector. 

Any ion that does not arrive when the CFD is “ dead” is then allocated a flight time.
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These flight times are accumulated in a memory module until it is full (16 kbytes). Once 

the memory unit is full, the data is downloaded to a PC. Each filling of the memory unit 

and subsequent download is termed one “ cycle ” of the data acquisition process and 

each mass spectrum is acquired for 1 0 0 0  cycles.

♦

12 H

(Ao
^  8mO

4

0  H-------------------- 1--------------------- 1---------------------1-----------------~ i --------------------1-------------------- 1---------------------1-------------------- 1

0 100 200 300 400 500 600 700 800

t /s

Figure 3.3 Plot of Robs, the ratio o f the product ion CF2+ signal intensity to the unreacted reactant dication 
signal intensity, against mass spectral acquisition time. The dashed line shows the value of 
Rreai which is 3.4 x 10"3

The time t taken to accumulate a mass spectrum, that is the time for 1000 cycles, is 

dependent on the time taken to accumulate 16 kbytes of data, which is in turn dependent 

on the dication beam current, since unreacted dications dominate the ions detected. If 

there is a large dication beam current, accumulating 1 0 0 0  cycles takes a shorter period 

of time than at low dication beam currents. Thus, the value of t for a mass spectrum can 

be used to quantify the dication current during that spectrum.

If, by recording mass spectra at different dication beam currents, we record the variation 

of Robsij) as a function of t we produce a curve (Figure 3.3) which converges at large t, 

that is low dication currents, to R reai(j), the value of R 0bs(j) when c = 1 . If for this same
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dataset of R 0b s(j) as a function of /, after performing experiments at low dication beam 

currents to determine R rea i( j) , we plot R 0bs(J)IRreai against t, we generate a calibration 

curve (Figure 3.4) which tends towards unity from above with increasing t . A function 

has been fitted to this curve:

R o b , ( j ) = c = _g_ + i (3.23)
R m A J )  t ‘

where a and n are variables which can be adjusted to improve the quality of the fit.

1 ^

Here, a = 1.4 x 10 and n = 5.94. Equation 3.23 fits the calibration curve well, with a 

correlation coefficient r of 0.88. Very similar values of a and n are derived for fits to 

calibration curves determined for the formation of different product ions from a variety 

of collision systems at different collision energies. Hence, Equation 3.23 can be 

considered an empirical “ general calibration curve” . So, if a given reactive channel 

yields a value of R 0bs in a mass spectrum recorded for t  seconds then the appropriate 

value of c can be determined from Equation 3.23.

I  2

---------- i--------------1------------- 1------------- 1------------- 1------------- 1 i i

0 100 200 300 400 500 600 700 800

t Is

Figure 3.4 Plot o f RobJR-reai against mass spectral acquisition time. The curve is fitted using the least 
squares method
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In practice, the average time t taken to record each of the individual mass spectra 

making up a set is used via Equation 3.23 to determine c for that set. The values of 

R o b s(j) for that set of data can then be corrected to yield the values of R rea i{j) for that set. 

The average value of R reai(J) for several sets of data at a specific collision energy are 

then used in the determination of the integral reaction cross section <j'j , in arbitrary 

units, at that collision energy:

a ' j = nl(Tj = - J- 7 L R ^ i U )  ( 3 - 2 4 )
u L.U J

3.3 Conclusion

The data analysis procedure used to extract integral reaction cross sections from our raw 

data has been reviewed. This analysis accounts for background and impurity ions in the 

mass spectrum, kinetic energies of product ions and saturation effects of the electronics.
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Chapter 4 

A theoretical perspective 

4.1 Introduction

This chapter examines some of the theoretical aspects of collisions between 

dicationic and neutral species. Electron transfer, forming monocations from the 

reactant dication and neutral often dominates the bimolecular reactivity of 

dications. 1’3 The ‘reaction window’ model based on the Landau-Zener theory4 ,5 has 

been a useful tool during the course of these investigations which compliments the 

experimental results obtained.

Also contained in this chapter, are descriptions of the centre of mass co-ordinate 

system and collision and reaction cross section theory.

4.2 Reaction window model based on the Landau-Zener Theory

The relative abundance of the product ions from electron transfer reactions may be 

rationalised using the “ Reaction Window” model derived from the Landau-Zener 

theory. 4 ,5 This model may be used to predict the probability of an electron transfer 

reaction between a dication and a neutral. In this model an electron transfer occurs at 

the crossing of two simple electrostatic diabatic potential energy surfaces 

corresponding to the reactants (X2+ + Y) and products (X+ + Y+). The interaction 

between the reactants is modelled as the sum of a simple polarisation attraction 

potential derived from the polarisability of the neutral a, and the reaction 

exothermicity AE.



This simple polarization attraction model does not take into account the large 

repulsive wall encountered at very small interspecies separation. However, this is not 

a problem as the repulsive wall occurs at much smaller interspecies separation than 

the curve crossings. The product potential is represented as purely repulsive.

v ,= 4 7T£Qr
(4.2)

Where the zero o f energy is defined as the point of infinite separation of the two 

monocationic products. The interspecies separation of the intersection of these two 

potential energy curves, the curve crossing radius, then determines the probability of 

electron transfer.

a

E

r

Figure 4.1 the curve crossing point r x o f the two diabatic curves, one corresponding to dication plus 
neutral and the other corresponding to two monocations, is the interspecies separation at 
which electron transfer occurs.

If the curve crossing is at a large interspecies separation then there is little interaction 

between the reactant and product states and the probability for electron transfer is 

small. Conversely, if  the curve crossing is at small interspecies separation then the 

two states interact strongly and there is a high likelihood of electron transfer, on one
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pass through the crossing. However, to react, the system must pass through the curve 

crossing twice, once on approach and again on separation. Hence, for small crossing 

radii the net probability of electron transfer is small even though the probability of 

electron transfer on one pass through the crossing is large. Between these two 

behavioural limits there is a range of interspecies separations, the reaction window 

where the coupling is neither too weak nor too strong and effective electron transfer 

can result. The cross sections for the population of the different product electronic 

states can be calculated using this reaction window model. If the products are formed 

in stable electronic states, then non-dissociative electron transfer results. However, if 

the products are formed in unstable electronic states then dissociative electron 

transfer will result. Thus, to predict which ions are observed in the mass spectrum we 

need to know both the probability for populating the available electronic states of 

each of the primary electron transfer products and also the stability of these 

electronic states.

If <5is the probability that there is no change in electronic state (i.e. remaining on the 

diabatic curve through the crossing), then the overall probability P  that an electron 

transfer reaction will occur is given by

P = 2 6 (1 -8 )  (4.3)

The value o f 5  is evaluated using the magnitude of the difference in the gradients of 

the two potential curves at the crossing radius \V2 - V/\, the relative radial velocity at 

the crossing v&, which can be calculated for a given impact parameter from the 

collision energy and the interaction potential, and the electronic coupling matrix H i2.



The ab initio calculation of the electronic coupling matrix element requires a detailed 

discription o f the wavefunctions of the collision system. However, here H n  is 

evaluated from the ionization potentials of the reactants and the curve crossing radius 

using the semi-empirical formula of Olson et al .6

If the curve crossing is at large interspecies separation, 8  will be effectively unity as 

\Hj2 \ is small. Whilst if  the curve crossing is at small interspecies separation 8 will 

approach zero as \Hj2 \ is large. Between these two limits, in the reaction window, P 

can approach the Landau-Zener maximum of 0.5. The probability of an electron 

transfer reaction P  is a function of the radial collision velocity v&, which is in turn a 

function of the collision energy and impact parameter b. At a given collision energy 

we can evaluate the electron transfer cross section <jcaic by integrating P  over b from 

b = 0  to 6 maX, the maximum value of b for which the collision system reaches the 

crossing radius:

From Figure 4.2, it is clear that the interspecies separation at which this curve 

crossing occurs is largely dependant upon the exothermicity of the reaction

If the exothermicity is small (A£i), the curve crossing radius of the product and 

reactant states will occur at large interspecies separation (r3) and so be outside the 

reaction window. Similarly, if the exothermicity is large ( A E 3 ),  the curve crossing

(4.5)

where

(4.6)

(4.7)
o

X2+ + Y V  + V (4.8)
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will occur at small interspecies separation (ri), again placing it outside the reaction 

window. However, if the exothermicity is within certain limits (A£3), usually 

between about 2 eV and 6  eV, the curve crossing radius fe) of the product and 

reactant states will lie in the reaction window and net electron transfer will occur.

E

1 Reaction Window

r

Figure 4.2 A Landau-Zener reaction window diagram showing the link between curve crossing radius 
and reaction exothermicity.

In practice, in order to model the dication neutral electron transfer reaction, it is only 

necessary to construct the potential energy surfaces of the reactants and products. If 

the curve crossing lies within the reaction window, then electron transfer will 

proceed.

The calculations performed with this model only give approximate values for the 

reaction cross sections. However, in the past the Landau-Zener model has proved 

successful in the semi-quantitative rationalisation of product ion yields in dication 

neutral electron transfer reactions. 1,7’ 10 The success of this model is due, largely, to 

the fact that electron transfer occurs at relatively large interspecies separation (3-6 A)
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where the modelled potential energy surfaces provide a good approximation to the 

real potential energy surfaces. For example, it has been shown that for collisions 

between molecular dications and rare gas atoms, electron transfer is not favoured 

between dications and light rare gases such as He and Ne where the reactions are 

only slightly exothermic or even endothermic. However, for heavier rare gases, 

where the ionisation potentials are less, electron transfer does proceed as the 

exothermicities for these reactions lie within the reaction window of 

exothermicities. 10

During collisions between dications and neutrals, the exothermicity dictates whether 

an electron transfer process will be dissociative or non-dissociative. If a large 

exothermicity is required to populate the lower vibrational levels of an electronic 

state, then these low vibrational levels will not be populated. However, higher 

vibrational levels o f that electronic state may fall within the window of 

exothermicities and so be populated. These vibrationally excited electron transfer 

products may fragment to yield dissociative electron transfer products.

4.3 Centre of mass frame11

The motion of two colliding bodies may be described in terms of the independent 

motion of each body relative to the laboratory. This is known as the laboratory 

frame. However, this particular reference frame is not appropriate for the collisions 

described here as a relatively large number of parameters must be considered in 

order to model collisions of this nature. Instead, the motions of the colliding bodies 

are described relative to each other and to their centre of mass. For this reason, this 

reference frame is known as the centre of mass frame (COM). Calculations are 

simplified by the fact that, by definition, the total linear momentum o f  the two 

bodies in the COM frame is zero and the COM moves at a constant velocity relative
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to the laboratory. The COM collision energy is the total energy available to the 

system, with which work, such as rearrangement of bonds or electron or energy 

transfer, may be done.

The distances of the two bodies from the COM are ra and respectively, where

mu
ma+mb

and Ra and Rb are the distances of A and B respectively, from the laboratory frame 

origin, that is the point o f collision in the laboratory frame.

Similarly

rb = - ^ - ( R , - R b) (4.10)
ma + mb

The velocity vectors, ua and Ub may be evaluated simply by differentiating equations 

4.9 and 4.10 with respect to time

dr m,
u„ =

dt ma +mb
( v . - v 4) (4.11)

and

dr, — jn / \ , .  , _.
ub = ~ r  = --------  k  - v b)  (4 -12)

d t  m a +  m b

equations 4.11 and 4.12 may be combined to yield the sum of the linear momenta of

the two colliding bodies in the COM frame 'LPcom•

E m m u / \ in vtiu ( \ A s A ■% \
P c o M = m . u * + m bu b = — — k ~ ( v .  ~ vb ) --------------- (V« - v» ) = °  (4 .13)

m a + m b + m b

this shows that the total linear momentum of the system in the COM frame is zero.

In a similar analysis to that above, the relative kinetic energies of the two colliding 

bodies of COM kinetic energies of Ta and Tb may be given by

^  1 2 1= - m e m .

m a + m b
k - n ) (4.14)
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and

T 1 2 1Tt = = 2 m’>
m

m + m
(4.15)

therefore, the combined centre of mass kinetic energy, T, is given as

^  _ 1 m m , /
r  = r . + r .  = ------ — ( v „ - v j

2 m +m.
m, m.

m„ + m, m„ +m,a  d  a  b

(4.16)

This may be simplified to

rp 1 2T  = — Ltv 
2

(4.17)

where fj. is the reduced mass and v is the relative velocity of the colliding bodies. 

However, when considering dication neutral reactions using our experimental setup, 

the neutral, having only thermal velocity, is effectively stationary compared to the 

reactant dication. Therefore, the relative velocity of the two colliding bodies is 

equilivant to the laboratory frame velocity of the dication. The collision energy in the 

centre of mass frame is therefore given as

T  = —  E (4.18)
m

where mo is the mass of the dication and E  is the laboratory frame collision energy.

In comparing the centre o f mass frame with the laboratory frame for collisions, it is 

useful to use a Newton diagram. Figure 4.3 shows how the centre of mass frame co

ordinates relate to the laboratory frame co-ordinates for a simple, non-dissociative 

electron transfer reaction during a collision between a dication and a neutral.
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Figure 4.3 A schematic diagram of how the centre of mass velocity vectors (V) relate to those of the 
laboratory frame for the electron transfer reaction X2+ + Y -»  X+ + Y+. the solid lines 
represent velocities in the laboratory frame whereas the dashed lines represent velocities 
in the centre o f mass frame. 0,0 is the collision point in the laboratory frame. &i is the 
laboratory scattering angle relative to Vx2+ (solid) and © co m  is the centre of mass 
scattering angle relative to Vx2+ (dashed).

In the collisions described in this thesis, the neutral is effectively stationary before 

interactions so, in reality, the velocity vector Vy would be much smaller than shown 

in Figure 4.3. However, to make the diagram more understandable, Vy has been 

increased.

4.4 Collision cross section12

'max

Figure 4.4 A diagrammatic representation of colliding bodies. For a collision to occur, a colliding
body must be within the limits labelled d. Bodies A and B will collide with T  but C will 
not.
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In order that two chemical species may react, they must first come within a close 

enough proximity of each other. If the assumption is made that the reactants are hard 

spheres o f diameter d, then they must first collide before a chemical reaction may 

proceed. From figure 4.4, we can see that, before collision, one body must enter the 

limits marked d. At the point of collision, the distance between the centres of the two 

species is equal to d. A collision is said to have occurred if  the centre of one species 

enters a sphere o f radius d around the second species. Hence, the collision cross 

section is determined by the physical size of the two colliding species. This collision 

cross section oc may be defined as the constant of proportionality in the relationship

J  = (419)

where X is the mean free path and rib is the number density of the collision partner. 

By increasing <jc, we decrease the mean free path and increase the chances of a 

collision occurring.

However, real molecules (or ions) are not hard spheres. It is therefore more realistic 

to consider collisions between molecular species in terms of their impact parameter.

Figure 4.5 A diagram showing the cross sectional area presented for collisions with A that have an 
impact parameter between b and b + 6b.
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The impact parameter is the distance of closest approach of the two species in the 

absence o f any intermolecular interactions between them. If the incident ion has 

trajectories with an impact parameter in the range b to b+db, then the ions must pass 

through an annular volume of radius b and thickness db (Figure 4.5). Any species 

with a trajectory inside the area of the annulus will collide with the target species. 

The collision cross section may be given as

dcrc = iTtbdb (4.20)

Integrating this within the range 0 to bmax, that is, for all values of impact parameter 

up to a maximum (bmax) that will result in a collision gives

<*c = ^ L  (4-21)

In the case of the hard sphere model, bmax — d. Therefore, the collision cross section 

for the hard spheres is

a  c -7 id 2 (4.22)

However, when considering real dication neutral collisions, we must appreciate that 

not every collision will result in a reaction. In order to understand real collisions, we 

require some coefficient to account for the actual likelihood of a reaction taking 

place. This reaction cross section is discussed below.

4.5 Reaction cross section

The collision cross section determines whether two species will collide, or more 

specifically, whether two bodies will come into close enough proximity to undergo 

some reaction process. However, it is clear that not every ‘collision’ will result in a 

chemical reaction occurring. Whether or not a chemical reaction does indeed take 

place during a collision is dependent on the reaction cross section cr^„. This quantity
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Crxn, is smaller than the collision cross section <jc as not all collisions will result in a 

reaction occurring.

If we consider a cell filled with a collision gas B of number density Nb, an incident 

beam of reactant particles, A and number density Na, passing through that cell will 

undergo a loss in flux according to

where Ia (x)  is the intensity of the beam A at position x  and k(v) is the reaction rate 

constant where

Clearly, ac ><Jrxn as not every collision will result in a reaction. The likelihood that a 

collision will lead to a reaction may be defined as a function of the opacity function 

P(b). That is, the fraction o f collisions having impact parameter b, that will result in 

a reaction. Therefore, 0 < P(b) <1.

At impact parameters larger than bmax, reactions will not occur. Therefore, P(b) is 

zero if the impact parameter is larger than bmax. Incorporating this opacity function 

P(b) into the equation for the collision cross section gives us a relationship for the 

reaction cross section arxn where

( d l \
= k{v)NAN B = I A {x)NBa rm (4.23)

 ̂ dx J

k(v) = vcr (4.24)

darxn = 27ib(P)bdb (4.25)

and

bt
(4.26)

0

The opacity function P{b) is P  if  b <bmax and 0 if b> b,max
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4.6 Scattering

In this thesis, the reactions described are dominated by electron transfer. That is, a 

single electron transferring from the neutral to the dication. Such electron transfer 

processes involve forward scattering, in the centre of mass frame, of the monocation 

derived from the dication . 13 This forward scattering arises as a result of the impact 

parameter at which electron transfer may occur. When a reaction may occur at large 

interspecies separation, that is where bmax is large, then reactions are dominated by 

forward scattering. For example, in the case of the reaction

K + HBr -» KBr + H (4.27)

Following the reaction, KBr proceeds along on much the same path as the reactant K 

and H proceeds along a similar path to that of HBr. In short, K “strips” away Br from 

HBr. This mechanism is sometimes referred to as spectator stripping. In the same 

way, X2+ strips away an electron from Y at about 3-6 A .

