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Abstract

This thesis presents the results of a series of experiments investigating the reactivity of 

gas-phase molecular dications with various neutral collision partners, at collision energies between 

3 and 13 eV in the laboratory frame, using a crossed-beam apparatus. The experiment involves 

the measurement of product ion intensities, which are determined by means of time-of-flight mass 

spectrometry. The experimental apparatus and methodology, together with the areas of theory 

important to ion chemistry, are described in the thesis.

The product ions of greatest interest are those ions formed by bond-forming (chemical) 

reactivity. The relative intensities of such product ions, and those ions formed as a result of 

electron-transfer reactions, are, when recorded as a function of the collision energy, a powerful 

probe of the reaction mechanism. Additionally, where appropriate, the reactions are examined for 

isotope effects by using the isotopic analogue of the neutral collision partner.

The results of the experiments indicate that no intermolecular isotope effects are present in 

the reactions of and CF^"^ with H] and D: neutral targets. In addition, the observed collision 

energy dependence is symptomatic of the absence of a banier to reaction. These observations 

suggest that the reactions proceed via an impulsive direct reaction mechanism. Such a conclusion 

casts doubt on the applicability of the Landau-Zener model of H7D transfer reactivity. Other 

results presented in this thesis include the first reported observation of a bond-forming reaction 

between a molecular dication (CF:"^) and a polyatomic neutral species (NH3). Finally, the 

branching ratio of the products of bond-forming reactions between CF?"  ̂ with HD indicates the 

operation of a strong intramolecular isotope effect, favouring the formation of the deuterated 

product. This observation points to a reaction mechanism in which the bond-formation is 

preceded by electron-transfer.
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Chapter 1 
Introduction

1.1 Gas-phase molecular dications
This thesis discusses the gas-phase reactions of doubly-charged molecular ions (molecular 

dications) with neutral targets. A molecular dication is a molecular species that has undergone a 

double ionization event, such double ionization is usually brought about by means of electron- 

impact ionization [1-16] or photoionization [17-29]

The first detection of a gas-phase atomic dication was made by means of mass 

spectrometry in the early part of this century [30], this was followed by the observation of carbon 

monoxide molecular dications in 1931 [31]. Despite these early observations, the volume of 

research work involving gas-phase molecular dications has been relatively low. However, the past 

two decades have seen many developments in experimental techniques which have brought about 

a revival of interest in the study of molecular dications. Since 1980, the properties of these species 

have been the subject of an increasing number of investigations [3-29, 32-43].

At first glance, the study of molecular dications may be considered as esoteric and of little 

relevance outside the specialized field of ion chemistry. However, the properties of these species 

may influence many areas of physical science. For example, the double photoionization of 

molecular species has been proposed as a source of energetic ions in planetary atmospheres 

including the Earth’s ionosphere [44]. In such situations a thorough knowledge of the chemical 

and physical properties of molecular dications is essential for the successful modelling of their role 

in atmospheric chemistry. Other areas of research with an interest in the study of molecular 

dications include astrochemistry where, following the observations of IR emission, doubly- 

charged polycyclic aromatic hydrocarbons (PAH) have been proposed as existing in the 

interstellar medium [45-47]. Molecular dications are also thought to be a potentially important 

species in combustion chemistry [16]. In addition to the practical applications, the modelling of 

molecular dications and their spectroscopic properties is also a serious theoretical challenge [48- 

53]. Consequently, comparative experimental data is an essential requirement in assessing the 

applicability of new theoretical methodologies.

This thesis presents the first results from an investigation of the collision-induced reactivity 

of gas-phase molecular dications with neutral collision partners at laboratory frame collision 

energies between 3 and 13 eV. The investigation is carried out using a purpose-built crossed- 

beam apparatus that incorporates a time-of-flight mass spectrometer. A full description of the 

experimental apparatus and the operational methodology is given in Chapter 2. The procedure 

used in the subsequent analysis of the experimental data is explained in detail in Chapter 3.



This investigation of dication-neutral reactivity is based on experimentation. This is 

reflected in the content of this thesis which concentrates on the experimental aspects of the 

subject. However, in order to fully appreciate the results of this investigation, and to draw the 

appropriate conclusions, a comprehensive understanding of areas of the theory underpinning ion 

chemistry is an essential prerequisite. Relevant theoretical topics are discussed in detail in Chapter 

4. The bulk of this thesis involves the presentation of the results of the experimental work. Such 

results are displayed in graphical and tabular form, together with a discussion of the results and 

the appropriate conclusions gained from the experimental data. Finally, in the light of this general 

examination of molecular dication-neutral reactivity, the thesis examines the direction further 

investigations should take.

As stated above, this thesis presents the first results from a new experiment to study the 

gas-phase reactivity of doubly-charged molecular ions with neutral target species. Therefore, in 

order to understand the motivation for this new experiment, and to appreciate the value of the 

results obtained, it is necessary first to examine the nature, formation, stability and reactivity of 

gas-phase molecular dications.

1.2 The stability of gas-phase molecular dications
The stability of any molecular species depends upon the form of its potential energy 

surface. In the case of a prototypical diatomic molecule XY, that is able to undergo unimolecular 

dissociation (Equation 1.1), there are three possible situations.

X Y -^X + Y  (1.1)

Firstly, if the potential energy curve of XY (Figure 1.1a) has a minimum at an intemuclear 

separation of Re, where the energy corresponding to the minimum, E(RJ, is lower than the energy 

corresponding to the dissociation asymptote E(X4-Y), that is:

E(Re)<E(X+Y) (1.2)

then molecule XY is considered to be in a stable electronic state. The second possibility is, as 

illustrated in Figure 1.1b, characterised by the absence of a minimum in the potential energy 

curve. Such electronic states of XY are dissociative in nature. In such cases molecule XY is said 

to be in an unstable electronic state. The third situation describes the case where the potential 

energy curve contains both a localised minimum and a maximum, occurring at intemuclear 

distances of R^ and R^ respectively. As illustrated in Figure 1.1c, the presence of a local minimum 

and maximum means there is a barrier to dissociation. For molecular dications, owing to the fact 

that the energy corresponding to the local minimum lies above the dissociation asymptote, the 

electronic states of molecules trapped in the potential well are considered to be metastable.
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F ig u re  1.1. Schem atic representation  o f the potential energy curves for m olecule XY in (a) a stable electronic 

state, (b) an unstable  electronic state, and (c) a m etastable e lectron ic  state.



The electronic states of doubly-charged molecular ions are usually unstable due to the 

Coulombic repulsion between the two positive charges. The lifetimes of such unstable molecular 

dications are short [19,54], typically of the order of 10'^  ̂ s. A further effect is that, upon the 

dication’s fragmentation, there is a considerable release of kinetic energy, usually between 4-8 eV, 

although values as high as 18 eV have been reported [12,18,37,55]. Consequently, these 

fragmentations are sometimes referred to as Coulomb explosions. The majority of molecular 

dications, being energetically unstable with respect to dissociation, undergo fragmentation to give 

two singly-charged ions [56,57] and, in some cases, additional neutral fragments [23]. 

Prototypical dissociations of these types are given in Equations 1.3 and 1.4.

XY^*-^X* + Y* (1,3)

XY2̂ '"^X *  + Y * + Y (1.4)

Some molecular dications may fragment without charge separation. Such behaviour is 

predominantly observed in larger doubly-charged molecular species such as the naphthalene 

molecular dication [25]. Prototypically:

X „ Y r ^ X „ Y „ l* + Y  (1.5)

In some cases the daughter dication may also undergo further fragmentation by means of charge- 

separation (Equation 1.6) or additional neutral-loss (Equation 1.7).

x „y „1*-> x „y ; . ,+y * (1,6)
X„Y„l* ^  X„Y„l*, + Y (1.7)

Although the majority of electronic states of molecular dications are repulsive, many 

molecular dications possess at least one electronic state that has a barrier to charge-separation. In 

common with neutral molecules, the presence of the barrier arises because of a localised minimum 

in the potential energy surface. As can be seen in Figure 1.2, the energy of the localised minimum 

is higher than the asymptote for charge separating dissociation. Consequently, the dications 

trapped in the potential well formed by the minimum are energetically unstable with respect to 

dissociation and are termed as metastable.

In certain cases the potential well of the molecular dication may be deep enough to 

support many vibrational levels [58]. Therefore, as dissociation can occur by the dication 

tunnelling through the potential energy barrier, the lifetimes of these metastable electronic states 

are strongly dependent on such factors as the depth of the well {E2 - E {)  with respect to the 

barrier, and the width of the barrier itself. In addition, the lifetime of a molecular dication will also 

depend upon its degree of vibrational excitation, as a molecular dication in a higher-lying 

vibrational level will tunnel through the barrier with greater ease than a molecular dication in a 

low-lying vibrational level. Consequently, molecular dications in low-lying vibrational levels are

10



expected to be relatively long-lived. For molecular dications in such low-lying vibrational levels 

the most important mechanism of decay involves predissociation via curve crossings to unbound 

electronic states [59]. As stated above, molecular dications were first identified by means of mass 

spectrometry. Consequently, their lifetimes must be of at least microsecond order for them to be 

detectable [16,19,60]. In fact, in the case of the molecular dication, hfetimes in excess of 1 s 

have been reported [61].

g
C
<D

Barrier
height§

Intemuclear separation

F igu re 1.2 Schematic potential energy curve for a diatomic molecular dication in a metastable electronic 

state. The main features o f  the potential energy curve are the localizsed minimum and barrier of 

width w  which form a well o f  depth Ez - Ei.