Conversely, for reactions which occur at small interspecies separations, backward 

scattering dominates. In the case o f the reaction

K + CH3I -» KI + CH3 (4.28)

I transfers from CH3I to K and KI rebounds back in the direction from were it 

originated. This mechanism is sometimes known as the rebound mechanism.

4.7 Conclusions

The Landau-Zener reaction window model and its application have been discussed. 

Also reviewed here is the centre of mass reference frame and the collision and 

reaction cross sections. All of these theoretical aspects of reaction dynamics are 

important in understanding the bimolecular reactivity of molecular dication.
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Chapter 5 

c f 22+ + H2X (X=0, S)

5.1 Introduction

The absolute partial ionisation cross section for forming CF22+ from CF4 has been 

measured by electron impact ionisation, to be 0.059 A2.1 In addition, Husak et a l2 

calculated the heat of formation of CF22+ to be 29.88 eV.2

It has been shown that the bimolecular reactivity of CF22+, as with many other 

dication neutral collision systems, is dominated mainly by electron transfer 

reactivity.3,4 However, the bond-forming reactivity of CF22+ has also been observed 

and studied intensively, largely due to the ease of forming high quality beams of this 

dication. Initially, Price et a l 5 observed the presence of DCF2+ following collisions

74-between CF2 and D2 . Subsequently, the angular scattering in the collision system 

CF22+ + D2 was studied by Dolejsek and co-workers,6 revealing that the DCF2+ 

product is largely forward scattered. Following the success of these studies, 

intermolecular and intramolecular isotope effects have been studied following

‘74- 7 Rcollisions of CF2 with H2 , HD and D2 . ’ The experiments involving HD as the 

neutral collision partner showed a strong preference for the formation of the 

deuterated adduct DCF2+ over HCF2+. It was first suggested that this preference for 

the formation of the deuterated adduct may arise via an orientational isotope effect. 

However, more recent experiments measuring intramolecular isotope effects in other 

dicationic collision systems and more detailed understanding of the reaction 

mechanisms indicate that the preference for the deuterated product may be accounted 

for by statistical effects.9

74-Given the considerable reactivity of CF2 with H2, we have investigated the

74-reactivity exhibited following collisions of CF2 with other hydrogen containing
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molecules. This chapter reports the results of an experimental study of the reactivity 

between CF22+ and H2X (X = O, S). Experiments were performed at collision 

energies between 3 and 14 eV in the laboratory frame. Both of these collision 

systems exhibit energy transfer and electron transfer processes, together with 

previously unobserved bond forming reactions producing OCF+ and SCF+. The 

electron transfer reactivity is discussed in terms of the Landau-Zener reaction 

window model.

5.2 Results

Mass spectra were recorded following collisions between CF22+ and H2 O at collision 

energies between 0.79 eV and 3.71 eV in the centre of mass frame (3 to 14 eV in the 

laboratory frame). For collisions between CF22+ and H2 S, mass spectra were 

recorded between 1.6 and 5.6 eV in the centre of mass frame (4 to 14 eV in the 

laboratory frame). Representative ion intensity ratios are listed in Table 5.1 and 

Table 5.2.

5.2.1 Assignment of product ions

As has been shown in previous work, the precise identities of the product ions 

formed in the collision system CF2 + H2X (X = O, S) can offer a great deal of 

information regarding the reactivity that is occurring.

h 2 o + CF+ OCF+ c f 2+ C+ H+ F+

49000 78700 3590 45300 4 305 225

(1600) (8910) (65) (5940) (26) ( 1 2 ) (230)

Table 5.1 Representative product ion intensity ratios (Rread from one set of mass spectra recorded 
following collisions of CF22+ with H20  at a collision energy of 7 eV in the laboratory 
frame. The intresnity ratio RKi1 is determined using equation 3.23 as explained in chapter 3 
and outlined later in this chapter. The values in parenthesis indicate one standard deviation 
in the values of Riea\
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5.2.2 CF22+andH20

From Table 5.1, we can see that H2 0 + and CF2+ are formed from this collision 

system. Both of these ions can only arise as a result of a non-dissociative electron 

transfer reaction

CF22+ + H20  CF2+ + H2 0 + (5.1)

The CF we observe may be formed via one of two routes. Firstly, CF22+ may

undergo collision-induced charge separation

CF22+ + H20  -> CF+ + F+ + H20  (5.2)

to yield CF+ and F+, or, secondly, dissociative electron transfer

CF22+ + H20  -» CF2+ + H20 + -► CF+ + F + H20 + (5.3)

may occur to yield CF+ and F. However, after impurity ion correction, no F+ ions are 

detected which result from bimolecular reactions (Table 5.1), which confirms that 

the CF+ ions we detect are formed by dissociative electron transfer (equation 5.3). 

The detection of OCF+ following collisions of CF22+ with H2 O clearly shows the 

occurrence of a bond forming reaction. The other products formed along with OCF+ 

could be H2F+, HF+ + H or HF + H+. No HF+ and H2F+ ions are observed in our mass 

spectra. However, is detected indicating that the chemical reaction forms OCF+ 

and H* together with neutral H and F atoms or HF. The inequality in the size of the 

OCF+ and H+ signals (Table 5.1) is readily attributed, as has been described 

before, 10’11 to the fact that H+ is very light and is formed with a high laboratory frame 

velocity, causing its detection efficiency to be significantly reduced in our 

experimental arrangement. The proposed mechanism for this bond forming reaction 

is discussed later in the chapter. In agreement with previous investigations of the 

reactivity of CF22+, no collision-induced neutral loss

CF22+ + H20  -> CF2+ + F + H20  (5.4)
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is observed in this collision system. The production of OH+ from H20 + cannot be 

entirely eliminated as this area of the mass spectrum is partially obscured by the 

wings o f the H2 0 + signal. However, the intensity of any OH+ signal, formed by 

dissociative electron transfer, is certainly not greater than ca. 5% of the H2 0 + signal. 

Note that C+ ions are not detected following collisions of CF22+ with H2 O.

h 2 s + CF+ SCF+ c f 2+ C+ H+ F+

20600 59800 267 6070 230 365 -5

(2 1 2 ) (2440) (8 ) (429) (93) (423) (37)

Table 5.2 Representative product ion intensity ratios (Rread from one set of mass spectra recorded 
following collisions o f CF22+ with H2S at a collision energy of 7 eV in the laboratory 
frame. The values in parenthesis indicate one standard deviation in the values o f Rreai

5.2.3 CF22+ + H 2 S.

Table 5.2 shows that, following collisions of CF22+ with H2 S, we observe product 

ions analogous to those detected following reactions between CF22+ and H20  (Table 

5.1). Thus, CF2+, CF+ and H2 S+ are formed by electron transfer and SCF+ is also 

detected. However, the SCF+ signal is considerably weaker than the corresponding 

OCF+ signal in CF22+ + H2 0 , the i?reai values for the formation of OCF+ being 

approximately ten times that for SCF+. By comparison with the CF2 2+/H2 0  collision 

system, we would expect H+ to be the partner ion produced together with SCF+, in 

the CF2 2+/H2S collision system. However (Table 5.2) no “ real” H+ signals are 

observed in our mass spectra. However, since the SCF+ signal is so weak, the 

intensity of the accompanying H+ ions, which are less efficiently detected, will lie 

below our detection limit. Signals corresponding to the C+ ions are also present in 

the mass spectra from the CF2 2+/H2S system. Any signals corresponding to  HS+ and 

S+ are not visible in our mass spectra. However, their presence at a level below 5%
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of the H2 S+ signal cannot be excluded, as the H2 S+ peak is quite broad and may 

obscure weak signals at m/z values of 33 and 32.

5.3 Determination of integral reaction cross sections

Using the methodology described in Chapter 3, integral reaction cross sections, in 

arbitrary units, can be determined for the formation of CF2+, CF+ and XCF+ from

• • 2 " F  •collisions o f CF2 with H2X. To determine these integral reaction cross sections we 

require the translational energies of the product ions across the source region 

perpendicular to the axis of the TOFMS. These energies are needed to determine vy 

and, Lp the velocity o f product ion j  across the source region of the TOFMS and the 

length of the source region imaged onto the detector for reaction channel j.  These 

two parameters allow us to calculate Rreai, the real ratio of a product ion to the 

reactant dication intensity. i?reai is then used to determine the integral reaction cross 

section for a particular reaction channel. The method for extracting integral reaction 

cross sections from our data is detailed in chapter 3.

The energies of the products o f the electron transfer reactions of molecular dications 

have been determined before . 3 ,4 ,1 2 ,1 3 These previous investigations indicate that the 

kinetic energy release (KER) experienced by the two resultant monocations in non- 

dissociative electron transfer reactions is, on average, around 7 eV. Thus, to estimate 

the velocity of the CF2+ product across the source region of the TOFMS we use a 

representative KER of 7 eV, and assume that the dynamics of the electron transfer 

reaction are dominated by forward scattering of the monocation derived from the 

dication, as has been observed in all the angularly resolved studies o f  dication 

electron transfer processes to date. 3 ,4 ,12 ,13 Using an estimated value for the KER 

following electron transfer is unavoidable, as the kinetic energy release in the 

reaction o f CF22+ with H20  has not been measured. However, the ratios o f  the L and
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v parameters we determine for the product ion and reactant dications are not a strong 

function of the KER. Indeed, product ion intensities corrected using this 

methodology agree well with those measured in other laboratories. 3 ,7 ,8 Once v is 

determined then L  can be derived from the geometry of the TOFMS . 8 

For the dissociative electron transfer channel forming CF+, we assume that the 

excited CF2+* formed by the initial electron transfer dissociates after it has 

effectively left the electric field of the H2 0 + ion. Such behaviour has been observed 

experimentally for other dissociative electron transfer reactions. 13 If we assume that 

the additional velocity imparted to the CF+ ion by the fragmentation of CF2+* is 

negligible, then the CF+ will be travelling with the same velocity as its CF2+ 

precursor, which we have estimated above. Hence, we have the information we 

require to determine the crj values for the electron transfer channels, which are 

displayed in Figure 5.3.

7.0

-  6.0

-  5.0

-- 4.0 l_rl

-  3.0

0.00.0
2.5 3.5 4.5 5.51.50.5

Centre of mass collision energy /eV

Figure 5.3 Reaction cross section in arbitrary units as a function of centre of mass collision energy for 
CF2+ (■) and C F »  from CF22+ + H20  and CF2+(0 )  and CF+(Q) from CF22+ + H2S. 
representative error bars are shown. The data for the formation of CF2+ from CF22+ + H2S 
should be read on the right hand axis.

For the formation of XCF+ we assume that there is an initial fragmentation to H+ and 

HXCF2+ with a kinetic energy release of 7 eV and that the HXCF2 + subsequently
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dissociates to XCF+. Since we know the charged product accompanying the XCF+ 

ion is H+, this mechanism is in accord with previous studies of the mechanisms of 

dication chemical reactions such as the theoretical studies performed by Lambert et 

al.u  and angularly resolved experiments carried out by Harper and co-workers. 15 As 

mentioned, the mechanism for forming XCF+ from CF22+ + H2X is discussed in 

detail later in this chapter. The initial charge separation in this mechanism involves 

the formation o f a heavy and a light ion. Hence, the additional kinetic energy given 

to the HXCF2+ ion is very small and the corrections to RTSai are small and only very 

weakly dependent on the collision energy and the value of the kinetic energy release 

we assume for the initial charge separation. The & values we derive for the chemical 

channels are presented in Figure 5.4.

10.0

0.4 -

-  6.0

Q, 0.2 -  4.0

o
-  2.0

0.00.0
64 52 310
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+

cr

Centre of mass collision energy /eV

Figure 5.4 Reaction cross sections in arbitrary units as a function o f centre of mass collision energy 
for OCF+ (♦ )  from CF22+ + H20  and SCF+ (0) from CF22+ + H2S. Representative error 
bars are shown.

The cross sections for the electron transfer reactions (Figure 5.3) clearly show the 

trends revealed in the representative ion intensities given in Table 5.1 and Table 5.2. 

The cross sections for the formation of CF2+ and CF+ are similar for the H20
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collision system, whilst for the H2 S collision system significantly more CF+ is 

formed than CF2+. In addition, we see that the cross section for forming CF+ from the 

H2 S collision system is slightly larger than for forming either CF2+ or CF+ following 

collisions o f CF2 2+ with H2 O. As has been observed for some analogous reactive 

systems, all the cross sections remain approximately constant over the range of 

collision energies investigated. 13

The cross sections for forming OCF+ and SCF+ (Figure 5.4) show that the formation 

of OCF+ from collisions of CF22+ with H2O is distinctly more probable than the 

formation of SCF+ from collisions of CF22+ with H2 S. In addition, over the range of 

collision energies studied the yield of OCF+ seems constant, whereas, within the 

error bars which are proportionally larger for the small SCF+ signal, the SCF+ yield 

appears to fall with decreasing collision energy. To rationalise the magnitudes of the 

cross sections of the electron transfer reactions of CF22+ with H2X we now attempt to 

model these processes using a model based on the Landau-Zener theory . 16 ,17  

For the reaction window algorithm to be employed successfully, the exothermicities 

of the transitions between the ground states of CF22+ and H2X and the accessible 

electronic states of the product ions formed following an electron transfer reaction 

are required. These exothermicities are listed in Table 5.5 and Table 5.6 and have 

been principally obtained from thermodynamic tables. 18,19 The heat of formation of 

CF22+ used in our calculations (29.88 eV) is a value recently calculated by Hrusak et 

al? and the relative energies of the excited states of the monocations used to

calculate the exothermicities given in Table 5.5 and Table 5.6 have been determined

20 22from the relevant photoelectron spectra.
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Electronic state of H2 0 + product
Electronic state 

o f CF2+ X (-» H20 +) A (-> H20 +) B (-> H20 +, 
OH+, H+)

product AH /oV cr AH /eV cr AH  /eV a

eaf'C-^CFj4) 7.7 0 5.7 0 1.8 0.3

4b2‘1(—»CF+) 3.6 22.5 1 . 6 0 -2.3 0

la 2 ' 1(-*CF+) 2 . 6 8.9 0 . 6 0 -3.3 0

S a f ^ C F 4) 0.83 0 - 1 . 2 0 -5.1 0

lb f 1(->CF+) -0.9 0 -2.9 0 -6 . 8  0

3b2 ' 1(->Cf) -2 . 2 0 -4.2 0 -8 . 1  0

4af'(-»C +) -4.0 0 -6 . 0 0 -9.9 0

6 ai''(-»CF2+)a 4 7  1-5 2.7 8.9 -1.2 0
a The final row of the table gives the exothermicity and cross section for populating a vibrationally 
excited level of the stable electronic ground state of CF2+ at the equilibrium linear geometry of the 
reactant dication

Table 5.5 Exothermicities AH  and calculated reaction cross sections (a /A2) for forming the various 
possible combinations o f electronic states of the CF2+ and H20 + product ions following 
single electron transfer between CF22+ and H20  at a laboratory frame collision energy of 8
eV.

Electronic state of H2 Q+ product
Electronic state X (-► H2 S+) A (-> H 2S", S+) B (-► HS4)

of CF2+ 
product AH  /eV <T AH /eV cr AH leV <7

6 ar'(->C F2+) 9.9 0 7.0 0.4 4.9 5.0

4b2 ' 1(-»CF+) 5.8 1.3 2.9 21.3 -0 . 8 0

la 2 ' 1(-»CF+) 4.8 5.5 1.9 0 . 6 -0 . 2 0

5ai'1(->CF+) 3.0 27.0 0 . 1 0 -2 . 0 0

lb i ''(—>CF+) 1.3 0 - 1 . 6 0 -3 .7 0

S b / '^ C 4) 0 . 0 0 -2.9 0 -5.0 0

4 a r '( ^ C +) - 1 . 8 0 -4.7 0 -6 . 8 0

6 a f ‘(-»CF2+)a 6 9  0 4  4-° 1 8 -2  J -9  0 5

a The final row of the table gives the exothermicity and cross section for populating a vibrationally 
excited level of the stable electronic ground state of CF2+ at the equilibrium linear geometry of the 
reactant dication

Table 5.6 Exothermicities AH  and calculated reaction cross sections (cr /A2) for forming the various 
possible combinations of electronic states of the CF2+ and H2S+ product ions following 
single electron transfer between CF22+ and H2S at a laboratory frame collision energy of 8
eV.
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The reaction window model tells us in which electronic states the initial products of 

electron transfer (CF2+ + H2X+) are likely to be formed, but to understand the 

fragmentation pathways of these primary products, a knowledge of the stability of 

their different electronic states is necessary. Photoelectron-photoion coincidence 

(PEPICO) studies o f H2 S and H2 O provide the details of how the electronic states of 

H2X+ behave . 2 3 ,2 4  The ground electronic states of both H2 0 + and H2 S+ are stable as 

they lie well below their first dissociation asymptotes. For H2 S+, the dissociation 

limit for forming S+ + H2 lies 3.0 eV above the ionic ground state. The first excited 

electronic state (A) of H2 S+ lies just below this asymptote with its higher vibrational 

levels lying above it. Hence, the higher vibrational levels of the A state o f H2 S+ will 

dissociate to S+ + H 2 , whereas lower vibrational levels will remain undissociated. 

The second excited state (B) of H2 S+ lies just above the dissociation limit H 2 S+ —» H 

+ HS+ (3.8 eV with respect to the ground states of H2 S+) and dissociates to these 

products. The dissociation limits H2 S+ —» S+ + 2H and H2 S+ -> S + H2+ lie 7.5 eV 

and 8.1 eV above the ground state of H2 S* It is assumed that any electronic states of 

H2S+ formed with these high internal energies will yield S+ and H2+ ions. The first 

electronic excited state (A) of H2 0 + lies well below the dissociation limit for forming 

OH+ + H (5.6 eV with respect to the ground state). The second excited state (B) of 

H20 + also lies just below this dissociation limit. However, higher vibrational levels 

of the B state lie above the dissociation limit and their population results in the 

formation of H + OH*. Significantly higher vibrational levels of the B state lie above 

the dissociation limit to H+ + OH (6.2 eV) and dissociate to these products.

No PEPICO data for the fragmentation of CF2+ is available in the literature, due to 

the fact that CF2 is an unstable molecule. Consequently, to predict how the various 

electronic states of CF2+ will fragment, we must fall back on considering the relative
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energetics of the electronic states of CF2+ with respect to the various dissociation 

asymptotes. An experimental photoelectron spectrum of CF2 showing the population 

of the low-lying states of CF2+ is available, and the electronic state energies of CF2+ 

have also been determined .20 Using the adiabatic ionization potentials and heats of 

formation, 18 ,19 we calculate that the dissociation limit for CF+ + F lies ca. 3.04 eV 

above the ground state o f CF2* We note that the difference (« 0.2 eV) between this 

value and previous estimations is due to the recently revised heat of formation of 

CF2 . 19 As the first excited electronic state20 of CF2+ lies approximately 4.1 eV above 

the ground state o f CF2+, it is reasonable to suppose that only the ground electronic 

state of CF2+ will remain undissociated. This conclusion is supported by the fact that 

the peaks in the photoelectron spectrum corresponding to the population of the first

and second excited states o f CF2+ do not possess any resolved vibrational fine

00structure, indicating a short lifetime due to predissociation.

The dissociation limit for forming F2 + C+ from CF2+ lies 9.2 eV above the ground 

state of CF2+. The CF2+ [3 b 2-1] state lies directly above this dissociation limit (9.9 eV 

above the ground state o f CF2+) so can dissociate to these products. The dissociation 

limit for CF2+-> C+ + 2F lies 10.8 eV above the ground state of CF2+. Of the known 

states of CF2+, only the 4 a f l excited state (11.7 eV above the ground state) lies 

above this limit, although, o f course, higher lying electronic states will exist. Hence, 

we will take the behaviour of the 4ai_1 state as representative of such high energy 

states. The CF2+ [4ai_1] state also lies above the dissociation asymptote CF2 + —» CF + 

F+ (11.4 eV) and so may also dissociate to CF + F+. However, in  previous 

investigations o f the electron transfer reactivity of CF22+, no formation of F+ is 

observed, as is the case in the present study. Hence, there must be some dynamical
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restriction to the formation of F+ and we assume that the 4ai‘\  and higher, states of 

CF2+ do not dissociate to form F+ + CF but instead form C+ + 2F.

Given the above data we can now use the Landau-Zener algorithm to calculate the 

probability o f forming the various combinations of the electronic states of the 

primary product ions (CF2+ + H2X+) in an electron transfer reactions between CF22+ 

and H2X. T o  calculate the reaction exothermicities for populating the product 

asymptotes involving electronically excited monocations we use excitation energies 

derived from photoelectron spectra.20 ,22 ,25 We also know from the information given 

above the stability and fate of these various electronic states. Hence, we can predict 

the product ions we should observe in our mass spectra. These predictions are 

summarized in Table 5.5 and Table 5.6 which show the calculated electron transfer 

reaction cross sections for populating, and the final ionic products expected from, 

each possible combination o f the electronic states of CF2+ + H2X+.

As described above, it is clear from our product ion spectra that the principal product 

ion derived from the reactant H20  molecule is H20 +. This is in good agreement with 

the results of our calculations (Table 5.3) which indicate that electron transfer 

reactions should principally populate the X and A states of H20 + which are stable. 

However, from Table 5.5 it is also apparent that the calculated cross section for 

populating the vibrationless level of the ground electronic state of CF2+ is close to 

zero. Since the ground state of CF2+ is the only stable electronic state, our 

calculations would then predict a very large CF+:CF2+ intensity ratio in the product 

ion mass spectra. This is clearly not the case (Table 5.1 and Figure 5.3) as 

experimentally we observe a CF+ to CF2+ intensity ratio of approximate unity.

The explanation for this disagreement with the predictions of the Landau-Zener 

model and the experimental results for the reactions of polyatomic dications has been
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described before .26 The problem is that the energetics for CF2+ we use to calculate 

the reaction exothermicities are obtained from photoelectron spectroscopy (PES), 

from vertical transitions at the geometry of the neutral molecule. Conversely, if we 

assume, as has been verified experimentally, 27 that vertical transitions are usually 

dominant in the electron transfer process at our collision energies, then CF22+ accepts 

an electron to form CF2+ at the linear geometry of the dication, which is a different 

part of the potential energy surface to that for which we have energetic information 

from photoelectron spectra. Thus, the electron transfer process is certain to favour 

the formation o f vibrationally excited, rather than vibrationless, CF2+ ions. Ab initio 

calculations have been performed10 to determine the energy of CF2+ when it adopts 

the linear geometry o f CF22+. For the ground state geometries of both the monocation 

and the dication the results of Hrusak et al2 were reproduced satisfactorily. 

Specifically, for the dication a minimum of Do* symmetry with a bond length of 

1.152 A was calculated, and for the monocation a C2v ground state geometry with 

r(C-F) = 1.217 A and a bond angle of 125.0° was calculated. The difference in the 

calculated energetics at these two points results in a calculated adiabatic second 

ionization energy of 20.7 eV in good agreement with experiment (20.6eV) and 

previous calculations (20.4 eV).

Calculating the energy o f CF2+ at the geometry of the equilibrium structure of CF22+ 

indicates that the Franck-Condon zone for populating the monocation from the 

equilibrium geometry o f the dication lies ca. 3.0 eV above the vibrationless 

electronic ground state o f CF2+. Thus, when we include these geometric effects we 

predict the exothermicity for populating the stable ground state of CF2+ in  a vertical 

transition from CF2 will be 3.0 eV smaller than for populating the vibrationless 

ground state o f CF2+. Obviously, this number is only an estimate of the amount of
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vibrational excitation that will be deposited in the ground electronic state of CF2+, as 

there is the distinct possibility of vibrational excitation in the reactant dication which 

will affect the geometry of the CF2+ ion that is formed. The final line of Table 5.5 

gives the calculated electron-transfer cross sections for populating the electronic 

ground state o f CF2+ with 3.0 eV of vibrational excitation. We see that, when 

allowance is made for the difference in geometries of the dication and monocation, 

we predict a significant cross section for populating the electronic ground state of 

CF2+ together with both the X and A electronic states of H2 0 +. We then predict a 

comparable cross section for forming CF+ and CF2+ in qualitative agreement with 

our experimentally determined cross sections. Quantitatively, our calculations seem 

to slightly overestimate the probability of forming CF+, if processes populating the X 

and A states o f H 2 0 + are equally probable in the electron transfer process. 

Satisfyingly, our calculations also indicate that we should not populate and CF2+ 

states lying above the dissociation limit to C+, again in good agreement with our 

experimental observations.

The results for our Landau-Zener calculations of the electron transfer cross sections 

for CF22+ + H2 S are presented in Table 5.6. As for the CF2 2+/H2 0  collision system, 

Table 5.6 includes calculations performed for forming the vibrationally excited 

electronic ground state o f CF2+ in a vertical transition at the dication geometry. Our 

experiments indicate that we form predominantly FLS+ from the neutral reactant 

following the transfer of an electron from H2 S to CF2 . This observation indicates, 

given the stability o f the FLS+ electronic states described above, that we principally 

populate the X state of H2 S+ and perhaps lower vibrational levels of the A state. 

Again, as with the H2 O system this is confirmed by our Landau-Zener calculations 

which predict that electron transfer processes which populate the B state of FLS+
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have low cross sections. The calculations also predict that the vast majority of the 

CF2+ states populated will be those which dissociate to CF+. This is because, due to 

the lower ionisation potential of H2S than H2 0 , the electron transfer processes in the 

CF2 2+/H2S system favour the population of higher lying electronic states of CF2+. 

Thus, the calculations predict that the vast majority of favoured CF2+ states

populated will be those which dissociate to CF+, in contrast to our predictions for the
2+ t

CF2 /H20  system. Again this is in agreement with experimental observations which 

show that the formation of CF2+ by electron transfer is more likely in collisions of 

CF22+ with H20  than with H2 S. The calculations also indicate that the formation of 

stable CF2+ ions following collisions of CF22+ with H2S in this system should be 

dominated by the population of vibrationally excited levels of the CF2+ ground state 

together with H2 S+ in its A state.

A potential disagreement between the calculations and the experimental ion 

intensities is then apparent. Specifically, if  we are populating the A state of H2 S+ 

why do we not observe S+ as a product ion? Perhaps the H2S —> H2 S+ process, when 

induced by electron transfer rather than photo-absorption populates the low 

vibrational levels of the A state more heavily than photoionization. In other words, 

there is perhaps a distinct non-vertical nature to the electron transfer processes 

populating the A state of H2 S+. Indications of such non-vertical transitions in 

electron transfer reactions have been observed before in encounters at low collision

9 7  9 0

energies. ’

To understand the energy dependence of the electron transfer cross sections, the 

reaction window calculations were carried out at a laboratory collision energy of 3 

eV, in addition to the data presented in Table 5.3 and Table 5.4 which is at 

laboratory collision energy of 8  eV. The calculated ratios of a caic [CF2+]: a caic [CF+]
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were not found to vary significantly with collision energy, in agreement with 

experimental observations.

5.4 Bond-forming reactions

Both of the collision systems exhibit analogous bond forming reactivity, resulting in 

the generation o f an XCF+ product. Obviously these reactive pathways, which 

involve considerable chemical rearrangement, may well be considerably more 

complex than the more extensively investigated chemical reactions of dications with 

H2 . The degree o f chemical rearrangement required to form the chemical products 

(XCF+) certainly suggests that a collision complex must be involved. The cross 

section for forming OCF+ from CF2 2+/H2 0  is markedly larger than that for the 

formation of SCF+ from CF2 2+/H2 S, but is still significantly smaller than the yields of 

the electron transfer reactions, or the yield of chemical reaction products in 

dication/H2 collision systems . 3 ,4 ,7 ' 9 ,29 Similar conclusions have been drawn for the 

formation of HNCF+ from collisions of CF22+ with NH3 .30 Indeed, the formation of 

HNCF+ matches the chemical reactivity we observe in the CF2 2+/H2X collision 

systems if  X = NH. The low yield of these chemical reactions also points to a 

complex reaction pathway, involving considerable rearrangement of a collision 

complex. The yield of OCF+ appears constant (Figure 5.5) over the collision energy 

range investigated, with no evidence of a threshold apparent. However, the yield of 

SCF+, despite more scatter on the data points due to the weaker ion signals, appears 

to be falling with decreasing collision energy. Clearly, theoretical calculations are 

required in order to rationalise the experimentally observed energy dependence. 

Lambert and co workers14 have shown, using ab initio calculations, that the bond 

forming process
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CF22+ + H20  -> OCF+ + HF + H4' (5.5)

proceeds via a similar mechanism to that proposed by Mrazek et al. 13 for

C 022+ + H2 HCO+ + O + H+ (5.6)

Lambert and co-workers14 proposed that the mechanism for forming OCF+ proceeds 

by three steps.

F F F F F FH F FH

(5.7)

Step 1 in equation (5.6) involves addition of the two reacting species to form the 

addition complex H 2 0 CF22+. This addition is followed by a rearangement (step 2) 

where an H atom migrates to F atom. Finally, in step 3, the complex fragments to 

yield OCF+, H+ and HF. In addition to these findings, angularly resolved 

experiments15 have shown that H+ is isotropically scattered, indicating that the 

complex has rotated prior to this charge seperation occurring. Also, the mutual angle 

of seperation between OCF+ and HF is 180°, suggesting that OCF+ and HF separate 

after H+ ans departed from the field of HOCF2+. These findings indicate that the final 

fragmentation step takes two parts, where the complex undergos charge seperation to 

HOCF2+ and H+ and HOCF2+ then fragments to OCF+ and neutral HF. It is
I ^

reasonable to suppose that the mechanism for the formation of SCF in the CF2 /H2S 

collision will proceede via a similar mechanism proposed for OCF+ in the CF2 2+/H2 0  

collision system.
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5.5 Conclusions

The products of electron transfer and chemical reactions following the collision of 

CF22+ with H2X (X = O, S) have been identified by time-of-flight mass spectrometry. 

The integral reaction cross sections, in arbitrary units, for forming the observed CF+ 

and CF2+ ions from electron transfer reactions, and the XCF+ products from the 

chemical reactions, have been determined from the mass spectral data using a new 

data processing procedure. A Landau-Zener model has been employed with 

qualitative success to account for the relative abundances of the product ions from 

electron transfer. Specifically, that the electron transfer reactions favour the 

formation of H2 0 +, together with approximately equal amounts of CF+ and CF2+ 

following collisions o f CF22+ with H20 . Collisions of CF22+ with H2 S, however, 

favour the formation o f H 2 S+ together with CF+. CF2+ and C+ ions are formed 

following collisions o f CF22+ with H2 S, but in significantly smaller quantities than 

CF+. The subtle differences between the predictions of the Landau-Zener model and 

the experimental data may be due to an increasing importance of non-vertical 

processes at low collision energies. With regard to the chemical reactions, the 

formation of OCF+ from collisions of CF22+ with H20  is distinctly more probable 

than the formation of SCF+ from collisions of CF22+ with H2 S. The partner ion 

formed together with the XCF+ ion in both these chemical channels appears to be H+. 

Such significant rearrangement in the atomic connectivity between reactants and 

products is strongly indicative of a mechanism involving a collision complex.

107



5.6 References

1 C. Ma, M. R. Bruce and R. A. Bonham, Phys. Rev. A. 44 (1991) 2921-2934

2 J. Hrusak, Z. Herman, N. Sandig and W. Koch, Int. J. Mass Spectrom. 201
(2000) 269-275

3 Z. Herman, J. Zabka, Z. Dolejsek and M. Famik, Int. J. Mass Spectrom. 192 
(1999)191-203

4 Z. Herman, Int. Rev. Phys. Chem. 15 (1996) 299-324

5 S. D. Price, M. Manning and S. R. Leone, J. Am. Chem. Soc. 116 (1994) 
8673-8680

6  Z. Dolejsek, M. Famik and Z. Herman, Chem. Phys. Lett. 235 (1995) 99-104

7 K. A. Newson and S. D. Price, Chem. Phys. Lett. 294 (1998) 223-228

8  K. A. Newson and S. D. Price, Chem. Phys. Lett. 269 (1997) 93-98

9 N. Tafadar, D. Keamey and S. D. Price, J. Chem. Phys. 115 (2001) 8819

10 D. Keamey and S. D. Price, Phys. Chem. Chem. Phys. 5 (2003) 1575-1583

11 N. Lambert, D. Keamey, N. Kaltsoyannis and S. D. Price, J. Am. Chem. Soc. 
126 (2004) 3658-3663

12 Z. Herman, P. Jonathan, A. G. Brenton and J. H. Beynon, Chem. Phys. Lett. 
141 (1987) 433-442

13 L. Mrazek, J. Zabka, Z. Dolejsek, J. Hmsak and Z. Herman, J. Phys. Chem. 
A. 104 (2000) 7294-7303

14 N. Lambert, N. Kaltsoyannis and S. D. Price, J. Chem. Phys. 119 (2003) 
1421-1425

15 S. M. Harper, W. P. Hu and S. D. Price, J. Chem. Phys. 121 (2004) Proof 
Copy

16 L. Landau, Phys. Z. Sowjetunion. 2 (1932) 26

17 C. Zener, Proc. Roy. Soc. Lond. Ser. A. 137 (1932) 696

18 S. G. Lias, J. E. Bartmess, J. F. Liebman, J. L. Holmes, R. D. Levin and W. 
G. Mallard, J. Phys. Chem. Ref. Data. 17 SI (1988) 1-861

19 S. G. Lias, R. D. Levin and S. A. Kafafi, NIST Chemistry WebBook, NIST  
Standard Reference Database Number 69 (httv://webbook. nist.gov), (1998)

108



20 J. M. Dyke, L. Golob, N. Jonathan, J. Morris and M. Okuda, J. Chem. Soc. 
Faraday Trans. 70 (1974) 1828

21 P. Baltzer, L. Karlsson, M. Lundqvist, B. Wanriberg, D. M. P. Holland and 
M. A. Macdonald, Chem. Phys. 195 (1995) 403-422

22 J. E. Reutt, L. S. Wang, Y. T. Lee and D. A. Shirley, J. Chem. Phys. 85
(1986) 6928-6939

23 J. H. D. Eland, Chem. Phys. 11 (1975) 41-47

24 J. H. D. Eland, Int. J. Mass Spectrom. Ion Phys. 31 (1979) 161-173

25 A. W. Potts and W. C. Price, Proc. R. Soc. London, Ser. A. 326 (1972) 181

26 P. Champkin, N. Kaltsoyannis and S. D. Price, Int. J. Mass Spectrom. Ion 
Proc. 172 (1998) 57-69

27 A. Ehbrecht, N. Mustafa, C. Ottinger and Z. Herman, J. Chem. Phys. 105
(1996) 9833-9846

28 E. Y. Kamber, K. Akgungor, C. P. Safvan and D. Mathur, Chem. Phys. Lett. 
258(1996)336-341

29 N. Tafadar and S. D. Price, Int. J. Mass Spectrom. 223 (2003) 547

30 K. A. Newson, N. Tafadar and S. D. Price, J. Chem. Soc. Faraday Trans. 94 
(1998)2735-2740

109



Chapter 6 

CF32+ + H2X (X = O, S)

6.1 Introduction

The molecular dication CF32+ has been observed as a product of electron-impact 

ionisation o f CF4.1 This study determined the absolute partial cross section for 

forming CF32+ from CF4, at an electron energy of 1 0 0  eV, to be 0.028 A2, a cross 

section just less than half that for forming CF22+ from CF4 at an electron energy of 

1 0 0  eV (0.058 A2). It is perhaps this difference in partial ionisation cross sections 

which has prompted experimentalists to study CF22+ rather than CF32+.2'8 Masuoka 

and co workers9 used dissociative photoionisation of CF4 to determine the 

appearance potentials o f CF32+ and CF22+ to be 40.7 eV and 41.7 eV respectively. It 

has been suggested that both CF32+ and CF22+ are formed from CF4 via the molecular 

dication CF42+, which then goes on to fragment to yield the target dication of 

interest. 10

94 -Theoretical studies have been earned out on the structure and stability of CF3 by a 

number of investigators. 11 ' 14 In 1994, De La Vega et al.n used ab initio and density

9 4 -functional calculations to determine the structure of CF3 to be of symmetry.