Two competing physical interpretations are available to account for the existence of long- 

lived electronic states of molecular dications in the presence of the large intramolecular 

Coulombic repulsion. Firstly, the local minimum and maximum in the potential energy surface of a 

hypothetical molecular dication can be shown (Figure 1.3) to arise from an avoided crossing 

between the potential energy curves corresponding to the neutral-dication fragmentation (X+Y^" )̂, 

and the repulsive charge-separating dissociation (X^+Y^) [39]. In the former case, at large 

intemuclear distances, charge polarization effects cause the curve for X-bŶ "̂  to be weakly 

attractive; the form of the potential is given by:

( 1.8)

whereas at large intemuclear distances, the potential energy curve for the charge-separating 

dissociation X'^+Y'  ̂is dominated by the Coulombic repulsion, given by:

11



-1
(1.9)

where B and C are constants, and R is the intemuclear separation. Avoided crossings between 

these curves may, as shown in Figure 1.3, give rise to potential wells whose depth and width 

support at least one vibrational level, thus allowing the existence of metastable molecular 

dications.

W
O
c

w

1 3• 1-H4—*
c
d)4—>o

P h

X + Y
2 +

#  © X + Y*

Intemuclear separation

F ig u re  1.3 Schematic potential energy curves of m olecular dication illustrating  the avoided crossing

(dashed lines) between the potential energy curves, corresponding to charge-separating (X ‘"+Y'*‘) and 

neutral-dication fragmentation (X-i-Y^"'), that give rise to m etastable electronic states.

An alternative explanation for the existence of molecular dications, has been proposed by 

O’Neil et al [62] following their theoretical investigation of the electronic states of the fluorine 

molecular dication. In their hypothesis, the potential energy curve of the molecular dication 

may be closely approximated by superimposing a Coulombic repulsion potential term onto the 

potential energy curve of the isoelectronic neutral Oi. Hence, in general, the potential energy 

curves of a molecular dication can be thought of as the combination of the chemical binding 

potential of the isoelectronic neutral and the repulsive Coulombic potential between the like- 

charged constituent ions. The form of such a combination of potentials is given by:

='^bo.d

where Fbond is the binding potential of a neutral molecule isoelectronic with the molecular 

dication. In the model the metastable state of the molecular dication will exist when the attractive

12



bonding potential is greater than the repulsive potential. One problem with this additive model is 

its inability to account for the existence of certain heteronuclear diatomic dications such as HCl^^, 

where at small intemuclear separations the two positive charges are located on the same atom 

[63].

1.3 The formation of gas-phase molecular dications
As stated in section 1.1, reactant molecular dications may be formed by the double 

ionization of a suitable neutral precursor molecule. For example, CF4 in the case of CF2̂ .̂ This 

double ionization may be achieved by means of either electron-impact or photon-impact.

1.3.1 Electron-impact ionization

Electron-impact ionization, as illustrated by Equation 1.11, is a long established method of 

ion generation. The principal advantage of ionization by means of electron-impact is the relative 

simplicity and robustness of the apparatus required to produce ions in usable quantities. A 

schematic illustration of a typical electron-impact ion source is given in the next chapter in Figure 

2.2. The essential feature of this method of ionization is the generation of electrons by means of 

thermionic emission from a hot cathodic filament. Prior to encountering the neutral precursor, the 

electron flux may be collimated and, if required, accelerated to the desired collision energy.

M j + e ' - » M f + 3 e ” ( 1.11)

For the majority of neutral species the electron-impact double ionization cross-section is 

not usually greater than 5% of the single ionization cross-section, although a few molecules such 

as CS2 [64] and larger molecules [65] have significantly larger double ionization cross-sections. 

Consequently, the majority of ions formed by this method are the singly-charged parent ions and 

singly-charged products of the dissociative single ionization of the neutral precursor. Hence, the 

generation of usable quantities of doubly-charged molecular ions necessitates the generation of 

large numbers of the singly-charged species, making the efficient mass selection of the reactant 

beam a vitally important procedure.

1.3.2 Photon-impact ionization (photoionization)

In contrast to electron-impact, the widespread use of photoionization as a means of 

generating ions is a comparatively recent phenomenon. The double ionization of a neutral 

molecule M using photon-impact may be achieved by three distinct methods, either by means of a 

discharge lamp [17-23], synchrotron radiation [24-27] or laser [28,29] (Equation 1.12).

M 2 + / z v - h 2e" (1.12)
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Despite the relative complexity of the equipment required to use photon-impact as a 

means of double ionization, the use of this method does offer two significant advantages over 

electron-impact. Firstly, an investigation of the ionization of various molecules by means of a He 

discharge has revealed that photon-impact ionization produces significantly greater numbers of 

doubly-charged species than the impact of electrons of corresponding energies [17]. The second 

advantage of photoionization is that the energy deposited to the molecule upon ionization is 

known. This contrasts sharply with electron-impact ionization where the energy deposition is not 

only variable, but is very difficult to determine in the environment of a typical electron-impact ion 

source.

I.4 The bimolecular reactivity of molecular dications
The bimolecular reactivity of a doubly-charged molecular ion with a neutral collision 

partner is dependent upon the collision energy and the identity of the two reactants. However, the 

results of the few experiments performed to investigate the reactivity of molecular dications with 

neutral collision partners at collision energies ranging from thermal to high (keV) energies [3-

II,13-15,32-34,66,67], have indicated that four main types of reaction have been observed.

The first and most prolific category of reaction between molecular dications and neutral 

species is electron-transfer. As indicated in Table 1.1, this reaction involves the transfer of an 

electron from the neutral species to the reactant dication. Following the transfer of the electron, 

the ionic products may be formed in stable electronic states (non-dissociative electron-transfer) 

[4-7,32]. Alternatively, the reaction may result in either or both of the two singly-charged product 

ions being formed in a dissociative electronic state, whereupon the ion in this excited state 

fragments (dissociative electron-transfer) [4-7,32,67].

Two further categories of reaction may be observed following collisions between 

molecular dications and neutral collision partners. Firstly, collision-induced charge-separation 

(CICS) [4-7,11,32], and, secondly, collision-induced neutral-loss (CINL) [8,32,38]. These 

reactions are characterized by the transfer of some of the kinetic energy of the collision to the 

dication, thus leaving the dication in a dissociative electronic state, which then either fragments to 

give two singly-charged ions (CICS) or simply divides with the double charge intact on one of the 

fragments (CINL).

The final category of reactive process involves the chemical rearrangement of the reactants 

with the formation of new chemical bonds. The investigation of this category of reactive process 

is the primary objective of this thesis. Owing to the greater number of possible channels of 

reaction, it is difficult to give a prototypical equation for this class of reactive process. In addition,

14



the research performed to date on this particular class of dication/neutral reactivity has been 

extremely limited. However, the results of an investigation of the bond-forming reactivity of 

molecular dications with neutral species, reported in this thesis, indicate that the prototypical 

equation for this category of reaction given in Table 1.1 is common to many dication/neutral 

collision systems [3,4,9,13,32,68].

T ab le  1.1 Categories of gas-phase reactions observed between molecular dications (XY:^^) and neutral 

reactants (M 2).

Category of reaction Prototypical equation

Electron-transfer (non-dissociative)

Electron-transfer (dissociative) XY;* + M ; ^  [XYj* J  + M ; XY^ + Y + M ;

Collision-induced charge-separation X Y f + M ; XY* + Y* + M j

Collision-induced neutral-loss XY^* + M ; ^  XY^* + Y + M ;

Bond-forming^ (chemical) X Y f + M ; MXYj* + M*

“ The equation for this category o f reactive process is the prototypical form o f  the bond-forming 

reaction between and X 2 [3,4], between and X 2 , where X is H or D, and between CF2 "̂̂ 

and HD [68].

1.5 Experimental investigations of the properties of molecular dications: 
Coincidence techniques

1.5.1 Basic methodology

The first experimental evidence for the existence of molecular dications came from mass 

spectrometric studies of carbon monoxide [31] ionized by means of electron-impact. This work 

concentrated on the analysis of the ionic products of electron-impact ionization, and resulted in 

the determination of the single and double ionization potentials of carbon monoxide. To 

investigate in more detail the properties of molecular dications, such as the kinetic energy release 

upon dissociation, dicationic lifetime and fragmentation branching ratios, a new experimental 

technique is required. One suitable method involves coincidence techniques.

There are many different types of coincidence experiments, but all rely on the same 

fundamental methodology. Namely, the detection of two or more charged dissociation products, 

electrons and/or fragment ions, that originate from the same ionization event. This subsection wiU 

look at the main types of coincidence techniques and their features.

15



AB^"^+3e' -^ A + + B + + 3 e "  (1.13)

1.5.2 Electron-impact ion-ion coincidence spectrometry

The earliest experiments to study molecular dications [69] employed a time-of-flight mass 

spectrometer utilizing electron impact ionization to instigate the ionization and fragmentation 

process:

e~ + AB —>

The above equation demonstrates electron-impact ion-ion coincidence. Here and 

are the fragment ions formed by the fragmentation of the parent molecular dication AB^^. As both 

A"̂  and B^ originate from the same dissociation event, and are thus formed at the same time, a 

measurement of the time-of-flight difference between detected ion pairs will show a predominance 

of the correlated time-of-flight difference of the ion pair A'̂  and B^ . These true coincidence 

signals are seen as one or more peaks on a background of detected pairs of uncorrelated ions 

(false coincidences). A representative ion-ion coincidence spectrum of the dissociation products 

of the ozone dication is shown in Figure 1.4. The observation of these ion-ion coincidence peaks 

for benzene [69,70] confirmed the existence of fast charge separating dication decay:

C6H ^ '^ -> C H |+ C 5H J (1.14)

The position of the peak centre (Ax^^j.) is the characteristic time-of-flight difference 

between the two thermal product ions. The shape and width of the coincidence peaks are 

determined by the following factors: the kinetic energy release, the angular distribution of the 

dissociation, and apparatus parameters, the most important of which are the size of the ion 

detector, and the magnitude of the repeller (source) potential [18].

As mentioned above, the ion-ion coincidence method uses a time-of-flight mass 

spectrometer to measure the differences in the fragment ions flight times. Consequently, the 

arrangement of electronics used in the measurement of time-of-flight differences is different to 

that of conventional time-of-flight mass spectrometry. Instead of a pulsed potential, the source 

electric field is static. Therefore, the ions themselves are utilized to deliver the START/STOP 

signals to the timing electronics. The arrival of the first ion of an ion pair at the detector triggers a 

START signal and the subsequent arrival of the second (slower) ion provides the STOP signal. 

Therefore, the resulting signal sent to the computer from the electronic timing components is the 

difference in the flight times of successive ions.

The flight time x̂ ^̂  of an ion in a time-of-flight mass spectrometer conforming to the 

Wiley-McLaren focusing conditions [71], described in Appendix 2, may be expressed as a linear 

sum [18]:

T̂tof ----- (1-15)
a
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Where To is the time-of-flight for a thermal ion, v is the ions initial velocity component along the 

spectrometers axis in the direction of the ion detector and a is the acceleration of the ion in the 

spectrometers source region. The v/a term in Equation 1.15 represents the braking time, that is 

the change in the ion’s time-of-flight caused by the ion’s initial velocity. Clearly, ions with large 

kinetic energies will, if their trajectories are close to parallel with the spectrometer’s axis, have 

significantly reduced or increased flight times. The effect of this is to cause a widening of the 

coincidence peak away from Tq .

500 -

c

8
0 400 -

1
ë  300 -
o

U tof

200 -

100
350 650 750450 550 850

Time-of-flight difference/ns

F igure 1.4 A section o f a representative electron impact ion-ion coincidence spectrum o f width w  and peak 

centre Axtof showing the peak resulting from the formation o f and O 2 from the dissociation of 

The ozone dication is generated by electron impact at 150 eV  [37]. The solid curve is a 

simulation o f  the experimental signal.

To qualitatively consider the effect of the fragment ion’s kinetic energy on the width of the 

coincidence peak, consider a molecular dication that dissociates to give singly-charged

fragment ions X^ and having masses and My and velocities Vy and Vx respectively. For 

such a fragmentation, the law of the conservation of linear momentum requires:

■^xYx + Afy Vy = 0 (1.16)

From Equation 1.15, the difference in the flight times of ions X^ and Y"̂ , AXtof is given by:

At = t  — t  -t- ---- —2L (147)
‘'O (X) ‘'O(Y) ^

17



but since the accelerations a \  and a \  are inversely proportional to the ion mass, the braking times 

of the fragments are equal in magnitude, but of opposite sign. Hence, Equation (1.17) may be 

simplified, by using Equation (1.16), giving:

= ^'^0 + 2 —

Since the ions may be produced having initial velocity (Vms ) in the range +Vo to -Vb, with 

Vo being the initial speed of ion and = VqCosB , 0 being the angle between the spectrometer’s

axis and the initial fragment ion trajectory, the resulting coincidence peak will be centred at 

At = ATq and the total peak width w (ns) will be 4Vo/a. Hence, using Equations 1.16 and 1.17,

it can be shown that the total peak width can be expressed in terms of the fragment ion masses 

and the kinetic energy release U (eV) upon the fragmentation of the dication [18]:

5766 
w = ------

UMy-My
(Mx + My)

. - 1 '

0 . 5

(1.19)

where E  is the electric field strength (V cm' ) of the source region.

Using a similar procedure to the calculation of an ion’s time-of-flight, it can be shown, 

using a mixture of simple electrostatic equations and Newtonian mechanics, that, for simple 

molecules, the ion-ion coincidence method can be used to identify the fragment ions:

^̂ O(XY) “  ~  V  )  (1.20)

where ATo(xy)Îs the time-of-flight difference between ions X"̂  and of mass Mx and My 

respectively and k i s a  constant for a given source electric field. Hence, Equation 1.20 allows the 

masses of the fragment ions to be readily calculated from the coincidence spectrum. Having 

identified the masses of the products of the dissociation, the value of the kinetic energy released in 

the fragmentation may be determined using Equation 1.19.

KER values are an important source of information concerning molecular dications. For 

example, KER values provide a means of estimating double ionization potentials. In addition, such 

values offer an insight into the dissociation process. For instance, whether the fragmentation is 

direct or sequential. KER values also offer a source of information regarding the structure and 

geometry of molecular dications [18,39]. In addition to the KER data, the ion-ion coincidence 

technique also provides a means of determining the channels of unimolecular reaction, and the 

ionization branching ratios.
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1.5.3 Photoion-photoion coincidence spectrometry

Photoion-photoion coincidence (PIPICO) is the photoionization analogue of the above 

technique, differing only in the means of ionization, which, as the name suggests, is achieved by 

photon impact using either of the methods discussed above.

hv + X Y ^  [XY"* + 2e ' ] ^  X* + Y* + 2e‘ (1.21)

As photon-impact is used to achieve ionization, the advantage of the PIPICO method over 

its electron-impact rival is that the energy deposition to the molecule is precisely known, although 

the ease of producing a usable beam of electrons of a suitable flux and energy makes electron- 

impact an inexpensive and reliable method of ionization.

In common with electron-impact ion-ion coincidence spectrometry, the PIPICO technique 

has the drawback that it cannot measure the absolute masses of the ions involved in the 

dissociation, merely the difference in the square roots of their masses. This drawback makes the 

PIPICO and ion-ion techniques unsuitable for use in identifying the fragment channels of large 

molecular dications such as the azulene dication (CioHg "̂ )̂ [23], as there is the possibility of 

different fragmentation processes giving rise to the same time-of-flight differences.

1.5.4 Photoelectron-photoion-photoion coincidence spectrometry

Photoelectron-photoion-photoion coincidence (PEPIPICO) spectrometry has similarities 

to the PIPICO method described above. However, PEPIPICO also allows the absolute masses of 

the fragments to be found. The detection of one of the photoelectrons released during double 

ionization is used as a time zero. This time zero therefore allows the determination of the 

photoion’s actual times-of-flight and hence their masses. Consequently, the main advantage of the 

PEPIPICO technique over the PIPICO method is the ability to obtain the absolute masses of the 

photoions, thus making PEPIPICO particularly well suited for the study of larger dications such 

as the naphthalene dication (CioHĝ "̂ ) [23], as the greater number of potentia] fragmentation 

channels in larger molecular dications complicates the analysis of PIPICO spectra.

As stated above, the absolute masses of the ionic products of a dissociation event may be 

obtained using PEPIPICO spectrometry; this ability makes the PEPIPICO technique study 

especially well suited for investigating the dynamics of three-body dissociations of molecular 

dications, where there may be many channels of fragmentation. Examples of such work include 

investigations by Masuoka [26] and Eland [19] into the dissociation dynamics of OCS^^ and 

ICN "̂ ,̂ and provide detailed information concerning the mechanism of dicationic fragmentation.
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1.5.5 Doppler-free kinetic energy release spectrometry

The (electron-impact) ion-ion, photoion-photoion and photoelectron-photoion-photoion 

coincidence methods may all be used to obtain values of the kinetic energy release (KER) upon 

charge-separating dissociation. Hence, by using Equation 1.19, it is possible to obtain the value of 

the kinetic energy released in every dissociation event detected in coincidence. Consequently, 

instead of the flight-time difference of successive ions, it is possible to record the intensity of the 

coincidence signal as a function of the KER value; this adapted form of coincidence technique is 

often referred to as kinetic energy release spectrometry.

Prior to 1995, the use of KER spectrometry suffered from poor resolution of the kinetic 

energy released upon dissociation. The resolution of the kinetic energy released is limited by the 

Doppler broadening of the coincidence signal due to the thermal velocity of the parent gas 

molecules. Such broadening is large enough to prevent the observation of vibrational and 

electronic fine structure. However, the recent introduction of Doppler-free kinetic energy release 

(DFKER) spectrometry [12,55] has greatly improved the energy resolution.