19 •However, according to Hrusak and co-workers, these calculations were earned out 

at “rather modest levels of theory”. Instead, Hrusak et a l suggest that CF32+ in fact 

possesses C2v symmetry with one long weak C-F bond and two shorter stronger C-F 

bonds. These findings are in agreement with the work of other groups performing 

similar calculations . 13,14

As with many dication neutral collision systems, electron transfer dominates the

2 j
bimolecular reactivity of CF3 . However, other processes do occur. For example, 

the consequences of energy transfer have been seen, following collisions between
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CF32+ and rare gases. 14,15 These energy transfer processes are manifested by neutral 

loss from the reactant dication. That is, after the collision, the dication departs with 

sufficient energy to fragment to CF22+ and F. Collision experiments involving 

collisions between CF32+ and Ar have provided an estimate of the strength of the 

weaker, longer bond of CF32+ by determining the threshold energy at which loss of F 

occurs. 14 In addition, experiments on the bimolecular reactivity of CF32+ with Ar, 

coupled with Landau-Zener calculations, have provided information on the electron 

transfer reactivity o f this system . 14 It has been postulated that an excited state of 

CF3 , lying about 5 eV above the electronic ground state, exists in a dication beam 

formed by electron impact ionisation. Bond-forming reactivity has been seen to 

occur in collisions between CF32+ and D2 and CF32+ and O2 . In these collision 

systems, DCF2+ and OCF+ were formed respectively. 7,8

Previously in this thesis, the reactions occurring during collisions between CF22+ and 

H2X (X = O, S) have been described. In this Chapter, we investigate analogous 

processes which occur when CF22+ is replaced with CF33+. In addition to this, by 

using H2X as the neutral collision partner in place of Ar, we introduce a further level 

of complexity to our system as H2 X may react to produce monocationic products

• • • 94-with vibrational excitation. That is, following collisions between CF3 and H2X, the 

neutral collision partner (or product derived from the neutral collision partner) may 

carry away some o f the collision energy in the form of vibrational excitation.

This chapter describes the electron transfer, neutral loss and bond forming reactivity 

of the CF32+ + H2X (X = O, S) collision system. Landau-Zener calculations are used 

to rationalise the electron transfer channel.
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6.2 Results

6.2.1 Ion Identities

Mass spectra were acquired following collisions between CF32+ and H2O at collision 

energies between 0.83 and 2.90 eV in the centre of mass frame (4 to 14 eV in the 

laboratory frame). In the case of CF32+ and H2 S, collisions were studied within the 

energy range 1.65 to 4.62 eV in the centre of mass frame (5 to 14 eV in the 

laboratory frame). Collisions between CF32+ and H2 S were not studied at laboratory 

frame energies below 5 eV as a sufficiently high quality beam could not be 

generated. Representative product ion intensities from the two collision systems are 

listed in table 6 . 1

H+ C+ F+ h 2 o + c f 22+ CF+ OCF+ c f 2+

792 19 -1047 16800 9280 1 0 1 0 0 1250 17400

(57) (25) (1828) (2470) (584) (1190) (141) (1740)

Table 6.1a Representative values of Rreal at a laboratory frame collision energy of 7 eV for C F 32+ +  

H 20 .  Values in parenthesis are the uncertainty in that value.

H+ C+ F+ HS+ c f 22+ CF+ c f 2+ S+

24 1 1 505 25900 1180 6070 2510 6750

(33) (5) (726) (15100) (104) (2480) (94.5) (2490)

t j  /• .r-vr- 2+ ,Table 6.1b Representative values o f Rreai at a laboratory frame collision energy of 7 eV for C F 3 + +

H2S. Values in parenthesis are the uncertainty in that value.

6.2.2 CF32+ + H20

The CF2+ ion observed in the mass spectrum (Table 6.1a) may be formed by one of 

two routes. CF32+ may undergo collision induced charge separation to yield CF2 + 

along with F+.

CF32+ + H20  -y  CF2+ + F+ + H20  (6.1)
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However we do not observe any real F+ signal in these experiments. This lack of a 

real F+ signal shows that collision induced charge separation is not the route by 

which CF2+ is formed in this particular collision system. Instead, it is clear that CF2+ 

is formed via dissociative electron transfer where, during electron transfer, CF3+ is 

formed in some vibronically excited state which then dissociates to yield CF2+.

CF32+ + H20  -> CF3+* + H20 + (6 .2 )

CF3+* CF2+ + F (6.3)

CF+ is also observed (Table 6.1) and may also be attributed to dissociative electron 

transfer for similar reasons to those given for the CF2+ ion. If CF+ were formed via 

collision induced charge separation, i.e.

CF32+ + H20  -> CF+ + F2+ (or F+ + F) + H20  (6.4)

then F2+ or F+ would be present in the mass spectrum. As, after correction of the

mass spectrum, no real F2+ and F+ signals are present. Here, collision induced charge 

separation is not the mechanism by which CF+ is formed. The detection of CF22+ 

indicates the occurrence o f the collision-induced neutral loss reaction.

CF32+ + H20  -> CF22+ + F + H20  (6.5)

The C+ observed in our mass spectrum is also attributed to dissociative electron

transfer as F2+ and F+ are not detected. Finally, OCF+ is detected in the mass 

spectrum showing that a bond forming process is occurring. Position sensitive

1 f \  17coincidence studies as well as theoretical studies have shown that, m the similar 

collision system CF22+ + H2 0 , OCF+ is formed via the complex H2 OCF22+ which 

then goes on to fragment.

CF22+ + H20  -> H 2 OCF22+ (6 .6 )

H2OCF22+ ->O CF+ + H+ + HF (6.7)
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It is certainly reasonable to infer that the OCF+ in the collision system CF32+ + H2 O 

may be formed via an analogous mechanism to that of OCF+ formed in the CF22+ + 

H2O collision system .2 One would perhaps suppose that, in the case of CF32+ + H2O, 

OCF2+ may be a bond forming product. However, OCF2+, at m/z = 6 6 , is not 

detected in the mass spectrum. Although OH+ is not detected in the mass spectrum, 

its presence cannot be totally eliminated as this area of the mass spectrum is partially 

obscured by the edges o f the H2 0 + signal. If there is a signal from OH+, it is certainly 

not larger than 5 % o f the H2 0 + signal. H+ is present in the mass spectrum for CF32+ 

+ H20 . This H+ signal may arise as a result of fragmentation of H2 0 + to H+ + OH or, 

in a bond-forming process, from the fragmentation of the intermediate H2 0 CF32+ to 

OCF+ + HF2 + H+. The formation and subsequent fragmentation of the potential 

intermediate H2 0 CF32+ formed in collisions between CF32+ and H2O will be 

discussed in detail later in this chapter.

6.2.3 CF32+ + H2S
 ̂ I

Following collisions between CF3 and H2 S, we observe in our mass spectrum 

analogous product ions to those produced in the CF32+ + H2 O collision system. We 

therefore assign CF2+, CF+ and C+ to dissociative electron transfer. No analogous

bond-forming product (SCF+) is detected, perhaps because it is formed in quantities

2+
which lie below the detection limits of the apparatus. In contrast to the CF3 + H20  

collision system, we observe fragmentation of the monocation derived from the 

neutral. That is, HS+ and S+. It is not possible to say with any certainty whether H2 S+ 

is formed following collisions between CF32+ and H2 S as H2 S+ has a mass to charge 

ratio of 34 and may be obscured by the wings of the large unreacted reactant dication
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signal CF32+ at m/z = 34.5. In contrast with the CF32+ + H2 O collision system, no H+ 

signal is present in the CF32+ + H2 S mass spectrum.

6.3 Determination of integral cross sections

Integral reaction cross sections, in arbitrary units, have been determined for the 

formation o f the electron transfer products derived both from the reactant dication, 

[CF3+, CF2+, CF+ and C+], and from the neutral, [H2X+, XH+ and X+] following 

collisions between CF32+ and H2X. In order to determine these integral reaction cross 

sections, we require information about the translational energy of the various ions 

across the source region o f the TOFMS. These translational energies are required in 

order to determine both o f the quantities Lj and vj required for equation 3.21 in 

chapter 3. In previous investigations, it has been shown that the total kinetic energy 

release (KER) experienced by the two singly charged product ions following a non- 

dissociative electron transfer process is about 7 eV .4 ,1 8 ' 20 Therefore, we use in our 

kinematic calculations, a combined kinetic energy of 7 eV for the two singly charged 

product ions as they move away from one another, when calculating the velocity of 

the product ion across the source region of the TOFMS. We also assume that the 

reaction is dominated by forward scattering of the monocation derived from the 

dication as has been shown to be the case in other collision systems. 4 ,1 8 ' 2 0  Once the 

velocity v o f each ion across the source region of the TOFMS has been determined, L 

may be evaluated from the geometry of the apparatus. When evaluating L for each 

daughter ion, we assume that the parent ions, in this case CF3+ and FhX*, undergo 

fragmentation only when they have departed from the field of the other product ion. 

In this assumption, each daughter ion will possess a velocity across the source region 

of the TOFMS equal to that of its parent product ion. For example, in the process
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CF3+ -> CF2+ + F (6 .8 )

we assume that no kinetic energy release occurs during the separation of CF2+ and F. 

As a result, CF2+ is left with a final velocity identical to the initial velocity of CF3+. 

This assumption holds, because the kinetic energy released when a monocation and 

neutral separate, is negligible compared with the kinetic energy released during the 

charge separation of two monocations.

Using the above assumption, we can determine the integral reaction cross section in 

arbitrary units for all the electron transfer channels. It should be mentioned here, that 

integral reaction cross sections for forming product ions derived from the reactant 

dication and those derived from the neutral collision partner are not directly 

comparable. This arises as a result of the different areas of the TOF source region 

from which the two types of electron transfer product ions are sampled. Fig 6.2 

shows how forward scattering in the centre of mass frame relates to scattering in the 

laboratory frame. In Figure 6.2, vi is the centre of mass frame velocity of the 

monocation derived from the neutral and V2 is the centre of mass frame velocity of 

the monocation derived from the reactant dication. In addition, vcom is the velocity, in 

the laboratory frame, of the centre of mass. At lower collision energies, such as these 

experiments, the magnitude of vi is greater than that of vcom.

Figure 6.2 Diagram o f how forward or backward scattering in the centre o f mass frame relates to 
forward or backward scattering in the laboratory frame.
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Consequently, the monocation derived from the neutral will be backward scattered in 

both the laboratory frame and the centre of mass frame. At higher collision energies, 

the velocity o f the centre of mass, vcom, may be larger than the magnitude of vi. The 

monocation derived from the neutral may then be backward scattered in the centre of 

mass frame but forward scattered in the laboratory frame. Ions derived from the 

reactant dication are always forward scattered and so, from fig 6.3, we can see that, 

in order for them to reach the detector, they must be sampled from the area A of the 

TOF source region. However, because product ions derived from the neutral 

collision partner are backward scattered in both the centre of mass frame and the 

laboratory frame over the energies studied, in order for them to reach the detector 

they must be sampled from area B o f the TOF source region. The H2X pressure in 

these two areas o f the TOF source region will be different during an experiment. 

However, we assume in our measurements of the integral reaction cross section, that 

the pressure of the neutral collision gas, n, is constant. Indeed, the pressure at any 

point in the TOF source region is constant with time. Hence, the pressure differential 

across the TOF source region will result in measured integral cross sections for ions 

derived from the reactant dication not being directly comparable with measured 

integral cross sections for ions derived from the neutral. To avoid confusion, integral 

cross sections for ions derived from the neutral collision partner will be referred to as 

cj". Integral cross sections for the ions derived from the reactant dication are, as 

mentioned, referred to as a '.
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Area B

Figure 6.3 Diagram illustrating how backward and forward scattered product ions are sampled from 
different areas o f the source region of the TOF with different neutral collision gas 
pressures.

In the case of the bond forming product, OCF+, we assume a bond forming adduct, 

H2OCF32+, dissociates to H+ and HOCF3+ with a KER of 7 eV. This initial 

fragmentation has been shown to occur, by position sensitive coincidence studies for 

the analogous CF22+ + H20  collision system . 16 The charge separation o f  the initial 

bond forming adduct to a heavy ion and a light ion means that very little extra kinetic 

energy is imparted onto the HOCF3+ ion as a result of this KER. That is, the light H+ 

ion carries away the majority of the kinetic energy released from the charge 

separation and the heavier HOCF3+ ion is left with a laboratory frame velocity only 

slightly different to that of the initial FtOCF3+. The neutral loss of HF2 from HOCF3+ 

will not significantly affect the velocity of the ion, now OCF+, across the source
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region of the TOFMS. As a result, the integral reaction cross section for forming 

OCF+ differs only marginally from its value of Rreai. The H+ signal is very small in 

this mass spectrum because H+ is very light and highly energetic. As a result, our 

collection efficiency for H+ ions is very poor. As discussed above, the loss of neutral 

HF2 does not affect the velocity OCF+ across the source region of the TOFMS. We 

may therefore use this mechanism to extract a value for the integral reaction cross 

section of the bond forming reaction. Having extracted the integral reaction cross 

section for the relevant bond forming, dissociative and non dissociative electron 

transfer and collision induced neutral loss reactions, we may plot them as a function 

of collision energy. These plots are shown in figures 6.4 to 6.7. These plots indicate 

that the ion yields are largely independent of collision energy as has been observed 

m other similar experiments. In order to rationalise the variation with energy of 

integral reaction cross sections for the electron transfer processes, we have employed 

a model based on the Landau-Zener theory.

60 -
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Figure 6.4 Integral reaction cross section in arbitrary units, as a function of centre of mass collision 
energy, for forming CF+ (■ )  and CF2+ ( • )  from CF32+ + H20  and CF+ (□ ) and CF2+ (O) 
from CF32+ + H2S
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Figure 6.5 Integral reaction cross section in arbitrary units as a function of centre of mass collision
*2

+ H20  is shown on the left hand axis.
energy for forming CF22+ (■  ) from CF32+ + H20  and CF22+ (□ ) from CF32+ + H2S. The 
data for the formation of CF22+ from CF32+
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Figure 6.6 Integral reaction cross section in arbitrary units as a function o f centre of mass collision 
energy for forming H20 + (■ )  from CF32+ + H20  and HS+ (□ ) and S+ (O) from CF32+ + 
H2S
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Figure 6.7 Integral reaction cross section in arbitrary units as a function of centre of mass collision 
energy for forming OCF+ (o) from CF32+ + H20

6.4 Discussion

6.4.1 Landau-Zener calculations

As discussed previously, in order to understand the electron transfer process, we use 

the reaction window model based on the Landau-Zener theory. 2 1 ,22 This model 

allows us to predict the electronic states in which the electron transfer product ions 

will be formed (CF3+ and H^X*) directly following a collision. In order to rationalise 

the relative abundances o f the various dissociative and non-dissociative electron 

transfer products, it is vital that we understand how each electronic state of these 

electron transfer product ions will fragment. In the past, photoelectron-photoion 

coincidence (PEPICO) studies have been used to determine exactly how each state of 

H2X+ will behave . 2 3 ,2 4  These studies have shown that the ground electronic (X) states 

of both H 2 0 + and H2 S+ are stable. In the case of the first excited (A) state of H2 S+,
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lower lying vibrational levels are stable, whereas higher lying vibrational levels 

dissociate to form S+ and H2 . The second excited (.B) state of H2 S+ dissociates to 

yield HS+ and H. The first excited (A) state of H2 0 + is stable and higher vibrational 

levels o f the second excited (B) state of H2 0 + fragment to yield OH+ or H+.