To eliminate the Doppler broadening, the experimental methodology employed by 

Lundqvist et a/ [12] utilizes a new apparatus, specifically designed for DFKER spectrometry. The 

instrument consists of a differentially-pumped gas cell mounted between two adjacent time-of- 

flight tubes, arranged in a 180° geometry. A pulsed electron beam is used to generate ions in the 

gas cell by means of electron-impact ionization of neutral precursor molecules.

The use of a two time-of-flight tube arrangement allows the thermal energy of the parent 

neutral molecule to be removed from the total kinetic energy of the fragment ions. A coincidence 

signal is produced when both detectors are hit by ions formed from the same dissociation event. 

The use of the pulsed electron beam provides a time zero and enables the determination of the 

detected ions flight times. These flight times are converted to individual kinetic energies, and are 

used to determine the Doppler-free kinetic energy released on dissociation by using Equation 

1.22 .

(1.22)

where Ek is the Doppler-free kinetic energy release and Ea and Eg are the individual kinetic 

energies of the dissociation fragments having masses and me respectively.

The significantly increased resolution gained by using the DFKER technique has allowed 

the kinetic energy release to be examined for fine electronic and vibrational structure, permitting 

the detailed investigation of the dissociation dynamics of molecular dications. For example, this
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technique has been used to examine the kinetic energy released in the dissociation of for fine 

structure, the resolution being of sufficient quality to resolve individual vibrational levels [12]. 

Thus, the DFKER technique provides an insight into the predissociation and tunnelling processes 

that are involved in the mechanism of charge-separating fragmentation.

1.5.6 Photoelectron-Photoelectron coincidence

Photoelectron-Photoelectron coincidence (PEPECO) spectrometry is, in effect, the 

photoelectron spectroscopy of molecular dications [72]. In this technique, both the photoelectrons 

emitted during double photoionization are detected in coincidence and energy analyzed. This 

procedure allows the dication state energy E{XY^'*') to be determined:

E(XY'+) = A v-[E „ + E ,,] (1.23)

where hv is the photon energy and Eg is the energy of a photoelectron.

The PEPECO coincidence technique has been used to investigate the spectroscopy of a 

wide range of dications. For example, an investigation of the mechanism of the double 

photoionization of mercury [72] has revealed that the mechanism for forming Hg^^ in the 

electronic states is a direct process, whilst the mechanism for forming the Ŝo state is largely 

indirect, being dominated by the autoionization of Hg^.

1.6 Non-coincidence methods to study gas-phase molecular dications
1.6.1 Double charge-transfer spectroscopy

Double charge-transfer spectroscopy (DCTS) involves the production of molecular 

dications by electron-transfer from the neutral molecule to singly-charged ions(X^ ) in a fast beam 

[73], prototypically given by Equation 1.24:

X" + AB -> X- + -A E  (1.24)

The double charge-transfer reaction is generally endothermie, with the energy defect (AE) being 

balanced by a change in the kinetic energy of the fast ion species (X). Therefore measurement of 

the kinetic energy of the resulting negative ion, together with the projectiles electron affinity, 

ionization potential and incident ion kinetic energy, allows the calculation of the energy of the 

dication electronic state E^:+ populated in the double charge-transfer reaction relative to the 

electronic ground state of the neutral collision partner (A B ).

~  ^  +  -^aff(X) ( 1 - 2 5 )
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where AE is the kinetic energy loss of the projectile negative ion, IP(X) is the ionization potential 

of X and Eaff(x) is the electron affinity of X. Hence, the DCTS technique allows a spectroscopy of 

the dication.

The signals due to the formation of the X ” , via two sequential single electron-transfers, 

can be distinguished from the double charge-transfer signals, as the pressure dependence of the 

sequential process is different. Therefore, the distinction between the two sets of signals may be 

made by taking the kinetic energy values of the fast ion species (X) at two different pressures of 

target gas. For example, the DCTS technique has been used to probe the energetics and 

mechanism of double ionization of HCl [72]. In addition, DCTS has been used to measure the 

double ionization potentials of a number of species [24,74-76], including CH4 [77].

1.7 Methods to study the gas-phase reactions of molecular dications
In addition to crossed-beam mass spectrometry, of which the time-of-flight method will be 

comprehensively described in the next Chapter, the stationary afterglow, flowing afterglow and 

selected ion flow tube methods may be employed to study ion-neutral reactions at low (thermal) 

collision energies. The flowing afterglow and selected ion flow tube methods rely on the use of a 

fast-flow tube reactor in which the rate coefficients for ion-molecule reactions are determined 

under multiple collision conditions. The use of a multiple collision environment allows the kinetic 

energy of the reactant ion to be well defined.

The flowing afterglow and selected ion flow tube methods are characterized by the 

presence of an inert carrier gas (usually helium), this carrier gas is used to convect the reactant 

ions along the tube to the site of the reaction zone. In the flow tube, the number density of the 

reactant ion is much less than that of the carrier gas, hence the multiple collisions between the 

carrier gas and the reactant ions ensures that the ions are efficiently thermalized before 

undergoing reaction with the neutral reactant. The flowing afterglow is an improved version of 

the stationary method, with the selected ion flow tube being a further development of the flowing 

afterglow method. The significant advantages offered by the selected ion flow tube method over 

the related afterglow techniques are discussed below. However, in order to put the benefits 

offered by the selected ion flow tube method into context, the specific discussion firstly considers 

the two prototypical afterglow methods.

1.7.1 Stationary afterglow techniques

In the stationary afterglow (SA) method [78-80], low concentrations of both the neutral 

reactant gas and the precursor source gas, from which the reactant ion is derived, are mixed with
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an inert carrier gas. The mixture of gases is then subjected to a short pulse ionizing DC, RF or 

microwave discharge, which ionizes the source gas. The ensuing reactions between the ions 

formed by the discharge and the neutral reactant are studied by means of measuring the currents 

of the mass analyzed ions; these ions may be either reactant ions that have not undergone reaction 

or product ions formed in the reaction process.

The principal drawbacks with this experimental method are concerned with the fact that 

both the precursor source gas and the neutral reactant are subjected to the ionizing discharge; this 

may lead to the production of ions in excited metastable electronic states, which may complicate 

the assignment of the reaction products.

1.7.2 Flowing afterglow techniques

Developed in the 1960’s, the flowing afterglow (FA) method addresses the shortcomings 

associated with the SA method described above [81-83]. In the FA method, the carrier gas is 

subjected to the ionization process at a position in the flow tube that is upstream of the point at 

which the ion source gas is added, consequently the ion source gas is not subjected to the 

discharge/electron-impact ionization source. The reactant ions are then formed by means of 

electron-transfer reactions between the carrier gas ions (He^) and the ion source gas. This method 

of producing the reactant ion offers a much greater degree of control of the electronic energy of 

the reactant ion.

In common with the SA method, the relatively low number density of the reactant ions 

(10^-10  ̂ cm'^) [80] ensures that they are readily thermalized following collisional relaxation with 

the carrier gas, present in much larger number densities ( - 10^̂  cm'^), during the period in which 

the reactant ions are convected by the carrier gas to the reaction region where the neutral reactant 

is introduced. The reaction is monitored by measuring the reduction in the current of the reactant 

ion as a function of the amount of neutral reactant that is introduced into the apparatus. The 

current measurement is achieved by means of a mass spectrometer. The mass spectrometer is also 

used to identify the charged reaction products. A schematic diagram of a typical flowing 

afterglow apparatus is shown in Figure 1.5.

Although the FA technique represents a significant improvement over its SA predecessor, 

it is not without its own problems. Most notably, the presence of the neutral source gas in the 

reaction zone introduces potential problems due to reactions between the reactant ions and their 

source gas, complicating the assignment of product ions and the calculation of ion-molecule 

reaction rate coefficients. The presence of electrons in the reaction site may also complicate the 

analysis of the reaction products as their presence may lead to a reduction in the reactant ion
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current, distorting the product ion intensities through the dissociative recombination of the 

reactant ion (XY^), prototypically given by Equation 1.26.

X Y * + e - -^ [X Y ]^ X  + Y (1.26)

Other problems associated with the FA method include the possibility of encountering energetic 

photons originating from the ion source (if applicable) and metastable carrier gas atoms in the 

reaction site. These are both potential sources of ionization in the afterglow, and may therefore 

distort the product ion intensities.
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products.

1.7.3 Selected ion flow tube techniques

The selected ion flow tube (SIFT) technique, developed over twenty years ago by Adams 

and Smith [84,85], was specifically designed to investigate the ion chemistry of the interstellar 

medium [86], particularly the reactions between positive ions and polyatomic neutrals in 

interstellar dense clouds. The principal difference between SIFT and the earlier afterglow 

techniques is that in the case of SIFT, the reactant ions, which may be either positive or negatively 

charged, are formed in a remote ion source. The employment of a remote source helps to prevent 

the main problems that are associated with the SA and FA techniques described above, namely the 

formation of the reactant ion inside the flow tube, which entails the simultaneous presence of the 

carrier gas, electrons and the neutral reactant species.

24



As stated above, the SIFT technique is characterized by the formation of the reactant ion 

in a separate ion source, where ionization is achieved usually by means of electron-impact. After 

mass analysis, the resulting ions are injected into the flow tube, where the reactant ions are rapidly 

thermalized by the carrier gas which convects the reactant ions downstream to the reaction site 

where the neutral reactant is introduced. Following reaction, any unreacted ions and charged 

products are sampled through a downstream ‘pin-hole’ orifice situated at the front of a mass 

spectrometer. The use of the mass spectrometer allows the product ions to be mass-analysed and 

quantified.

The use of the SIFT technique permits the study of a wide range of ions including atomic 

dications [87](Equation 1.27 ), complex ions (Equation 1.28) [88], weakly bound negatively- 

charged cluster ions (Equation 1.29) [89] and, in a few cases, molecular dications (Equation 1.30) 

[66,90-92] over a wide range of temperatures.

Ar"* + He Ar* + He* (1.27)

N; + N j + H e - 4 N ; + H e  (1.28)

N O ;(H N O ;) + HCl + He ^  N O ](H N O ,)• HCI + He (1.29)

CO *̂ + N j C O *  + N* (1.30)

A further development in the field of fast flow tube technology is the variable-temperature 

selected ion flow drift tube (VT-SIFDT) [93]. The VT-SIFDT apparatus consists of a typical 

SIFT device that incorporates a series of equally-spaced metal rings which are arranged coaxially 

along the longitudinal axis of the flow tube inside the reaction zone. These rings constitute a drift 

tube enabling a uniform electric field to be established inside the flow tube. The employment of an 

electric field accelerates the ions, allowing the reactant ion to be imparted with an amount of 

kinetic energy which is dependent upon the electric field strength and the collision frequency. 

Hence, the use of the VT-SIFDT apparatus permits the determination of the thermal and supra- 

thermal collision energy-dependence of the ion-neutral reaction rate coefficients in addition to the 

temperature dependence. A schematic of the VT-SIFDT apparatus is illustrated in Figure 1.6

The VT-SIFDT technique provides, as described above, a versatile method of 

investigating the low collision energy-dependence of ion-molecule reactions. The main drawback 

with this method is that the presence of the doubly charged reactant ions is likely to result in the 

ionization of the carrier gas. In addition, the fact that multiple collision conditions are a necessary 

requirement makes the study of the reactivity of multiply-charged molecular ions difficult to 

achieve, as a large proportion (-80%) [13] of the charged reactant would be lost through 

collision-induced charge-separating dissociation with the carrier gas. This would also complicate
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the analysis of the reaction products, as the products of dissociative electron-transfer could be 

indistinct from the fragments of the dissociated reactant ion.

The drawbacks associated with SIFT and VT-SIFDT mentioned above, are not present 

with crossed beam/time-of-flight (TOF) mass spectrometric methods, where the absence of a 

carrier gas ensures that single collision conditions are easily achieved. The additional advantages 

of TOF mass spectrometry are its ability to provide information regarding the energetics of the 

charged reactants and the increased range of collision energies attainable. For these reasons TOF 

mass spectrometry is the logical choice of experimental method of investigating the gas-phase 

reactivity of doubly-charged molecular dications reported in this thesis.
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Figure 1.6 Schematic layout o f a variable-tem perature selected ion flow tube (VT-SIFDT) apparatus [93]. For 

greater flexibility this particular design incorporates two reactant ion inlets, allow ing the reactant 

ion to be formed by m eans o f both m icrowave discharge and electron-im pact. As illustrated  above, 

mass selectivity of the reactant ion is achieved by m eans of quadropole m ass spectrom etry. A 

quadropole m ass spectrom eter, situated behind a sam pling orifice dow nstream  o f the reaction 

zone, is also em ployed to mass analyse and quantify the charged reaction products and any 

unreacted ions.

1.8 Conclusion

As discussed in this Chapter, advances in information technology and the development of 

new experimental techniques have, over the past two decades, prompted an upsurge of interest in 

the study of doubly-charged gas-phase molecular ions. However, despite this renewed interest, 

the majority of work has mainly concentrated on the properties of the isolated species, with the
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chemical reactivity of molecular dications with neutral molecular collision partners being 

particularly under-represented. In attempting to address this shortfall, this thesis presents the first 

results from a new experiment using a crossed-beam apparatus, incorporating time-of-flight mass 

spectrometry, specifically designed to investigate the bimolecular reactivity of doubly-charged 

molecular species.
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Chapter 2
Experimental Details

2.1 Introduction
As detailed in the preceding Chapter, this thesis reports the results of experimental work to 

study the gas-phase reactions of doubly-charged molecular ions following their collisions with 

neutral molecules. The experiments are performed using a crossed-beam apparatus [1-10]. The 

charged products formed in the reactive processes, described in the previous Chapter, are 

quantified and mass analyzed using time-of-flight mass spectrometry [1,5,11-14]. The 

experimental apparatus is described in two sections. Firstly, a section covering the production of a 

dication beam and, secondly, a description of the time-of-flight mass spectrometer.

2.2 Experimental Apparatus I: Dication beam generation
2.2.1 Introduction to the crossed-beam spectrometer

The experiments reported in this thesis are performed by intersecting a continuous beam of 

mass-selected molecular dications with an effusive jet of the neutral target species. The collisions 

between the dication and the neutral reactants take place in the source region of a TOF mass 

spectrometer, which is used to quantify and identify the charged products from the various 

reactive processes.

The spectrometer consists of two stainless steel hmbs making up, firstly, the ion/dication 

gun and secondly, the TOF mass spectrometer. The vacuum chamber is maintained at low 

operating pressures (~10~^ Torr) and is pumped by three Edwards diffstak MK 2 diffusion 

pumps. These are connected to the detector chamber, the ion source chamber and the main 

chamber, which houses the source region of the TOF mass spectrometer. A schematic diagram of 

the complete spectrometer is shown in Figure 2.1.

2.2.2 The ion source

The molecular dications, along with other ionization products, are generated by the 

electron-impact ionization of suitable precursor gases. This is achieved by directing a focused 

beam of electrons at -150 eV onto a perpendicularly orientated jet of the precursor gas inside the 

ion source block. The electrons are generated by passing a 3.5 A current through a thermionic 

tungsten filament. This produces an ejected electron current, typically of the order of 20 \xA.
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The background pressure inside the source chamber is kept low enough (< 4 x 10”^Torr) to avoid 

an excessive number of collisions of the ions with background gas molecules and the neutral 

precursor gas molecules themselves. Such collisions would result in a decrease in the reactant 

dication current reaching the interaction region of the TOF mass spectrometer through various 

collision-induced reaction channels.

In practice, there exists an optimum value of the pressure of the precursor gas inside the 

source block. Logically, the number of dications generated would be expected to be proportional 

to the number density of the precursor gas. Indeed, this behaviour is observed as an increase in the 

dication current with increasing precursor gas pressure. However, if the pressure is increased 

beyond some optimum value, the dication current falls with increasing pressure. This drop in 

dication current may be explained as arising because of an increase in the number of collision- 

induced charge-separating reactions, such as the reaction given in Equation 2.1, occurring inside 

the source block under elevated pressures.

CF^+ + C F , - ) C F + + K + C F ,  (2.1)

In addition to causing a reduction of the dication intensity, the presence of the background 

gas may cause problems in correctly interpreting the TOF mass spectra. Such difficulties arise 

because many of the products of the reactions between the reactant dication beam and the 

background gas molecules are indistinguishable from the products of electron-transfer reactions 

between the reactant dications and the neutral target gas molecules. For example, the CF^ product 

ion could be generated when the CF]̂ "̂  reactant dication undergoes electron-transfer with either a 

neutral collision partner, such as NH3 , or species present in the background gas, which, in the ion 

source, is dominated by CF4  molecules. Hence, background pressures are kept as low as possible 

to minimize these adverse effects.

The source block is cubic in shape and is constructed from stainless-steel to withstand the 

harsh environment of the ionization plasma. A schematic diagram of the ion source is given in 

Figure 2.1. The ion source consists of the basic block, a thermionic tungsten filament which 

produces the beam of ionizing electrons, an electron trap, employed to monitor the electron 

current, and an extraction electrode, which is used to extract newly formed ions from the source 

block. The precursor gas enters the back of the source block via a flexible PTFE tube, passing 

through a narrow channel before reaching the central chamber. The ions are generated inside the 

central chamber, where ionizing electrons are directed perpendicularly to the trajectory of the jet 

of precursor gas from which the reactant dication is formed. The design of the ion source ensures 

that the beam of ionizing electrons is very narrow (~2 mm in diameter). Therefore, as the ions are 

formed in a very small volume of the source block, the ions will have uniform electric potential.
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Hence, the kinetic energy of the charged species in the ion beam is also uniform, being defined 

solely by the potential at which the source block is held. In addition, the design of the source also 

leads to the efficient extraction of ions, aided by means of an extraction electrode; this prevents an 

excessive build up of space charge inside the source block.