To our knowledge, no PEPICO studies have been carried out on CF3, which would 

determine the fragmentation properties of CF3+. Therefore, in order that we may 

predict how CF3+ fragments, it is necessary to rely on the relative energetics of the 

various electronic states o f CF3+ relative to the various dissociation asymptotes. We 

assume that a particular vibronic state of the product parent ions lying on or above a 

certain dissociation limit will dissociate to yield those fragment ions. If a vibronic 

state lies above two or more dissociation limits, we assume it will dissociate to the 

dissociation limit lying highest in energy. This assumption regarding the dissociation 

of each vibronic state o f the primary product ions is not considered to be a major 

one. Indeed, previous PEPICO experiments by Eland have shown that the vibrational 

ground state (0,0,0) o f CC>2+ (C 2Zg+) fragments to 0 + and CO in its ground 

vibrational level whereas higher vibrational levels fragment to products

95corresponding to dissociation asymptotes lying directly below them in energy.

• • 23 24Similar results have been obtained in PEPICO experiments on H2 O and H2 S. ’

From figure 6 .8 , we can see schematically how each electronic state of an ion might 

fragment. The electronic ground state of the monocation XYn+ does not lie above any 

dissociation limit and so is stable. However, the first excited state (A) lies above two 

dissociation limits, we assume that an ion formed in the (A) state will fragment to the 

limit corresponding to XYn _2 + 2Y as this limit lies higher in energy. Similarly, the 

second excited state of XY2+ lies directly above the dissociation limit corresponding 

to loss of 2Y so we would expect this ion to fragment accordingly. However, higher
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vibrational levels o f this electronic state lie above a dissociation limit corresponding 

to XYn _3 + 3Y. higher vibrational levels will therefore fragment to these products. 

Using these simple “rules”, we are able to predict how an ion will fragment.

E

X Y n_3+ + 3Y ------------------------------------------- -- --------------------------------------------

---------------------------------------------XYn+ [B]

--------------------------------------------- XYn+ [A]

XYn_2+ + 2 Y ------------------------------------------- --

XYn_i+ + Y ----------------------------------------------

--------------------------------------------- XYn+ [X]

Energy levels

Figure 6.8 Schematic diagram o f how different vibronic states o f an ion will fragment.

The energies o f the lowest lying electronic states of CF3+ (relative to the energy of

1 2 the Aj ground state in its equilibrium D ^ geometry) at the geometry of the B2

ground state of CF32+, have been calculated previously . 14 Energies are calculated at

the geometry o f the 2Bi o f CF32+ as the transition from CF32+ to CF3+ in the electron

transfer process is assumed to be vertical. In addition, the energies above the

vibronic ground state o f CF3+, of the dissociation limits have been calculated from

the heats o f formation o f the various product fragments. These heats of formation of

the product fragments have been gathered from data tables.2 6 ' 28 All dissociation

limits are calculated using the difference between the heat of formation o f  CF2+ at its
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equilibrium geometry, and the heats of formation of the resultant fragments in their 

equilibrium geometries. In the case of CF3+, the first (lowest) dissociation limit lies 

6.19 eV above the vibronic ground state of CF3+ and corresponds to the neutral loss 

CF3+ —» CF2+ + F. A second dissociation limit lies at 9.23 eV and any vibronic state 

of CF3+ lying on or above this limit is assumed to fragment to CF+ + 2F. In addition 

to forming CF+ + 2F, CF+ may be formed along with F2. The dissociation asymptote 

for CF+ + F2 lies 7.59 eV above the vibronic ground state of CF3* Vibronic states of 

CF3+ lying above a dissociation asymptote at 16.99 eV are assumed to result in 

fragmentation to C+ + 3F.

Using these positions o f the relevant dissociation asymptotes, we may deduce 

exactly how each state o f our electron transfer product ions (CF3+ and H 2X+) will 

fragment following an electron transfer between CF32+ and H2X. In order that we 

may calculate the exothermicities for electron transfer processes which populate 

various states of the product monocations, photoelectron spectra of the relevant

2 Q  O A  q .

neutrals have been consulted. ’ For the energies of the various states of CF3 , 

calculations performed by Tafadar et al.u  have been used. These energies of the low 

lying electronic states o f CF3+ are calculated at the equilibrium geometry of the 

reactant dication CF32+. Tables 6.9 and 6.10 show the exothermicity for forming the 

electron transfer products in each possible combination of their excited states along 

with their predicted daughter ion and the calculated cross section for that particular 

electron transfer process.
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Electronic state of H20 + product

X -> h 2o + A -> h 2o + B
-> h 2o +,
OH+, H +

Electronic 
state o f CF3+ 
product

AH / e V <J A H /e V <T A H  /eV a

1 1a ,->c f 3+ 13.5 (18.5) 0(0) 11.4(16.4) 0(0) 7.6(12.6) 0(0)

1 3a ^ c f 2+ 6.5 (11.5) 0(0) 4.5 (9.5) 3.2 (0) 0.6 (5.6) 0(0.1)

1 1a 2->c f2+ 6.3 (11.3) 0(0) 4.2 (9.2) 8.3 (0) 0.4 (5.4) 0(0.1)

1 3a 2->c f2+ 6.3 (11.3) 0(0) 4.3 (9.3) 6.2 (0) 0.4 (5.4) 0(0.1)

2 ‘A j-K SV 6.1 (11.1) 0(0) 4.1 (9.1) 10.9 (0) 0.2 (5.2) 0 (0.2)

1 1b 2->c f2+ 5.9(10.9) 0(0) 3.9 (8.9) 17.2 (0) 0.1 (5.1) 0 (0.3)

1 3b ,-»c f2+ 5.7 (10.7) 0(0) 3.6 (8.6) 26.4 (0) -0.2 (4.8) 0(1.1)

1 1b 1->c f2+ 5.1 (10.1) 0.4 (0) 3.0 (8.0) 20.1 (0) -0.8 (4.2) 0 (8.3)

2 ‘Bj—>CF2+ 4.9 (9.9) 0.7 (0) 2.9 (7.9) 16.3 (0) -1.0 (4.0) 0 (13.9)

2 3B,->CF2+ 4.9 (9.9) 0.7 (0) 2.8 (7.8) 12.5 (0) -1.0 (4.0) 0(13.9)

2 3A!->CF2+ 4.8 (9.8) 1.1 (0) 2.8 (7.8) 12.5 (0) -1.1 (3.9) 0 (17.2)

2 1&2~>C¥2+ 2.6 (7.6) 6.3 (0) 0.6 (5.6) 0(0) -3.3 (1.7) 0(0)

2 3A2->CF2+ 2.3 (7.3) 1.4 (0) 0.3 (5.3) 0 (0.2) -3.6 (1.4) 0(0)

2 1A2->CF2+ 2.2 (7.2) 0.8 (0) 0.2 (5.2) 0 (0.2) -3.7 (1.3) 0(0)

3 3A i—»CF+ 0.1 (5.1) 0 (0.2) -1.9 (3.1) 0 (23.7) -5.7 (-0.7) 0(0)

3 1B 1->CF+ -0.3 (4.7) 0(1.6) -2.4 (2.6) 0(16.3) -6.2 (-1.2) 0(0)

3 3B i~>CF+ -0.3 (4.7) 0(1.6) -2.3 (2.7) 0(19.1) -6.2 (-1.2) 0(0)

3 1B2-^CF+ -1.0 (4.0) 0(13.9) -3.1 (1.9) 0(1.2) -6.9 (-1.9) 0(0)

3 3A2->CF+ -1.1 (3.9) 0(17.2) -3.2 (1.8) 0(0) -7.0 (-2.0) 0(0)

3 1A2̂ C F + -1.4 (3.6) 0 (26.4) -3.4 (1.6) 0(0) -7.3 (-2.3) 0(0)

3 lA ^ C + -2.1 (2.9) 0(16.3) -4.1 (0.9) 0(0) -8.0 (-3.0)

t-i + , XT +

0(0) 

^__
H20  in various electronic states. Also shown are the predicted fragmentation pathway of 
each ion. The values in parenthesis are those for forming productions from H20  with CF32+ 
in an excited state lying 5 eV above the ground state.
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Electronic state of H2 S+ product

X -> h 2 s + A h>H2 S+,
S+

B ->HS+

Electronic 
state o f CF3+ 
product

AH /eV G AH /eV G AH /eV G

1 1A 1̂ C F 3+ 15.6(20.6) 0(0) 12.7(17.7) 0(0) 10.6(15.6) 0(0)

1 3a ,->c f 2+ 8.6(13.6) 0(0) 5.8 (10.8) 0.8 (0) 3.6 (8.6) 29.0 (0)

1 3a 2-* c f2+ 8.5(13.5) 0(0) 5.6(10.6) 1.1 (0) 3.5 (8.5) 32.4 (0)

1 1a 2->c f2+ 8.4(13.4) 0(0) 5.5 (10.5) 1.3 (0) 3.4 (8.4) 32.4 (0)

2 % -+ C F 2+ 8.2 (13.2) 0(0) 5.4 (10.4) 1.8 (0) 3.2 (8.2) 32.4 (0)

1 1b 2->c f2+ 8.1 (13.1) 0(0) 5.2(10.2) 2.1(0) 3.1 (8.1) 28.3 (0)

1 3B!->CF2+ 7.8 (12.8) 0(0) 4.9 (9.9) 3.7 (0) 2.8 (7.8) 21.2 (0)

1 % ^ C F 2+ 7.2 (12.2) 0.2 (0) 4.3 (9.3) 11.1(0) 2.2 (7.2) 2.7 (0.2)

2 3A X-+CF2+ 7.0 (12.0) 0.2 (0) 4.1 (9.1) 15.5 (0) 2.0 (7.0) 0.4 (0.2)

2 1B 1->CF2+ 7.0 (12.0) 0.2 (0) 4.2 (9.2) 15.5 (0) 2.0 (7.0) 0.8 (0.2)

2 3B!-»CF2+ 7.0 (12.0) 0.2 (0) 4.1 (9.1) 15.5 (0) 2.0 (7.0) 0.8 (0.2)

2 *B2̂ C F 2+ 4.7 (9.7) 5.3 (0) 1.9 (6.9) 0.4 (0.2) -0.3 (4.7) 0(5.3)

2 3A2->CF2+ 4.5 (9.5) 0.9 (0) 1.6 (6.6) 0 (0.3) -0.5 (4.5) 0 (9.3)

2 1A2̂ C F 2+ 4.3 (9.3) 11.1(0) 1.5 (6.5) 0 (0.3) -0.7 (4.3) 0(11.1)

3 3A j-^CF+ 2.3 (7.3) 4.4 (0.2) -0.6 (4.4) 0 (9.3) -2.7 (2.3) 0 (4.4)

3 1B 1̂ >CF+ 1.8 (6.8) 0 (0.2) -1.1 (3.9) 0 (20.9) -3.2 (1.8) 0(0)

3 3B ^ C F + 1.8 (6.8) 0 (0.2) -1.0 (4.0) 0 (20.9) -1.2 (1.8) 0 (0.2)

3 1B2->CF+ 1.1 (6.1) 0 (0.5) -1.7 (3.3) 0 (32.4) -3.9 (1.1) 0(0)

3 3A2-»CF+ 1.0 (6.0) 0 (0.6) -1.9 (3.1) 0 (30.8) -4.0 (1.0) 0(0)

3 1A2̂ -CF+ 0.7 (5.7) 0 (0.9) -2.1 (2.9) 0(21.3) -4.3 (0.7) 0(0)

3 1A 1-»C f 0.1 (5.1) 0(3) -2.8 (2.2) 0 (2.7)

r  • +

-4.9 (0.1)

1 T TT / - ,+

0(0)

^  2+ . ..Table 6.10 Exothermicities and calculated cross sections for forming CF3+ and H2S+ from CF3i+ and
H2S in various electronic states. Also shown are the predicted fragmentation pathway of 
each ion. The values in parenthesis are those for forming productions from H2S with 
CF32+ in an excited state lying 5 eV above the ground state.
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6.4.2 Formation of CF„+ from CF32+ + H20

The Landau Zener reaction window algorithm, the results of which are shown in 

tables 6.9 and 6.10, predicts that, during collisions between CF32+ and H20 , the 

calculated cross section (acaic) for forming CF3+ in states which fragment to CF2+ is 

145 A (Fig 6.11). In addition, the values of a caic for forming CF3+ which fragments to 

C+, CF+ or remains stable as CF3+ are zero. These predictions are in conflict with our 

experimental results which show that, in reality, although CF2+ is indeed formed in 

larger quantities, CF+ is still observed in the mass spectrum. For CF32+ + H20 , the 

ratio of Rreai for CF+ and CF2+ is about 1 to 2.
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Figure 6.11 CF32+ + H20 . Landau-Zener calculated cross section (A2) for forming C+ (black), CF+ 
(grey) and CF2+ (white). (1) AHf (CF32+) = 30.47 eV, (2) AHf (CF32+) = 35.47 eV, (3) AHf 
(CF32+) =30.47 eV with dissociation limit CF3+ -> CF+ + F2, (4) AHf (CF32+)  = 35.47 eV 
with dissociation limit CF3+ -> CF+ + F2. (5) is the measured integral cross section, in 
arbitrary units, normalized to the largest calculated cross section.

In the past, it has been suggested that a higher energy state of CF32+, lying 5 eV 

above the ground state of CF32+, may be present in an incident dication beam formed
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by electron impact of CF4 . 14 If this excited CF32+ takes part in the electron transfer 

process, an electron will transfer from H20  to yield CF3+ with sufficiently high 

internal energy to fragment to CF+ + 2F. Therefore, this excited state of CF3+ will be 

expected to fragment to CF+ and 2F. The exothermicity for the transition CF32+* —>• 

CF3+ will be within the required window of exothermicities for the reaction to be 

favoured. From Fig 6.11, block 2, it is clear that the presence of CF32+*, lying 5 eV 

above the vibronic ground state of CF32+, in the incident dication beam would 

increase the amount o f CF+ formed following collisions between CF32+ and H20  and 

so account for the measured CF+ to CF2+ ratio of 1 to 2.

The calculated cross section for forming stable CF3+ is zero. The measured cross 

section for forming CF3+ is zero, which is in accordance with our calculations. The 

calculated cross section for forming CF3+ in states which will fragment to yield C+, 

from CF32+ in its vibronic ground state, is zero. However, our Landau-Zener 

calculations show that, forming CF3+ from CF22+ in an electronically excited state 

lying 5 eV above the vibronic ground state of CF32+ would result in a small amount 

of C+ being formed (Fig 6.11, block 2), namely from CF3+ (31 Ai) + H20 + (X). The 

small amount of C+ formed may well lie below the detection limits of our apparatus, 

as we do not observe C+ in our mass spectrum.
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Figure 6.12 CF32+ + H20 . Landau-Zener calculated cross section (A2) for forming OH+ + H+ (black) 
and H20 + (white). ). (1) AHf (CF32+) = 30.47 eV, (2) AHf (CF32+) = 35.47 eV. (3) is 
the measured integral cross section, in arbitrary units, normalized to the largest 
calculated cross section.

6.4.3 Formation of H20 + fragments from CF32+ + H20

From our Landau-Zener calculations we predict that H2 0 + will be formed in 

principally (X) and (A) states which are stable (Table 6.10). This is in agreement with 

our experimental results where only H20 + is observed with no evidence for forming 

0 + or OH+. However, H+ is detected following collisions between CF32+ and H20 . 

This H+ may well come from the bond forming reaction mentioned earlier and 

discussed later. Also, if  we consider a proportion of the electron transfer products to 

be formed from H20  with CF32+\  then a small amount of H2 0 + will be formed in its 

(B) state (fig 6.12, block 2), higher vibrational levels of which fragment to yield OH+ 

and H+. OH+ may well be obscured within the wings of the H20 + signal in  the mass 

spectrum. H+ is observed in the mass spectrum. However, H+, being very light and 

back scattered in the laboratory frame, has a low detection efficiency in our
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experiment. In short, it is certainly plausible that the slight signal could originate 

from both the bond forming process and from dissociative electron transfer.

It should be noted that, for the (.B) state o f H2 0 +, where several possible product ions 

are predicted, we assume that half of the ions fragment to OH+ and H+ and the other 

half remain undissociated. We make this assumption because the first dissociation 

limit of H2 0 + (H2 0 + -» OH + H+) lies in the centre of the Franck-Condon region for 

forming H2 0 + in its (B) state. Significantly higher vibrational states of H2 0 + (B) lie 

above the limit H2 0 + —» OH+ + H.

6.4.4 Formation of CF„+ from CF32+ + H2S

From Fig 6.13, block 1, we see that during collisions between CF32+ and H2 S, a ca ic 

for forming CF3+ in states which fragments to CF2+ is 289.4 A2. Also, a caic for 

forming CF3+ which fragments to CF+ is 4.4 A2 and a caic for forming CF3 + in states 

which fragment to C+ is 0 A2. That is, a ratio of CF2+ to CF+ of about 6 6  to 1. Our 

experiments show that, in reality, CF+ is formed in greater quantities than CF2+ with 

an observed ratio of these two ions being about 0.4 to 1. Additionally, C+ is observed

in our mass spectrum with a cross section about 0.2 % of the CF+ signal, contrary to

2+
our initial calculated predictions. As before, we consider a higher lying state of CF3 

to be present in the incident dication beam to account for this discrepancy between 

calculated and experimental product ion branching ratios.
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Figure 6.13 CF32+ + H 2S. Landau-Zener calculated cross section (A2) for forming C+ (black), CF+ 
(grey) and CF2+ (white). (1) AHf (CF32+) = 30.47 eV, (2) AHf (CF32+) = 35.47 eV, 
(3) A H f (CF32+) =30.47 eV with dissociation limit CF3+ -► CF+ + F2, (4) AHf

(CF32+) = 35.47 eV with dissociation limit CF3+ —> CF+ + F2. (5) is the measured
integral cross section, in arbitrary units, normalized to the largest calculated cross 
section

In a similar case to that of CF32+ + H2O, calculations have been performed to account 

for the presence of this excited state of CF32+ lying about 5 eV above the vibronic

* * * 7*1""ground state. This higher lying state of CF3 will form a proportion of CF3 , during 

electron transfer, which will possess sufficient internal energy to fragment to CF+. In 

addition, the exothermicity for this process will fall within the window of 

exothermicities within which the electron transfer process is most facile. This 

mixture of CF32+ and CF32+* in the incident dication beam will therefore serve to 

increase the amount of CF+ and also C+ formed. Indeed, CF2+, CF+ and C+ are all 

detected here (Table 6.1) in proportions similar to those calculated. CF3+is neither 

theoretically predicted nor detected experimentally.
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Figure 6.14 CF32+ + H2S. Landau-Zener calculated cross section (A2) for forming S+ (black), HS+ 
(grey) and H2S+ (white). (1) AHf (CF32+) = 30.47 eV, (2) AHf (CF32+) = 35.47 eV. (3) is 
the measured integral cross section, in arbitrary units, normalized to the largest calculated 
cross section

6.4.5 Formation of H 2S+ fragments from CF32+ + H2S

Following collisions between CF32+ and H2S, the calculated cross section for forming 

HS+ is about six times that for forming S+ (Fig.6.14). The experimental cross section 

ratio of HS+ to S+ is about four to one. However, H2S + CF32+* will yield more H2 S+ 

in its (A) state, higher vibrational levels of which will fragment to S+. Consequently, 

the amount of S+ formed will be more compared to if CF32+ existed in its ground 

state only. Similarly to the case of H2 0 +, H2 S+ in its (A) state should dissociate to 

yield both H2 S+ and HS+ in equal amounts because the first dissociation limit of 

H2 S+ lies directly in the centre of the Franck-Condon region for H2S —> H2 S+ (A).

It should be noted that a hypothetical dissociation limit CF3+ —> CF+ + F2 exists 7.59 

eV above the vibronic ground state of CF3+ and 1.65 eV below the dissociation limit 

CF3+ -» CF+ + 2F. In similar studies of this type, most notably collisions between
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CF32+ and Ar perfonned by Tafadar et al.14, this limit, CF3+ -» CF+ + F2 , has not 

been included. In our study of CF32+ + H2 X, this limit has not been incorporated into 

our calculations. The fragmentation pathway CF3+ -> CF+ + F2 would require a 

concerted process in which the C-F bonds are cleaved and the F-F bond formed. 

Such a process has been reported in the past, where CS2+ dissociates you yield C + 

S2+. However, we believe that the process CF3+ -» CF+ + F2 is not a significant 

fragmentation pathway here due to the time scale involved for bond rearrangement. 

However, for completeness, figures 6.11 to 6.14 show the values of a caic for forming 

each product ion fragment had the dissociation limit CF3+ -» CF+ + F2 been included. 

As can be seen, there is no significant change in our conclusions had this limit been 

included in our calculations.

6.4.6 Bond forming reaction

The CF32+ + H2 O collision system yields the ion OCF+. It is reasonable to suppose 

that the mechanism for the chemical reaction forming OCF+ is similar to the bond 

forming process observed previously in the collision system CF22+ + H2 O. 

Previously, Mrazek et al. 2 0  proposed a mechanism for the bond forming process 

observed between C0 2 2+ and H2/D2 forming HCO+.

H  H

(6.9)

The mechanism for this bond forming process involved three steps. In the first step, 

addition of the H2 to the CC>22+ gives a complex. In the second step, a  hydrogen



migrates from the carbon atom to an oxygen and the third step sees the fragmentation 

of the complex. Recently, Lambert and co workers17 have shown that the bond 

forming process

CF22+ + H20  -> OCF+ + HF + H+ (6.10)

proceeds via a similar mechanism to that proposed by Mrazek et al.20 for

C 0 22+ + H2 ->• HCO+ + O + H+ (6.11)

The formation o f OCF+ from CF22+ and H20  proceeds via addition of H20  (step 1 in

equation 6 . 1 2 ), migration of a hydrogen (step 2 ) and finally fragmentation to yield

OCF+ (step 3).

(6 .12)

In addition to the eludcidation of the mechanism for the formation of OCF+ from 

CF22+ + H20  using ab initio techniques, it has been shown3 that the final 

fragmentation (step 3) o f H 2 OCF22+ is a two step process. H2 OCF22+ first undergoes 

charge seperation to H+ and HOCF2+ and then the HOCF2+ ion fragments to HF and 

OCF+. This two step mechanism is confirmed by position sensitive coincidence 

studies carried out on CF22+ + H20 . 16 These studies have shown H+ to be 

isotropically scattered, indicating that the complex is rotating. Further to this 

scattering, the mutual angle of separation between the HF and the OCF+ is 180°, 

showing that the HF and OCF+ separate after the H+ has departed from the field of 

HOCF2+.
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For the reaction forming OCF+ from CF32+ + H2O, we propose an analagous 

mechanism to that of CF22+ + H2 O.

CF32+ + H20  -> H2 OCF32+ (6.13)

H2OCF32+ -> HOCF3+ + H+ (6.14)

HOCF3+ + H+ -> HF + OCF2+ + H+ (6.15)

HF + OCF2+ + H+ -> HF + OCF+ + F + H+ (6.16)

That is, formation of an adduct (equation 6.13), charge separation to a light H+ and a 

heavier complex HOCF3+ (equation 6.14), fragmentation of that complex to OCF2+ 

(equation 6.15) and finally further fragmentation of the complex to OCF+. However, 

it is possible that the steps described in equations 6.15 and 6.16 may occur 

simultaneously, with HOCF3+ directly fragmenting to HF2 and OCF+. Theoretical 

calculations are needed in order to confirm these proposed mechanisms. If OCF2+ 

were formed in this chemical reaction, then it should be detected by the experiment. 

However, as mentioned, OCF2+ is not detected. The lack of any OCF2+ signal may be 

rationalised by considering the stability and heats of formation of the two ions OCF+ 

and OCF2+. The heat of formation of OCF2+ is 6.73 eV. This value for OCF2+ is 

lower than the heat of formation of OCF+ at 7.72 eV. Therefore, OCF2+ is 

thermodynamically more stable than OCF+ and so should be the dominant bond

 ̂ I j

forming product in the CF3 + H2O system. However, if  OCF2 were formed in

vibronic states which dissociates to yield OCF+ and F then this would account for the

lack of OCF2+ signal. The dissociation limit OCF2+ -» OCF+ + F lies 1.8 eV above 

the vibronic ground state of OCF2+. The first electronically excited state o f  OCF2+ in 

its equilibrium geometry lies 3.1 eV above the vibronic ground state o f  OCF2+. If 

OCF2+ were formed, during collisions between CF32+ + H2 0 , in an electronically 

excited state, then it would certainly possess sufficient internal energy to dissociate
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to yield OCF+ and F. The possible formation of a vibronically excited OCF2+ may 

well account for its not being detected during the timescale of our experiment.

For the collision system CF22+ + H2 S, the bond forming product SCF+ was observed, 

no such evidence for a bond forming process was observed in the collision system
j j

CF3 + H2 S. This lack of SCF may be explained by considering the intensities of 

the bond forming product signals. The SCF+ signal in the CF22+ + H2 S system is 

considerably weaker than OCF+ signal in the CF22+ + H2O system. The OCF+ signal 

in the CF32+ + H2 O system is less intense than the OCF+ signal in the CF22+ + H2O. 

Therefore, it is reasonable to suppose that, were a bond forming process occurring in 

the CF3 + H2 S system that is analogous to those occurring in the other collision 

systems, the products ion’s signal intensity would be below the detection limits of 

our apparatus. The question one must ask is why is the cross section for forming 

SCF+ in collisions with H 2 S markedly smaller than that for forming OCF+ in 

collisions with H2 O. Perhaps some barrier exists in one of the mechanistic steps 

which is more pronounced in the H2 S systems. Indeed, if  there were some barrier to 

forming an intermediate which was larger for the H2 S systems, then the cross section 

for forming H2 SCF32+ from CF32+ + H2 S may be so small that the amount of SCF+ 

produced is below the detection limits of our experiment and so not observed by us.

6.4.7 Neutral loss

Collision induced neutral loss of the reactant dication involves that dication 

dissociating to a neutral fragment and a doubly charged fragment. In the past, the 

appearance energy of this doubly charged fragment has been used to estimate the 

strength of the cleaved bond . 14 For example, following collisions between CF32+ and 

Ar, the neutral loss reaction CF32+ -» CF22+ + F was observed. By plotting the signal
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• • • 9-1- 9+intensity ratios of CF2 /CF3 vs. centre of mass collision energy, the appearance
9 1

energy of CF2 was shown to be 0.6 eV, indicating that the C-F bond strength is 0.6 

eV. In this present study of CF32+ + H2X, the scatter o f points in the plots of CF22+ 

formed following collisions between CF32+ and H2X (Fig.6.5) was too great for a 

reasonable extrapolation to be made. As a result, no more information could be 

obtained.

6.5 Conclusion

The collision system CF32+ + H2X (X = O, S) has been studied. It has been shown 

that, in both systems, the reactivity is dominated by electron transfer. The reaction 

window algorithm based on the Landau-Zener theory has been used, with qualitative 

success, to rationalise the presence of the dissociative and non dissociative electron 

transfer products. Evidence for neutral loss reactivity has also been observed. The 

bond forming adduct OCF+, seen in the CF32+ + H20  collision system, has been

2_j_
attributed to a similar mechanism to that observed in the collision system CF2 + 

H 2O. The cross section for forming OCF+ from CF23+ + H2 O is much smaller than 

for forming SCF+ from CF32+ + H2 S. As a result, we are unable to detect SCF+ in this 

system with our present experimental apparatus. We also conclude that an excited 

state of CF32+, lying about 5 eV above the ground state, is present in our reactant 

dication beam in accordance with conclusions made previously in similar 

experiments.
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Chapter 7 

Ar2+ + NH3

7.1 Introduction

This thesis has, so far, been concerned mainly with the reactivity of molecular 

dications colliding with neutral molecules. However, the bimolecular reactivity of 

atomic dications is also of interest. Indeed, there have been a number of studies 

involving collisions between doubly charged atoms and neutral species, 1' 6 which 

have mainly consisted of high energy (keV) collisions where both the dication and 

the neutral are rare gases. 1-4 The products of these high energy collisions usually 

result from an electron transfer from the neutral to the dication. The reactivity of 

other atomic dications have also been studied and show similar reactivity. For 

example, experiments carried out by Bums et al., involving high energy collisions 

between N2+ and rare gas atoms, again showed electron transfer reactivity to 

dominate.7 Even in low energy (eV) atomic dication-neutral collision, electron 

transfer reactivity dominates . 8 ,9 However, Tonkyn and co-workers found that, during 

collisions between titanium dications and alkanes, chemical bonds were formed .5 For 

example, the reaction Ti2+ + CH4 -> TiCH42+ was observed.

The doubly charged ion Ar2+ has been the subject of a number of studies over the 

past few years, both as an isolated species10,11 and in terms of its bimolecular 

reactivity. 1 -3 ,12 -14 Ar2+ has been observed mainly as a result of photo-ionisation10,15-17 

and electron impact ionisation . 18,19 The heat of formation of Ar2+ is 43.38 eV . 14

Rejoub et a l  determined the cross section for forming Ar to be 1.8 x 10' cm at

18an electron energy o f 100 eV.

Collisions between Ar2+ and neutral species, at energies between 200 eV and 540

1 3eV, have found, unsurprisingly, that electron transfer dominates the reactivity. -
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However, at collision energies below about 100 eV, bond forming reactivity is 

observed in some cases .2 0  Collisions between Ar2+ and neutral molecules have 

shown doubly charged adducts to be formed. For example, collisions between Ar2+ 

and O2 , N 2 , CO2 and CO form A r02+, ArN2+, and ArC2+ respectively. 20 Collisions 

between Ar2+ and O2 also yielded ArO+ .20

In this chapter, we report the results of collisions between Ar2+ and NH3 at low (eV) 

collision energies. The electron transfer reactivity we observe is discussed in terms 

of the Landau-Zener “reaction window” model. In addition, the bond forming 

products ArN* and ArNH+ are observed. We find that the ratio of ArN+ to ArNH+ 

formed increases with collision energy. To our knowledge, ArNH+ is the first 

example o f the formation of a triatomic monocation as a result of a collision between 

a rare gas dication and a neutral.

7.2 Electron transfer reactivity results and discussion

Mass spectra were recorded following collisions between Ar2+ and NH3 at collision 

energies between 0.3 eV and 4.2 eV in the centre of mass frame (1 eV to 14 eV in 

the laboratory frame). The identities of the product ions formed following collisions 

between dications and neutrals can offer considerable information about what types 

of reactions occur. We observe, in the mass spectrum, the presence of signals 

corresponding to NH 3+ and Ar+. These product ions clearly arise as a result of non- 

dissociative single electron transfer. Also present in the mass spectrum are signals 

corresponding to NH 2+, NH+, N* and H+. These ions may all be attributed to 

dissociative electron transfer. The bond-forming adducts ArNH+ and ArN+ are also 

present in the mass spectrum. These two bond-forming product channels are 

discussed in detail later in this chapter.



7.2.1 Electron transfer reactivity

The methodology used to extract the integral cross sections from measured signal 

intensities in the mass spectra for the various reaction channels, has been described 

in detail previously in this thesis. This data reduction is in two parts. The first part 

takes into account the mass discriminating effects associated with the time of flight 

mass spectrometer. Briefly, when two ions travel across the source region of the 

TOFMS with different kinetic energies, and are accelerated down the flight tube of 

the TOFMS, they may travel different distances perpendicular to the direction of the 

TOFMS before reaching the detector. This difference in distances travelled may 

result in some ions missing the detector. As a result, ions of different energies will be 

detected with different efficiencies. By considering the physical dimensions of the 

mass spectrometer, we are able to model how far an ion will travel perpendicular to 

the axis of the TOFMS during the time taken to travel along the axis o f the flight 

tube. We can determine whether or not an ion will strike the walls of the flight tube 

and so, determine the portion o f the source region which is imaged onto the detector. 

If an ion is formed in this “imaged” region, it will reach the detector. We may then 

correct for the detection efficiencies of various ions. The second part o f  this data 

reduction involves consideration of signal saturation experienced by the constant 

fraction discriminator (CFD) at higher dication fluxes. By accounting for this 

saturation at the CFD and appreciating that, because the product ions account for 

only a small fraction o f the total ion current, this saturation only affects the unreacted 

reactant dication signal, we are able to accurately determine the true intensity of the 

unreacted reactant dication signal from the observed dication signal intensity within 

the mass spectrum. As has been shown in chapter 4, accurately measuring the flux of
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the unreacted reactant dication allows us to extract an integral cross section, in 

arbitrary units, from our raw data. However, for our collisions between dications and 

neutrals, electron transfer integral cross sections for forming product ions derived 

from the reactant dication are not directly comparable with product ions derived 

from the neutral. Briefly, product ions derived from the reactant dication are forward 

scattered in the centre of mass frame whereas product ions derived from the neutral 

are backward scattered in the centre of mass frame. This difference in scattering 

direction between these two classes of product ion means that any ions that reach the 

detector are sampled from different areas of the source region of the TOFMS. Due to 

the nature of our experiment, these different areas of the TOFMS will possess 

different neutral gas pressures. Our experiment does not allow us to accurately 

measure the absolute neutral gas pressure in the collision region. However, by 

maintaining a good quality incident dication beam and keeping the pressure of the 

neutral gas constant throughout, it is possible to extract a value which is directly 

proportional to the absolute reaction cross section with a constant of proportionality 

which does not vary between experiments. This constant of proportionality is a 

function of the neutral gas pressure in the collision region and that pressure varies 

throughout the collision region. Ions derived from the neutral, which are backward 

scattered in the centre of mass frame, are formed in the centre of the collision region 

where the neutral gas is of lower pressure. Ions derived from the reactant dication 

being forward scattered in the centre of mass frame, are formed in an area of the 

collision region where the neutral gas is of higher pressure. As a result of this 

difference in neutral gas pressure, the integral cross sections for forming ions derived 

from the neutral and ions derived from the dication are not directly comparable. 

Consequently, to emphasise this difference, integral cross sections for forming ions
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derived from the dications are denoted & whereas the integral cross section for 

forming ions derived from the neutral have the value cr". These two quantities are 

independently indicative of the trends in the absolute cross sections for the electron 

transfer processes. It should be noted that, in the past, integral reaction cross sections 

have been determined only for the monocations derived from the dication (o ' ) . 21 This 

is the first study where integral reaction cross sections are determined and studied in 

detail for the less energetic monocations derived from the neutral (a").

Product ion H+ N+ NH+ n h 2+ n h 3+ Ar+ ArN* ArNH+
1 0 6 o ' and a " 96 29 372 437 518 7940 50 35

(arb. units) ( 1 2 ) (4) (62) (6 6 ) (125) (1387) (1 0 ) (9)
Table 7.1 The integral reaction cross section (a' for Ar+, ArN+ and ArNH+ and a"  for NHn+) for 

forming product ions during collisions between Ar2+ and NH3.

Once the integral reaction cross sections for forming each of the dissociative and non 

dissociative electron transfer products have been determined, representative values 

of which are given in table 7.1, we compare those measured cross sections with cross 

sections calculated using the Landau-Zener reaction window model. It should be 

noted that the experimentally determined cross sections, although having units of 

area, are given in arbitrary units whereas the calculated cross sections are in A2. 

Therefore, we compare branching ratios of experimental and calculated cross 

sections.