An array of electrostatic ion optics, consisting of a secondary extraction lens, a pair of 

vertical deflecting plates and other focusing elements, is employed to extract the ions from the ion 

source block and collimate them into a beam. The electrostatic potentials at which the ion optics 

are held were first modelled using appropriate computer software [15] and then optimized to 

obtain the best quality ion beam. The ion optics are also used to accelerate the ions to a relatively 

high kinetic energy before they pass into the velocity filter. The source block and extraction 

electrode arrangement is illustrated in Figure 2.2.

Filament shield , Ion beam 
Electron beam

Filament
Vertical deflectors

Gas inlet

Source block

Electron trap Ion optics

Extraction electrode

F igu re  2.2  Schematic diagram o f  the ion source block and extraction electrode arrangement.

2.2.3 The velocity filter and mass selection.

The ion beam entering the velocity filter consists of a variety of monocationic and 

dicationic species formed following the electron-impact ionization of the parent gas molecule. The 

desired reactant dications comprise only a relatively small fraction of these ions. Many of the 

products of electron-transfer and collision-induced reactions between the dication and the neutral 

reactants are identical to these monocations in the raw unfiltered ion beam. Hence, to avoid the 

product ion intensity being misleadingly enhanced by contributions from the beam of reactant 

species, it is therefore expedient to obtain a dication beam of the highest possible purity.
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Mass selection of the molecular dication is achieved by means of a Colutron velocity filter 

[16]. The Colutron velocity filter, which is based on the Wien velocity filter [17,18], consists of an 

electromagnet and a pair of electrostatic deflection plates. The deflection plates are mounted 

between the poles of the magnet and aligned so as to produce an electric field (E), perpendicular 

to the magnetic field (B) as shown in Figure 2.3. The force Fe on a particle of charge ^ in an 

electric field of strength E  is given by:

Fe = Eq (2.2)

Similarly, the force Fb on a particle of charge q moving with a velocity v in a magnetic field of 

magnetic flux density B is given by:

Fb = Bqv (2.3)

a

Beam

+
7 \ 1 \ 7 \ 7 \ 7 \ 7 \ 7

B

N

V B

Beam

F igu re  2.3 (a) Arrangement o f  the electrostatic plates giving rise to the electric field in the velocity filter,

(b) The electromagnet arrangement inside the velocity filter.

The combination of the mutually perpendicular magnetic and electric fields results in the 

two forces Fe and Fb being in opposition. Hence, an ion passing through the velocity filter will be
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deflected out of the beam unless the two opposing forces are equal in magnitude. Therefore, as 

can be seen from Equations 2.2 and 2.3, such a balance in the forces occurs for a unique ion 

velocity Vq where:

\ q = E q / B q (2.4)

Thus, if the magnetic flux density and the electric field intensity are set at values Bq and Eg 

respectively, then any ions not having velocity vo will be deflected from the beam. All the ions 

extracted from the ion source are accelerated into the velocity filter by an accelerating potential V. 

Consequently, all ions of charge q will be accelerated to the same kinetic energy qV, this allows 

the ion’s velocity to be expressed in terms of its mass m:

V =
^ 2^ y "|2 (2.5)
\  m J

By equating Equations 2.4 and 2.5, it is possible to obtain an expression for an ion of particular 

mass rriQ remaining undeflected by the opposing magnetic and electric fields for a given set of 

operating parameters, B, E  and V.

m o = ^  (2.6)
^0

Any ion not of mass iuq will be deflected out of the beam. In practice, the magnetic flux 

density is kept constant to minimize the effects of hysteresis losses and the detrimental effects of 

the magnet heating or cooling which would result from the current supplied to the electromagnet 

coils being adjusted. In addition, the Colutron velocity filter achieves its maximum resolution at 

high values of B. Mass selectivity of the velocity filter is therefore accomplished by varying the 

electric field strength, this is achieved in practice by scanning the voltage applied to the 

electrostatic plates.

One problem with the basic velocity filter concerns the natural focusing effect of the 

crossed electric and magnetic fields [16-21]. Ions in the centre of the ion beam will be undeflected 

on passing through the filter if the beam and filter are well aligned. However, ions away from the 

centre of the beam will be drawn to a central focal point, at some distance beyond the filter. This 

unwanted effect is eliminated by the inclusion of shim plates placed between the electrostatic 

plates; these shim plates are biased with respect to the electrostatic plate potentials and are 

connected to potentiometers to allow the sensitive adjustment of their potentials. When correctly 

biased, the electric field is altered, making the electric field weaker at the positive electrostatic 

plate and stronger at the negative plate. This produces an electric field shape that compensates for 

the inherent focusing tendency of the velocity filter.
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2.2.4 Ion deceleration

Before ions enter the velocity filter they are accelerated to a relatively high translational 

energy, typically of the order of 250 eV. The necessity for such an acceleration is that dicationic 

lifetimes are often of the order of a microsecond or less. Hence, without this acceleration, the 

transit times of the species in the ion beam to the source region of the spectrometer are of the 

same order as the dicationic lifetimes. So, to reduce the number of dications lost through natural 

unimolecular decay, the ions are accelerated to reduce their transit times from the ion source to 

the collision region. Additionally, higher energy ion beams are easier to handle, as perturbing 

effects from stray electric fields are less significant. However, despite the above arguments in 

favour of high energy ion beams, the upper limit to the laboratory frame collision energy used in 

the research presented in this thesis is of the order of 15 eV. The reason for this limit is that we 

expect the bond-forming reactivity of molecular dications to be favoured at low collision energies, 

typically lower than 15 eV in the laboratory frame. In addition to this, at laboratory frame collision 

energies in excess of 15 eV, the detection efficiency of the experimental arrangement will be 

markedly reduced as a result of the product ion’s transverse velocity component. The detection 

efficiency is discussed in greater detail in the next Chapter. Hence, before the ions pass into the 

interaction/source region of the TOFMS, they must be decelerated to the desired collision energy. 

The deceleration is achieved with the use of appropriate ion deceleration optics.

The ion optics involved in the deceleration process are a commercial assembly. They 

consist of six independently insulated concentric copper cylinders mounted on a brass base plate 

which is also independently insulated; a schematic layout of the decelerator assembly is shown in 

Figure 2.4. The base (1), first, second and fourth cylinders (2, 3, 5) are held at approximately the 

same potential as the accelerated ion beam, the third and fifth cylinder are held at lower potentials 

which are controlled by potentiometers. The final cylinder (7) is held at ground potential. The aim 

of this is to gradually reduce the beam energy. The fifth cylinder (6) is an Einzel lens which has a 

cylindrical focusing capability which enables the ion beam to be refocused before the beam reaches 

the interaction region, as the process of deceleration causes the strong divergence of the ion beam. 

Such divergence can be explained as arising because the decelerator is only able to reduce the 

ion’s longitudinal velocity component. Hence, the ion’s transverse velocity is left unaffected by the 

‘deceleration’ process. Beam focusing is controlled by varying the potential on the third and sixth 

cylinders by means of adjusting the potentiometers. On leaving the deceleration optics, the 

collimated beam of molecular dications, now at the desired collision energy, enters the interaction 

region which is inside the source region of the TOFMS.

38



- V

3 4
Beam

V
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2.3 Experimental Apparatus II: Time-of-flight mass spectrometry
2.3.1 Introduction to time-of-flight mass spectrometry

Time-of-flight mass spectrometry (TOFMS) has, in recent years, become a versatile 

experimental technique for the analytical scientist. TOFMS employs as its method of mass 

separation the fact that ions of differing mass, when accelerated to the same kinetic energy, will, 

as a virtue of their differing masses, possess different velocities. Hence, their times of flight over a 

given path length will also be different. Thus, the theoretical concept behind TOFMS is 

comparatively simple. The fundamental dynamics of a non-relativistic ion of mass m, moving in an 

electric field are described by a combination of simple electrostatics and Newtonian mechanics. It 

can be shown (Appendix 1) that the time-of-flight of an ion in a series of electric fields ( t ^ J  is 

given by:

tof = k^Jm (2.7)

W here& isa constant that is determined from the internal dimensions of the spectrometer and the 

magnitude of the electric potentials used to accelerate the ions.

The advantages of TOFMS over rival mass spectrometric techniques, which include 

magnetic sector mass spectrometry, are many and include such features as the fact that TOFMS 

offers an unlimited mass range, fast scanning rates (-100 kHz), the fact that each ionization event 

produces a complete mass spectrum (multiplex operation), relatively low cost of construction and 

the inherent suitability for using the technique in conjunction with pulsed ionization [14]. The 

simplicity of the design of a time-of-flight (TOF) mass spectrometer is also a significant
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advantage, as other mass spectrometric methods rely heavily upon the accuracy of mechanical 

alignment and require involved and costly apparatus design and construction [11].

Although TOFMS techniques have been in use for more than sixty years, the use of this 

particular method of mass spectrometry was not widespread until the late 1950’s, when the 

ground-breaking work of Wiley and McLaren produced a twin electric field design which 

prompted a renaissance in the use of TOFMS. The availability of modem electronic timing 

equipment has further increased the applicability of this spectrometric method.

2.3.2 The operational methodology of TOFMS

As mentioned previously, one of the main advantages of TOFMS is the conceptual 

simplicity of obtaining a value of the mass to charge ratio of an ion, by measuring the ion’s flight 

time along a fixed path length. Ideally, the ion flight times would be uniform for a given ion mass. 