The Landau-Zener theory is a useful tool with which to model a single electron 

transfer from a neutral to a dication and has been used successfully in the past to 

model electron transfer reactions of molecular dications.21 ,22 A full description of this 

Landau-Zener model has been given in detail previously. Here, we use this reaction 

window algorithm to model a single electron transfer from NH3 to Ar2+. In  doing so,



we predict which fragments of the product ion NH3+ will be observed in our mass 

spectrum.

The LZ reaction window model allows us to estimate the level of internal energy, 

that is electronic and vibrational excitation, with which NH3+ may be formed 

following an electron transfer reaction. If NH3+ is formed with sufficient internal 

energy for it to lie above some dissociation threshold, then it will dissociate to yield 

fragment ions. These dissociative electron transfer processes compete with non 

dissociative electron transfer processes as well as a number of other classes of 

reaction detailed in chapter 1. In order to account for the branching ratios of the 

various dissociative and non-dissociative electron transfer products, it is necessary to 

understand the stabilities of the various electronic and vibrational states of NH3+.

In the past, the stability of an ion has been determined by photoelectron-photoion 

coincidence (PEPICO) spectroscopy21,23,24. PEPICO involves ionising the target 

molecule with a photon o f known energy. The ejected photoelectron is then detected 

in coincidence with the photoion. By increasing the energy of the incident photon, it 

is possible to determine the energy at which the parent photoion signal diminishes 

and a daughter ion signal increases. The energy at which this change in signal 

intensities occurs is the dissociation limit for that particular fragmentation pathway. 

PEPICO studies o f NH34" performed by Song et a l have shown the value for the 

dissociation limit, A>(NH2+ + H) for the bound electronic ground (X) state of NH3+ to 

be 5.6 eV . 25 The (X) state of NH3+ and lower vibrational levels of the first excited (A) 

state of NH3+ lie below this first dissociation limit

NH3+ ->N H 2+ + H (7.1)

and so are stable (non-dissociative). The energy of the first dissociation limit for 

NH3+ is confirmed by the fact that only the ground (X) state and lower vibrational
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levels of the first excited (A) state of NH3+ exhibit vibrational fine structure in the 

photoelectron spectrum, as higher vibrational levels quickly dissociate. The PEPICO 

study performed by Song et al.25 only covers the dissociation of NH3+ to yield NH2+ 

close to its threshold. It is therefore necessary to fall back on the relative energetics 

of the electronic states of NEE* in order to predict the fates of the various higher

vibronic states of NH3+. A photoelectron spectrum of NH3+ is available showing the

26population of low lying states of NH3 . Using the adiabatic ionisation potentials 

and heats of formations of the NH3+ fragments, we can calculate the various 

dissociation limits for NH3V7’28

The equilibrium geometry of the first excited (A) state of NH3+ lies 4.5 eV above the 

equilibrium geometry o f the electronic ground (X) state of NH3+. From the 

photoelectron spectrum of NH3 , it is clear that the Franck-Condon region for the 

transition between NH3 and the (A) state of NH3+ lies from 4.5 eV to 9.02 eV above 

the (X) state of NH3+. Higher vibrational levels of this (A) state of NH3+ lie above a 

number of other dissociation limits. The limit corresponding to

NH3+-> N  + H3+ (7.2)

lies 6 . 6 6  eV above the ground state of NH3+, the limit

NH3+ NH+ + H2 (7.3)

lies 7.68 eV above ground state NH3+ and the limit

NH3+ -» NH2 + H+ (7.4)

lies 8.12 eV above the ground state of NH3+. It is clear that the (A) state of NH3+ may 

fragment to give either H 3+, NH+ or H+, depending on the vibrational excitation of 

the NH3+ ion. We assume that any ion lying in a vibronic state which is directly

above a particular dissociation asymptote will fragment to those products. This

assumption has been shown to hold in PEPICO studies of C 0 2, H20  and H2 S .2 3 ,24 ,29
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Figure 7.2 Energies o f the first three electronic states of NH3 (right hand side). The upper and lower 
limit o f  each electronic state is the Franck-Condon region for forming that particular state 
of NH3+. The left hand side of the diagram shows the positions o f the dissociation limits 
for fragmentation o f NH3+. The dissociation limits are as follows: a) NH2+ + H. b) N + 
H3+. c)  NH+ + H2. d) NH2 + FT. e) NH + H2+. f) N + H* + H2. g) NH+ + 2H. h) N+ + H + 
H2. i) NH + IT + H. j) N + H + H2+. k) N + H+ + 2H. 1) hF + 3H. The energy scale is 
based the heats o f formation o f the proposed fragments 

The equilibrium geometry o f the second excited (B) state ofN H 3+ lies 13.8 eV above

the equilibrium geometry o f the (X) state of NH3+. The available Hell photoelectron

spectrum (where h v -  40.8 eV) of NH3 does not show the entire (B) state of NH3

as it does not cover binding energies higher than 27 eV. As a result, the Franck-

Condon region for this transition between NH3 and NH3+ (B) is not known.

However, as only lower vibrational levels of the (B) state of NH3+ fall within our

Landau-Zener reaction window, knowledge of the full Franck-Condon region is not

required. As a rough guide, in figure 7.2, the Franck-Condon region for the B state of

NH3+ has been estimated from the shape of the peak in the photoelectron spectrum,

assuming that the signals are symmetrical. Lower vibrational levels of this second

(B) electronic state o f NH3+ lie above the dissociation limit

NH3+ -> N  + H2+ + H (7.5)

which falls 12.87 eV above the vibronic ground state of NH3+. However, another

dissociation limit,
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NH3+ -» NH+ + 2H (7.6)

lies at 12.20 eV above the ground state of NH3+. Higher vibrational levels of the (.B) 

state of NH3+ also lie above the dissociation limits

NH3+ -> N + H+ + 2H (7.7)

at 15.57 eV above the {X) state of NH3+ and

NH3+ -» N+ + 3H (7.8)

at 16.50 eV above the {X) state of NH3+. Therefore, vibronic levels of NH3+ in its (B) 

state lying above these dissociation limits will dissociate to yield these products. 

Reaction exothermicities for forming product ions in their various electronic states 

are calculated using excitation energies derived from photoelectron spectra. 26 These 

reaction exothermicities coupled with knowledge of the stability of each electronic 

state of our product ions allow the prediction of which ion signals, arising as a result

of electron transfer, should be present within our mass spectra. These predictions are

shown in table 7.3.

Electronic _________________ Electronic state of NH3+ product
state of Ar+ X (->NH3+) A (->NH3+, NH2+, NH+) B (-»NH+, IsT, H+)
product AH /eV a AH /eV a AH /eV G

2P 17.43 0 12.91 0 3.62 26.4
2S 3.95 17.8 -0.57 0 -9.86 0

4d 1.03 0 -3.49 0 -12.79 0
— mi t  n i *——*m—m m ^ —

Table7.3a Electron transfer reactions from Ar in its P state

Electronic _________________ Electronic state of NH3+ product
state of Ar X (->NH3+) A (-»NH3+, NH2+, NH+) B (->NH+, N+, H+)
product A H /eV a AH /eV a AH /eV a

2P 19.17 0 14.65 0 5.36 1 . 1

2S 5.69 0.65 1.17 0 -8 . 1 2 0

4d 2.76 19.8 -1.76 0 -11.05 0

Table 7.3b Electron transfer reactions from Ar2+ in its 'D state.
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Electronic ________________ Electronic state of NH3+_product_______________
state of Ar+ X (->NH3T)_______A (-»NH3'1’, NH2+, NH*) B (-»NH+, N4, H*)
product Aff/eV ct AH /eV  a  AH /sV  a

2P 21.56 0 17.04 0 7.74 0
2S 8.08 0 3.56 28.34 -5.74 0
4P  5.15 1.65 0.63 0 -8 . 6 6  0

Table 7.3c Electron transfer reactions from Ar + in its S state.

Table 7.3 Exothermicities and calculated cross sections for forming Ar+ and NH3+ from Ar2* + NH3 
in various electronic states. Also shown are predicted fragmentation pathways of NH3+. 
Table a) is for electron transfer reactions from Ar2+ in its 3P state, Table b) is for Ar2+ (!D) 
and Table c) is for Ar2+ (1S). It should be noted that the transition resulting in Ar+ in the 4D 
state in not allowed.

From table 7.3 (a), it is clear that, following the electron transfer, Ar+ [2P] should be 

formed with NH3+ [B] and Ar+ [2 S] with NH3+ [X]. From the information outlined 

above on the stability o f each state of NH3+, it is clear that we should observe NH3+ 

ions from the (X) state of NH3+. As mentioned above, the (B) state o f NH3+ lies 

directly above the asymptote NH3+ —» N + H + H2+. However, slightly below this 

dissociation limit, there lie the dissociation limits NH3+ —> NH+ + 2H and NH3+ -» 

1ST + H + H2 . As we observe only NH+, NH2+ and N* fragments in the mass 

spectrum, it is reasonable to suppose that some dynamical restrictions to NH 3+ -> N 

+ H + H2+ may cause only the NH3+ —» NH+ + 2H and NH3+ —> bT + H + H2 

fragmentation pathways to be favoured. Indeed, these dynamical restrictions may 

even possibly account for the formation of NH2+, the dissociation asymptote for 

which lies 8.15 eV below the (B) state of NH3+, although such processes involving 

parent ions of small molecules fragmenting to products, the asymptote for which lies 

below many other dissociation asymptotes, has not been observed before. However, 

larger molecular ions may dissociate statistically to lower asymptotes. In short, 

fragments of the (B) state of NH3+ make contributions to the ion yields o f  N+, NH+
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and perhaps NH2+ although, as shown below, these ions do not come exclusively 

from this NH3 (5) state.

The Landau-Zener reaction window model for reactions of the 3P state of Ar2+ may 

clearly account for the presence of NH3+, and NH+ in the mass spectrum. In addition 

to the above rational, the presence of NH2+ in the mass spectrum may be accounted 

for by considering the other electronic states of Ar2+ which are present within the 

dication beam. It is certainly reasonable to assume that the predominant electronic
2 j ^

state of Ar present in the beam is the ground state ( P). This has been shown to be 

the case for Ne2+ where the majority of the Ne2+ ions are in the 3P state with about 

30% being in the !D state . 3 0 ' 32 This ratio is consistent with the statistical ratios of the 

degeneracy o f the spin orbit states (9:5:1) used in other studies. These excited states 

of Ar2+, lD and lS, lie 1.74 eV and 4.12 eV respectively above this ground electronic 

(3P) state. The exothermicity for forming Ar+ (2 S) with NH3+ (A) from Ar2+ (*S) and 

NH3 falls within the reaction window of exothermicities. As mentioned, higher 

vibrational levels o f the (A) state of NH3+ will dissociate to yield NH2+. Thus, the 

formation of Ar+ from the (!S) state of Ar2+ may well qualitatively account for the 

presence of NH2+ observed in the mass spectrum. Obviously there are higher lying 

states of Ar2+ but these lie much higher in energy and are not thought to be present in 

the dication beam in large enough quantities to be significant.

In short, we can see from Table 7.3, that reactions involving Ar2+ (3P) will form 

NH3+ (X) which is stable, and NH3+ (B) which will form NH+ and IST. probably 

arises as a result o f electron transfer reactions involving Ar2+ (!S) forming NH 3+ (A).
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(♦ ), hT (■) and Ar+ ( A ) for collisions between Arz+ and NH3

The variation in the integral cross sections with collision energy are given in figures 

7.4 and 7.5. The plots in figures 7.4 and 7.5 show that the cross sections for all of
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these electron transfer reactions although showing some variation over the range of 

collision energies studied, are of the same order of magnitude across the whole 

energy range. This energy independence has often been shown to be the case in

91 99previous studies of this nature. ’ It should be noted that the cross sections for 

forming the electron transfer products appear to increase at low collision energies in 

the case of the monocations derived from the neutral (NHn+) and towards higher 

collision energies in the case of the monocation derived from the dication (Ar+). This 

variation in the corrected data with collision energy may be an artefact attributed to 

the magnitude of the ion’s velocity across the source region of the TOFMS. 

Following an electron transfer reaction, Ar+, being forward scattered in both the 

centre of mass frame and the laboratory frame over the range of energies studied, 

will have the greatest velocity following high energy collision; that is collision 

energies of 14 eV in the laboratory frame. Conversely, NH3+ and its fragments are 

backward scattered in the centre of mass frame, and the laboratory frame, at the 

energies studied. Only at laboratory collision energies above about 35 eV, do our 

calculations show that NH3+ and its fragments will be forward scattered in the 

laboratory frame. This backward scattering of NHn+ in the laboratory frame, at the 

energies studied here (<14 eV), means that NH3+ and its fragments will have their 

highest laboratory velocities (backwards) at low collision energies. We calculate that 

NHn+ will have a laboratory velocity, backward towards the ionisation source, of 

5300 ms' 1 at a laboratory collision energy of 2 eV. This velocity falls to 1700 ms' 1 at 

a laboratory collision energy of 14 eV. In comparison, we calculate Ar+ to possess a 

laboratory velocity, in the direction of the dication beam, of 5800 ms' 1 at a laboratory 

collision energy of 2 eV. This velocity rises to 8900 ms' 1 at 14 eV. In both cases, 

when the rise in the data with collision energy occurs, the ion is travelling with
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higher velocity across the source region of the TOFMS. At these higher velocities, 

the portion of the source region which is imaged onto the detector, that is the 

effective region of detection, is much smaller than when the ion is at low laboratory 

velocities. As a result, at these high product ion laboratory velocities, the amount by 

which the observed ion intensities are corrected is greater. We assume in our model, 

that the product ions are perfectly forward or backwards scattered following a 

collision and that the kinetic energy release of the two monocations following the 

collision is 7 eV. However, these assumptions may be an oversimplification. If a 

product ion is not perfectly forward or backward scattered, as assumed in our model, 

the velocity in the direction perpendicular to the axis of the TOFMS may be less than 

anticipated. If the velocity of an ion across the source region of the TOFMS is indeed 

less than we calculate, then the length o f the source region imaged onto the detector 

may be larger than our model predicts. If this is the case, and, at higher ion 

velocities, we are underestimating the length of the source region imaged onto the 

detector, then the cross sections we extract from the raw data may be overestimated 

at higher ion velocities. That is, high energy collisions for ions derived from the 

dication and low energy collisions for ions derived from the neutral collision partner. 

In summary, the cross section, although not completely independent o f  collision 

energy, does not vary greatly. In the past, this method of extracting integral reaction 

cross sections from our data has only been carried out for the monocations derived 

from the reactant dication . 21 The monocations derived from the neutral, being 

backward scattered in both the centre of mass frame and the laboratory frame, are 

much less energetic compared to ions derived from the neutral. Our method for 

extracting the integral reaction cross sections for these slow, backward scattered ions 

may not be as robust as for ions derived from the reactant dication. As for ions
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derived from the reactant dication, the integral reaction cross section is independent 

of collision energy for slower collisions up to about 3.5 eV (Fig 7.5) in agreement 

with other work . 34

7.3 Bond forming reactions, results and discussion

The ions ArN* and ArNH+ we observe, corresponding to m/z = 54 and 55, 

respectively, clearly come from bond-forming chemical reactions. Representative 

mass spectra, as a function of collision energy, are shown in Figure 7 .6 .

0.3 eV 2.1 eV 4.2  eV

ArNH

ArN

ArNH'ArNH

M

6060 50 60 50

m /z
Figure 7.6 Mass spectra at (a) 0.3, (b) 2.1, and (c) 4.2 eV collision energy in the center-of-mass 

frame showing the signals corresponding to ArN+ and ArNfT detected following 
collisions of Ar2"1" with NH3. The spectra clearly show that the ratio of ArNT to ArNH+ 
increases with increasing collision energy. Processing the intensities o f the ArbT1" and 
ArNH+ ions in these spectra indicates that, as the mass spectra show, the sum of the 
reactive cross sections for forming these product ions is constant, within experimental 
error, over this range of collision energies.

As is often the case, the cross sections for forming these new adduct ions are small 

as compared with those of the electron-transfer reactions observed in the same
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collision system. For example, the total signal arising from ArlST and ArNH+ is only 

approximately 1% of the signal arising from the electron-transfer product Ar+.

As has been discussed previously in this thesis, we must always consider the 

possibility that mass discriminating effects operate in our TOFMS apparatus. 

However, as shown below, we are confident that such effects do not significantly 

affect the relative detection efficiency of ArN4- and ArNH+ in the present 

experiments. As described above, mass discrimination between different product 

ions can arise in our apparatus as a result of the differing kinetic energies that these 

ions can possess perpendicular to the axis of the TOFMS. A significant velocity 

component transverse to the axis of the TOFMS may result in ions striking the walls 

of the drift tube and not reaching the detector. Ions with different transverse kinetic 

energies will not travel the same transverse distance as they fly down the TOFMS. 

Thus, there is the possibility of varying fractions of the product ions being detected, 

a different detection efficiency for ions of different mass. To estimate any variations 

in detection efficiency for the product ions, we can calculate the length of the source 

region from which ions reach the detector, for a given transverse kinetic energy of 

the ion. To estimate the transverse kinetic energy of the product ions o f dication 

reactions, we use the fact that the kinetic energy release for these reactions is 

dominated by electrostatic repulsion, giving an energy release of approximately 7 

eV, and these reactions are experimentally observed to involve forward scattering.33' 

36 When we correct our mass spectral data in the above manner, to allow for any 

transverse ion losses, we produce relative ion intensities in good agreement with 

other measurements in the literature. 21 However, for the detection of ArN+ and 

ArNH+, because the ions have very similar masses, the relative discrimination 

between these ions is small. For example, given the mechanistic conclusions
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presented below, we consider the ArN* and ArNH* to be formed via a charge 

separating dissociation of ArNH32* to ArNH2+ + H+, with the ArNH2* subsequently 

dissociating sequentially to yield ArNH* and eventually ArN*. For this mechanism, 

we calculate that our detection efficiencies as a function of center-of-mass kinetic 

energy are the same (within 3%) for ArN* and ArNH*. Hence, we conclude that our 

relative detection efficiency of ArN* and ArNH* is the same within experimental 

error over the experimental range of collision energies we employ. Identical 

conclusions have been reached before for the relative detection efficiency in our 

apparatus of product ions with similar masses, resulting in experimental data which 

agree well with those in the literature.37

<

2u<

3

2.5

2

1.5

1

0.5

0
431 20

Centre o f  mass collision energy /eV

Figure 7.7 A plot of /(ArN + )//(ArNH + ) versus center of mass collision energy. /(ArN+)//(ArNH+) 
clearly increases with collision energy.

Hence, we consider the ratio of intensities 7[ArN*]/7[ArNH*], which we derive from 

our mass spectra to be representative of the ratio of the cross sections of the reactive 

processes forming these ions. Figure 7.7 shows the ratio of the bond-forming product 

ion intensities, /[ArN*]/7[ArNH*], as a function of collision energy. The figure 

clearly shows that /[ArN*]//[ArNH*] increases with increasing collision energy.
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Figure 7.7 demonstrates that an increase in the ArN4- ion yield is accompanied by a 

corresponding decrease in the ArNH+ ion yield. This variation is consistent with 

ArN4" being formed via the dissociation of ArNH+.

7.3.1 Computational results

Figure 7.8 shows the stationary points calculated along the PES of the reaction of 

Ar2"1" with NH3 to produce ArNH+ and ArN+ . 38 The mechanism first involves the 

formation of the Ar-N bond to give ArNFL2*, the global minimum for the pathway. 

This is followed by loss of a proton from the complex via transition state 1 with an 

activation energy of 5.74 eV to give ArNH2+ + H+. An H atom then dissociates from 

ArNH2+ to leave ArNH+ + H. The last remaining H atom can also dissociate from 

ArNH+, leaving 3ArN+ and an H atom in their ground states. The final products are, 

hence, 3ArN+ + H+ + 2H. For each stationary point, geometric parameters and 

symmetries, calculated by Lambert and co-workers , are given in Table 7.9.
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Figure 7.8 The calculated stationary points on the potential energy surface for the reaction 1Ar2+ + 
NH3 —> ArN+ + IT + 2H
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Ar2+ (3P 
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2H + H

” ]+ + H

^10.00

-6.95
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2H + H+

-15.74 15.27
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The calculated mechanism shown in Figure 7.8 confirms that ArNH* and ArN* are 

formed from the same reactive channel, as indicated by the experimental results. It is 

interesting to note that the bond-forming dication complex ArNH32* is found to be 

stable with respect to dissociation to Ar* + NH3 + only when formed in the singlet 

state; attempts to converge a geometry optimization to a stable triplet structure were 

unsuccessful. Such an effect is not surprising when one considers that the lowest 

energy electronic configuration of the triplet ArNH32* complex involves the 

promotion o f an electron from a bonding to an antibonding orbital, lowering the Ar- 

N bond order and increasing the total energy of the complex. Therefore, it appears 

that only singlet states of Ar2*, not the ground triplet state, contribute to bond- 

forming reactivity in this system.

Structure Ar-N N-H Ar-N-H H-N-H
‘n h 3 1.022 [3] 105.1° [3]
’ArNH32+ 1.817 1.056 [3] 105.0° [3] 113.6° [3]
Transition state 
1

(singlet)

1.863 1.042 [2], 98.61° [2], 115.3° [3],

2.811 118.9° 107.6°
Transition state
O

1.825 1.056 [2], 99.87°, 134.1°
Z
(singlet) 2.522 126.1°
1ArNH2+ 1.951 1.044 [2] 95.80° [2] 104.6°
2ArNH22* 1.737 1.065 [2] 114.1° [2] 132.0°
2ArNH* 1.911 1.059 96.05°
3ArN* 1 . 8 8 6

^ N * 1.841
Table 7.9 Geometric parameters of CASSCF-optimized structures on the singlet potential energy 

surface for Ar2+ + NH3 —» 3ArN+ + H+ + 2H (See Figures 7.8 and 7.12). All bond distances 
are in angstroms. The number of degenerate bond lengths and angles are given in square 
brackets. No symmetry constraints were imposed during the calculations

As can be seen in Figure 7.8, breaking an N-H bond in the ArNH2+ ion requires an 

excitation o f 6.54 eV, and breaking the N-H bond in the ArNH* complex requires an 

additional 1.78 eV. The reactants lie at an energy of 15.27 eV above the ArNH2 + + 

H* asymptote; therefore, every reactive event in principle begins with enough energy
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to reach completion and form ArN*. However, such an analysis neglects the energy 

removed from the system, in the form of kinetic energy, during the charge separating 

dissociation of ArNH32+ to form ArNH2 + and H+. The measured kinetic energy 

release distributions for such processes are typically centered around 6 - 8  eV, with a 

width of several eV . 3 3 ,3 4 ,3 9  The loss of such large amounts of energy significantly 

reduces the internal energy content of the ArNH2+ ion. Specifically, for collisions at 

a centre-of-mass energy of 0 eV, the charge-separating dissociation will reduce the 

internal energy contents of the ArNH2* ions to a range of values from about - 6  to - 8  

eV on the energy scale in Figure 7.8. Only those ArNH2* ions that are formed with 

an internal energy of 6.95 eV or greater will proceed to the product asymptote 3 ArN* 

+ H+ + 2H, while those ArNH2+ ions formed with less than -6.95 eV will only go as 

far as the ArNH* + H* + H asymptote. With increasing collision energy, the residual 

internal energy of ArNH2* will be higher, increasing the probability o f complete 

dissociation to ArN*. Thus, increasing the collision energy increases the yield of 

ArN* and correspondingly decreases the yield of ArNH*, reproducing the behavior 

that we observe experimentally. Such sequential dissociations have been observed 

before for similar endothermic fragmentation steps in the bond-forming reactions 

between rare gas ions and molecules .4 0 *42
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Figure 7.10 A schematic representation o f the stationary points on the potential energy surface of an 
alternate pathway for the reaction 1Ar2+ + NH3 —» 3ArN+ + H+ + 2H, in which the adduct 
dication decomposes via neutral loss, not charge separation.

'jo _|_
Lambert et al. also considered an alternative pathway to the formation o f ArN and 

ArNH4" that involves neutral loss in the dissociation of ArNH32+ rather than charge 

separation. The stationary points along this alternative pathway are shown in Figure 

7.10. 38 The geometric parameters of ArNH22+ and transition state 2 are given in 

Table 7.9. As can be seen in Figure 7.10, the neutral loss pathway is also consistent 

with the observed experimental collision energy dependencies of the formation of 

the ArNH+ and ArN4" ions. Assuming again 0 eV collision energy, the reactants will 

always have sufficient energy to form ArNH4-, because the amount of internal energy 

of the ArNH22+ ion lost to the H atom in the neutral loss step should be small, less 

than 1 eV. However, the kinetic energy release of the charge separation o f  ArNH22+ 

to ArNH+ and H+ will reduce the internal energy of ArNH+ to approximately - 6  to - 8  

eV (in Figure 7.10). As described above, in this situation again the probability of the 

ArNH4' ion having enough internal energy to fragment to ArN4- and H will increase
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with increasing collision energy. This would also result in the experimentally 

observed increase in the ArN* ion yield with a corresponding decrease in the ArNH* 

ion yield with increasing collision energy. In trying to decide which pathway is 

operating to form ArNH*, we expect the pathway in which charge separation occurs 

first to be kinetically favored, as its rate-limiting transition state lies 2.86 eV lower in 

energy than that of the neutral loss pathway. In addition, we would expect a small 

dication such as ArNH32+ to favour decay via initial charge separation to achieve the 

5.24 eV stabilization of the ArNH2* + H* state relative to the ArNH2 2* + H state. 

Indeed, the vast majority of dications derived from small molecules predominantly 

decay via charge separation rather than neutral loss. 3 3 ’34 ,4 3 ,4 4 Pathways such as the 

one shown in Figure 7.10, in which neutral loss occurs in the first step, may be of 

importance in larger systems where there is greater stabilization of the dipositive 

charge.

7.4 Conclusions

Crossed-beam collision experiments were performed between Ar and NH3. 

Electron transfer reactivity has been rationalized using the Landau-Zener reaction 

window algorithm. A previously unobserved bond-forming reaction channel, which 

leads to the formation of the molecular ions ArNH* and ArN*, was detected. We 

believe this to be the first report of the formation of a triatomic molecular ion 

following a bond-forming reaction between a rare gas dication and a neutral. The 

product ion intensity /[ArNH*] was found to decrease with increasing collision 

energy, with a corresponding increase in the /[ArN*] product ion intensity, indicating 

that ArN* is formed by the dissociation of ArNH*. The potential energy surface of 

the reaction, calculated quantum chemically, is found to be in agreement with the
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sequential mechanism suggested by the experimental results. These calculations 

reveal a reaction mechanism in which an ArNH32+ complex is formed, and then loses 

a proton followed by two H atoms in three endothermic steps. An alternative 

mechanism in which the proton loss occurs following an initial H atom loss was also 

determined. It is expected that the pathway in which charge separation occurs first 

will be favored, because 2.86 eV less energy is required to overcome the rate- 

limiting transition state relative to H atom loss.

Using our experimental apparatus it is difficult to determine integral reaction cross 

sections for ions derived from the neutral as they are backward scattered in both the 

laboratory frame and the centre of mass frame and so are travelling much slower in 

the laboratory frame.
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Appendix. 

Evaluation of an ion’s flight time in a two field mass spectrometer1

A time of flight mass spectrometer (TOFMS) is able to determine the mass to charge 

ration (m/z) of an ion by measuring the time taken to travel a known distance, after 

having been accelerated by an electric field.

Middle

Repeller
plate detector

Figure A .l. A schematic diagram of the time of flight mass spectrometer used for the experiments 
described in this thesis.

This appendix will show that the flight time t o f an ion of mass m through a known 

distance, is given by

t = k~Jm + c (A.l)

where k  and c are constants relating to the dimensions of the TOFMS and the 

electronic timing

Figure A .l shows a schematic representation of the mass spectrometer used for the 

experiments described in this thesis.

The energy U gained by an ion of charge q as it moves through an electric field E  

over a distance s is given by
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U = qsE (A.2)

From Figure A .l, the final energy gained by an ion in the spectrometer is

U = U0qsE5 + qdEd (A.3)

where U0 is the ions initial energy. The time o f flight of an ion is the sum of the 

times taken to travel the distances 5 , d and D

t ~ t s + t d + t D (A. 4)

ts, the time taken to travel from the ionisation point to the middle plate is given by

t. =
a

(A.5)

where Vo is the initial velocity of the ion and a is the acceleration experienced by the 

ion in the electric field Es. vs is the velocity of the ion after being accelerated through 

a distance s and is given by

v = vft + la s

Combining equations A.5 and A.6 gives

(A.6)

t. =
Vv2 + la s  ± v0

(A. 7)
a

The ± vo term arises as a result o f the fact that some ions will be formed with initial 

velocities towards the detector (+) and some will be formed with initial velocities 

moving away from the detector (-).

An ion’s initial kinetic energy is given by

r lU r ^
= (A.8)

Substituting equation A.8 into equation A.7 gives

t. =
2  u 0 . 2  qE,

+
m m

+  0
m j

(A. 9)
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An ion’s acceleration may be expressed in terms of its mass m, its charge q and the 

applied electric field E

F  = ma (A. 10)

and

F  -  qe

therefore

a =
qE
m

Combining equations A. 9 and A. 12 gives

t. =
(2  U0 < 2 q E .}  

m m
+ 2 U \Yi 0

m j
m

This simplifies to

= ̂ Y - lu 0+qsEs)y*±u/i
qEs

The time tj for an ion to travel the distance d  is

vd ~ v s
a

(A. 11)

(A. 12)

(A.13)

(A. 14)

(A. 15)

where Vd is the velocity o f the ion after being accelerated through a distance d  and a 

is the acceleration o f the ion as it passes through the electric field Ed. vd is given by

2 2 , 0 j  2 2qdEdvd = vs + 2 ad = vs + ---------
m

(A. 16)

By substituting equations A.6 and A. 16 into equation A. 16, we get

t d —
2 | 2 qdEd 

s m
m

qEc ^o2 +
2 qsE.

m
m

<lEc
(A. 17)
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Again, substituting equations A.6 and A.8 gives

td = ^ L [ Uo +qsEs + q d E j] '2 - ^ L [ U o + q s E ,f i  (A.18) 
<iE i qEd

Simplifying

_ (2m )^

<lE c
u 2̂ ~ ( u o + q s E s ) % (A. 19)

The drift tube has no accelerating potential so the ion will travel along, in this region, 

at constant velocity vd. The time taken to travel the length of the drift tube tD is

D D

v 2 | 2qdEd
m

X (A.20)

Substituting equations A.6 and A.8 into equation A.20 gives

D

\ m J
u 0 + qsE, + qdE<

X
(A.21)

which may be simplified to

(2 m D

2U X
(A. 22)

Therefore, the total flight time t, in seconds, o f an ion is given by

u 'A  ~ (U 0 +qsEs) ^
=  (2m)^2

(U0 + q s E y * ± U 0% + + D

2 U'
(A.23)

It is clear from equation A.23, that the time o f flight t o f an ion is proportional to Vm. 

As the electric fields, dimensions and timing electronics of the TOFMS are constant, 

equation A.23 may be abbreviated to

t = kyfm + c (A.l)
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The constants k  and c may be evaluated by solving two equations, relating to 

ions of different masses and flight times, simultaneously.
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ration (m/z) o f an ion by measuring the time taken to travel a known distance, after 

having been accelerated by an electric field.
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This appendix will show that the flight time t of an ion of mass m through a known 

distance, is given by

where k  and c are constants relating to the dimensions o f the TOFMS and the 

electronic timing

Figure A. 1 shows a schematic representation of the mass spectrometer used for the 

experiments described in this thesis.

The energy U gained by an ion of charge q as it moves through an electric field E  

over a distance s is given by
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U  = qsE  (A. 2)

From Figure A.1, the final energy gained by an ion in the spectrometer is

U ~ U 0qsEs + qdEd (A.3)

where U0 is the ions initial energy. The time o f flight o f an ion is the sum of the 

times taken to travel the distances 5 , d  and D

t ~ t s + t d + t D (A.4)

tS9 the time taken to travel from the ionisation point to the middle plate is given by

t. =
v. -  vr

(A.5)

where vo is the initial velocity of the ion and a is the acceleration experienced by the 

ion in the electric field Es. v* is the velocity o f the ion after being accelerated through 

a distance s and is given by

v„ = vn + la s

Combining equations A.5 and A.6 gives

(A.6)

t. =
Vv2 + 'las ± vr (A.7)

The ± vo term arises as a result o f the fact that some ions will be formed with initial 

velocities towards the detector (+) and some will be formed with initial velocities 

moving away from the detector (-).

An ion’s initial kinetic energy is given by

r 2Uf ^
vo =

Substituting equation A.8 into equation A.7 gives

t. =
2 U„ , 2  qEs
 1---------

\Y i f  m  \ /^ 2

m m
+ 2U,

\  m  J

(A.8)

(A. 9)
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An ion’s acceleration may be expressed in terms o f its mass m, its charge q and the 

applied electric field E

F  = ma (A. 10)

and

F  -  qe

therefore

a = qE
m

Combining equations A. 9 and A. 12 gives

( 2 U„ . 2qE,
+

m m
+ m

This simplifies to

= ^ L \ u o + q s E y A ± u ^
qE,

The time tj for an ion to travel the distance d  is

td ~
V d ~ V s

a

(A .ll)

(A. 12)

(A. 13)

(A. 14)

(A. 15)

where Vd is the velocity of the ion after being accelerated through a distance d and a 

is the acceleration o f the ion as it passes through the electric field Ed- Vd is given by

v / = v / + 2  a d  =  v ; + ? ^
m

(A. 16)

By substituting equations A.6 and A. 16 into equation A. 16, we get

td ~
2 , 2qdEdy  -]------------

m
m

qEc
Vo2 +

2qsE.
m

m
qE„

(A. 17)
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Again, substituting equations A.6 and A.8 gives

!< = ~ ^ - P o + < l s E s + qdEd}A - ^ L [ U o+ qsE  f 2 (A. 18) 
vEd qEd

Simplifying

td = (2f̂ _[v y2_(v sE jx (A. 19)

The drift tube has no accelerating potential so the ion will travel along, in this region, 

at constant velocity vd. The time taken to travel the length of the drift tube to is

D D

v 2 | 2 qdEd
m

Vi
(A.20)

Substituting equations A.6 and A.8 into equation A.20 gives

D
D (A.21)

u  o + qsEs + qdEc

which may be simplified to

(2 m)^D (A.22)
217'

Therefore, the total flight time t, in seconds, o f an ion is given by

=
(U0 +qsEs)A ± U A

+
U A  -  (U0 + qsE, y

qE,
+

D

2 U ‘
(A.23)

It is clear from equation A.23, that the time o f flight t o f an ion is proportional to Vra. 

As the electric fields, dimensions and timing electronics of the TOFMS are constant, 

equation A.23 may be abbreviated to

t — k^fm + c (A.l)
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The constants k  and c may be evaluated by solving two equations, relating to 

ions of different masses and flight times, simultaneously.
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