However, the ions to be analyzed usually have a distribution of initial velocities and initial 

positions. This has the effect of causing ions of the same mass and charge to have a range of flight 

times. In an attempt overcome, or at least reduce, this detrimental effect, the spectrometer is 

designed so that the ions are ‘focused’. Focusing attempts to ensure that, irrespective of the above 

effects, ions of a given mass arrive at the ion detector at the same time. A situation in which the 

ions are focused may be described mathematically:

—  =  0 (2.8)
ds

that is, there is no variation in the ion’s flight time t, with the ion’s initial position s in the source 

region. The mathematical details of focusing are given in Appendix 2.

In practice, the ion peaks in the mass spectrum have finite half widths corresponding to a 

range of ion flight times; this is a physical consequence of the ions having a distribution of kinetic 

energies together with the fact that the ions are formed over a range of positions in the source 

region and that the focusing is not perfect. Although focusing can help to reduce the spread the 

ion flight times of ion of a given mass arising because of the ion’s initial positions, it is very much 

more difficult to reduce the detrimental effects of the ions having differing initial velocities. Hence, 

in addition to having differing initial speeds, the ion’s initial trajectories may be in different 

directions; this further complicates the problem of focusing since ions with initial trajectories 

directed away from the detector will require a finite time for the electric field to change the 

direction of their motion. This additional time is known as the 'turn around time’ and adds to the 

width of a given mass spectral peak. A schematic diagram of a linear, twin electric field design of 

time-of-flight mass spectrometer is shown in Figure 2.5.
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Perhaps the most important feature of the Wiley-McLaren design of twin electric field 

TOF mass spectrometer is the relative ease of achieving focusing [11]. As discussed in Appendix 

2, the focusing is attained by simply adjusting the ratio of the electric fields (Figure 2.5). In 

general, ions are generated in the source region of the spectrometer either by electron-impact or 

photon-impact ionization of the precursor sample gas. Alternatively, ions may be produced in a 

separate ion gun, as in the case of the crossed-beam spectrometer, prior to being transported to 

the mass spectrometer’s source region. The mass spectrum is usually recorded by periodically 

pulsing on a positive potential to the repeller plate in the spectrometer’s source region, whilst 

simultaneously a START signal is sent to an electrical timing device such as a multichannel scalar 

(MCS). The positive voltage pulse applied to the repeller plate creates an electric field in the 

source region. This electric field extracts the positively charged ions out of the source region. A 

second electric field accelerates the ions further before they pass into a field-free drift region. 

After the drift region the ions reach the detector, where the arrival of an ion results in a STOP 

signal being sent to the MCS. The ion’s time-of-flight is simply the difference between the stop 

and start times.

MCP detector —

Dication beam
Drift tube

Interaction region

+ V

-VRepeller plate
Drift region 
(field free)

Acceleration region 
(2nd electric field)

Source region

F ig u re  2.5  Schematic diagram o f a twin electric field time-of-flight mass spectrometer, including the 

interaction/source region.
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2.3.3 Collision processes and ion detection

Upon leaving the decelerator, the beam of molecular dications enters the source region of 

the TOF mass spectrometer. The interaction region, where the dication encounters the neutral 

reactant, hes approximately mid-way between the end of the decelerator and the central 

longitudinal axis of TOF mass spectrometer, inside the source region as illustrated in Figure 2.8. 

The neutral target species enter the interaction region in the form of an effusive jet, delivered via a 

brass needle which is oriented perpendicularly to the dication beam. This orientation ensures that 

the neutral species have no significant velocity component in the direction of the dication beam or 

along the longitudinal axis of the spectrometer. This ensures optimum product ion spatial focusing 

and greatly simplifies the calculations of the product ion dynamics.

The product ions formed in the reactions between the dications and neutrals in the 

interaction region, in addition to the unreacted dications, are extracted from the source region of 

the TOFMS by a periodically pulsed positive voltage pulse on the repeller plate of the TOFMS 

which, as can be seen in the schematic diagram in Figure 2.5, is situated at the rear of the source 

region. On leaving the source region, the ions are further accelerated by a second electric field, in 

the acceleration region, before entering an electric field free drift region. After leaving the drift 

region the ions hit the front plate of the multichannel plate detector (MCP), which produces an 

electrical signal signifying the detection of the ions.

2.3.4 Time-of-flight measurement

As briefly mentioned above, the time-of-flight (TOF) of the ions is measured electronically. 

The components involved in the timing operation are shown schematically in Figure 2.6. Timing 

the ion’s flight is achieved by measuring the difference in times of a START signal to initiate the 

ion’s transit from the source region and a STOP signal generated by the ion when it reaches the 

detector. The START signal is generated by a Stanford 535 digital delay/pulse generator. The 

START signal is sent to a puiser unit which then delivers a +400 V pulse to the repeller plate of 

the TOFMS which initiates the extraction of the ions from the spectrometer’s source region. 

Simultaneously, the pulse generator sends the same START signal to a LeCroy 4208 time-to- 

digital converter, thus commencing the timing cycle. The arrival of the ion at the front plate of the 

MCP detector triggers a STOP signal, this signal is amplified and discriminated to remove 

electronic noise before reaching the same LeCroy 4208 time-to-digital converter (TDC), thus 

ending the timing cycle. The TDC then passes the digitalized ion flight times to a PC via a GPIB 

interface. Note that the choice of a time-to-digital converter was made to allow provision for ion 

coincidence experiments to be performed in future work.
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Although the TOFMS part of the apparatus is based upon the Wiley-McLaren twin field 

design, the TOFMS used in the experiments described in this thesis does incorporate a number of 

refinements for studying dication reactions [1,5-9,22,23], as illustrated in the schematic diagram in 

Figure 2.1. These refinements include an Einzel lens and ion deflectors, both of which are situated 

at the start of the spectrometer’s drift tube. These electrostatic elements are only useful at large 

laboratory-frame collision energies, and for the work reported in this thesis they were not utilized 

but were merely held at the same potential as the drift tube. A further addition to the Wiley- 

McLaren design is a grid situated between the grounded acceleration grid and the drift tube grid 

(Figure 2.5). This grid is held at a low positive potential (~5V) which prevents stray ions from 

entering the acceleration region during that part of the duty cycle of the TOFMS when the repeller 

plate is held at ground potential. A Faraday cup is situated beyond the source region, allowing the 

dication beam intensity (current) to be measured independently of the TOFMS.

TOF mass spectrometer

-1290 V

Pulsed (+400 V)
MCP detector

Pre-amp

Stop

Start
Amp

Puiser

GPIB
interface

PC

Time-to-digital
converter

CF
discriminator

Digital delay/ 
pulse generator

F ig u re  2.6 Schematic diagram of the timing components of the TOFMS.
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2.3.5 Recording the mass spectrum

The target gas pressure is rigidly maintained at a constant value, typically 4 x 10"  ̂ Torr 

during the recording of a mass spectrum. This pressure is low enough to eliminate the possibility 

of forming an excessive number of product ions which could cause potential problems by 

saturating the sensitive ion detector. In addition, this pressure is sufficiently low to guard against 

the possibility of multiple collisions [24] inside the source region of the spectrometer. A multiple 

collision may be defined as the situation when an ion experiences two or more collision events in 

the time between it entering the TOF source region and reaching the ion detector. Multiple 

collision processes would unnecessarily complicate the identification of the reaction channel 

leading to the formation of a given product ion, as the same product ion could be formed in two 

or more different reaction processes. The conditions required to eliminate the possibility of 

multiple collisions are described fully in Appendix 3 [24]. These conditions are carefully tested to 

ensure that multiple collisions are not occurring by measuring the product ion intensity as a 

function of the target gas pressure. A linear relationship, such as that shown in Figure 2.7, 

confirms the presence of single collision conditions.

Time-of-flight mass spectra are recorded for typically 10^ data acquisition cycles to 

identify and adequately quantify the product ions formed in the reactions between the reactant 

dications and neutral molecules. The precise number of data acquisition cycles required to 

generate a statistically viable mass spectrum is dependent upon the collision energy, the intensity 

of the beam of reactant dications and the cross-section of the reaction process for a given collision 

system of interest. Additionally, as described in the next Chapter, background mass spectra are 

also taken in the absence of the neutral collision partner. These background spectra are used to 

correct the product ion mass spectra for background ion contributions. A representative 

background time-of-flight mass spectrum is shown in Figure 2.8. As can be seen from the mass 

spectrum of the CF]^^ reactant dication in Figure 2.8, the experimental apparatus produces a 

highly pure beam (~ 99 %) of the reactant ion, with the intensity of ions other than the reactant 

species being at low background levels.
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2.4 Operational parameters
Typical settings of the operating parameters used in the running of the experimental 

apparatus are listed in the tables below.

T able 2.1a M iscellaneous operating  param eters.

Parameter Typical setting

Laboratory frame collision energy 3-13 eV

Repeller plate pulsing frequency 330 Hz

Typical number of ions per pulse 0.71

Typical dication current 50 pA

CF4 precursor gas pressure 4 x 1 0 '^  Torr

Neutral target gas pressure (NH3) 4x10"^ Ton-

b Typical spectrom eter operating  e lectrical param eters.

Parameter Typical setting

Repeller plate voltage 0 to + 400 V

Drift tube potential (TOF deflectors/Einzel lens) -1230 V

MCP detector front plate voltage -2050 V

MCP detector back plate voltage 40 V

Sandwich Grid potential 5 V

Extraction Electrode potential -7 V

Accelerating potential 250 V

Filament voltage 150 V

Velocity filter electric field potential -5 0  V

Filament shield potential -25.3V

Ion lens potential -25.2V

Vertical deflector plate potential -0.1 V

Electromagnet voltage -13  V

Electromagnet current 2.1 A

Decelerator element potential 0 to -150 V
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2.5 Conclusion
A new spectrometer has been developed to investigate the reactivity of molecular dications 

with neutral species. The spectrometer consists of an ion gun coupled to a TOF mass 

spectrometer, incorporating a number of special features enabling the apparatus to be used with 

short-lived species.
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Chapter 3 
Data analysis

The experimental methodology employed in the investigation of the gas-phase reactivity of 

doubly-charged molecular ions involves recording time-of-flight mass spectra of the products 

formed following collisions between molecular dications and neutral collision partners. The 

previous Chapter contained a description of the experimental apparatus. This Chapter deals with 

the collection and analysis of the experimental data.

3.1 The time-of-flight mass spectrum
As stated in the previous Chapter, the computer receives the experimental data, which 

consists of flight times of the detected ions, via the GPIB interface and processes this data to 

generate mass spectra. The heart of the data analysis software involves an array of 500 time 

channels for a given range of ion flight times [1-3]. Typically, the times-of-flight of the ions 

measured in these experiments would be between 2 and 6 ps. Hence, for such a range of flight 

times, the width of each of the 500 channels in the data array is 8 ns. The first time channel 

contains counts for those ions having flight times between 2000 and 2008 ns, the second channel 

contains those ions with flight times between 2009 and 2016 ns and so on up till the 500th 

channel, which contains counts for those ions having flight times between 5993 and 6000 ns.

The computer assigns each of the counts to a time channel, building up a histogram of ion 

flight times. The number of counts in each channel is representative of the intensity of the detected 

signal of the ion having a flight time within the range of that particular channel. The total array of 

all 500 of the channels is, hence, the complete TOF mass spectrum. The minimum and maximum 

times of the array of time channels are variable parameters, set according to the particular collision 

system under investigation; this allows the various product ions to be represented in a mass 

spectrum of any desired mass range.

3.2 Data extraction and analysis
3.2.1 Analysis o f the mass spectra

The arrangement described above, involving a histogram of time channels to represent the 

mass spectrum, is a distinct advantage for analysis, as the values of the ion intensities are obtained 

by simply summing the counts for each of the channels making up a peak. This avoids using 

considerably more complicated analytical methods such as the numerical integration of a trace of 

the ion peaks on an oscilloscope [4]. The TOF mass spectra are calibrated using the flight times for 

simple ions, for example Ar"  ̂ and Ar^"  ̂, using the equation:
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x ^ = k 4 m ^ c  (3.1)

If the times-of-flight of two ions of known mass are obtained, then k and c may be 

calculated by solving Equation 3.1 simultaneously. Hence, having obtained k and c, the time-of- 

flight of any ion of mass m can be calculated by using the above equation. Note that the parameter 

k depends solely on the various voltages applied to set up the electric fields inside the 

spectrometer. Therefore, if these spectrometer voltage settings are held constant then the masses 

of ions formed in any collision system may be calculated without the need for repeated calibration. 

The c constant is a mass-independent timing constant that is required due to the ‘dead time’ in the 

duty cycle of the time-of-flight electronics.

The time channels can, by using the above method, be converted to channels of mass. 

Hence, the intensity of a particular ion can be found by summing the number of counts of each of 

the channels making up the ion peak. The computer software allows the intensities of the ion peaks 

to be rapidly obtained as the analysis program contains a function that sums up the counts in all the 

channels within a selected minimum and maximum mass or channel value.

3.2.2 Background correction methodology

In addition to mass spectra of the product ions formed as a result of collisions between the 

reactant dications and neutral target molecules, background spectra are also recorded. These 

background spectra are recorded in exactly the same manner as the product-ion mass spectra, the 

only difference being that no neutral target molecules are introduced into the apparatus [5]. A

‘background’ ion is an ion recorded in the absence of a target gas. When a spectrum is recorded in

the presence of a target gas, such background ion signals may artificially enhance the experimental 

product ion intensities. The dominant source of the background ions is the dication beam itself, 

which although of high purity (> 99 % in most cases), will still contain a number of contaminant 

ions that have managed to traverse the velocity filter. Another possible source of background ions 

is singly-charged ions formed as a direct result of the unimolecular decay [6-8] of the dicationic 

species making up the reactant ion beam. For example:

C F^+-^C F++F+  (3.2)

Additionally, background ions may also be formed following collisions between the reactant 

dications and residual gas molecules in the spectrometer. For example:

C f |+  + N 2 ^ C F J + n J  (3.3)

In certain cases where the reaction cross-section is low, for example in the case of some 

bond-forming reactions [3,9-12], the background contribution to the product ion peaks may be 

significant. Hence, the precise determination of the true yields of the product ions demands an
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accurate evaluation of the background ion contribution. To correct the product ion mass spectra 

for these background ion signals, several mass spectra are recorded, both with and without the 

neutral target gas. The true product ion intensities are then obtained by subtracting the 

background ion signal Ẑ g from the raw product ion intensity Zraw which, unlike the background ion 

intensity, is obtained from the mass spectra recorded in the presence of the neutral target gas. The 

background ion signal is normalized by the ratio of the intensities of the unreacted dications Zaic:

(3.4)Aeal Aaw
 ̂Zdic(rxn)^ die

^dic(bg)

3.2.3 Product ion detection efficiency

If a reaction occurs during the collision between the reactant dication and the neutral 

collision partner, the dynamics of the reaction process may result in a substantial release of kinetic 

energy. Such large releases of kinetic energy are common to many reaction processes involving 

molecular dications, due to the presence of the double charge. An example of such a reaction is 

given in Equation 3.5. The kinetic energy is released because of the Coulombic repulsion between 

the pair of singly-charged ions formed in the reaction. This kinetic energy is released in the centre-of- 

mass frame and affects the product ions translational energy component in the laboratory frame [3].

CF|-^ + A r^ C F 2+ + A r+  (3.5)

Each reaction channel may have a different average kinetic energy release (KER) together 

with a different distribution of the kinetic energy releases [12]. Hence, the product ions may, by 

virtue of their different masses and total kinetic energies, have different transverse velocities across 

the source region of the mass spectrometer. Thus, as can be seen from figures 3.1 and 3.2, owing 

to these different velocities, the product ions may travel different transverse distances as they pass 

down the length of the mass spectrometer to reach the multichannel plate (MCP) detector. Those 

ions with larger transverse kinetic energies in the laboratory frame will be faster, and therefore 

travel a greater distance away from the central axis of the spectrometer (following trajectory A) 

than the less energetic ions which would follow trajectory B. Due to this effect, the length L  of the 

source region of the TOE mass spectrometer which is imaged onto the MCP detector, varies with 

the total kinetic energy of the product ions as shown in Table 3.1. In addition, a schematic of the 

TOFMS source region in Figure 3.2 shows the product ion trajectory range which gives rise to the 

differential imaging of the flux on to the ion detector.

The product ion flux is proportional to the cross-section of the reaction process leading to the 

formation of that particular product ion. Hence, the ratio of the cross-sections a  of two reaction 

processes A and B would be given by the ratio of the fluxes F  of the ions across the same region.
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O a _  -Fa (3.6)

However, as mentioned above, all the ions, both the unreacted dications and product ions formed in the 

TOF mass spectrometer, will posses a component of velocity perpendicular to the longitudinal axis of 

the TOF spectrometer. The origin of this ‘transverse velocity’ component lies in the fact that the 

reactant dications are delivered to the TOF mass spectrometers source region, via the ion gun, in a 

direction perpendicular to the longitudinal axis of the TOF mass spectrometer. In addition to this 

intrinsic component of transverse velocity, the reaction processes are highly energetic, therefore the 

product ions may, as a result of reactive scattering, have enhanced transverse velocity components.

Dication beam

Decelerator

Drift tube

MCP detector

Trajectory B

Trajectory A

Repeller plate Grid assembly

F ig u re  3.1 Schem atic diagram  o f the T O FM S show ing the trajectories o f product ions form ed at the sam e 

point in the ion source. In the diagram  trajectory A  represen ts the path taken by an ion form ed in a 

reactive encounter in which there is a large k inetic  energy re lease, w h ilst trajectory B represen ts 

the analogous case w here the kinetic  energy release is significantly  s m a lle r .
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Dication beam

Decelerator

Drift tubeEZI

MCP detectorExtreme trajectories of extracted 
ions that reach the detector

ion flux

Repeller plate Grid assembly

F ig u re  3,2  Schem atic d iagram  of the T O FM S show ing the d istance ‘L ’ betw een the extrem e trajectories 

reaching the fron t plate o f  the ion detector.

As a result of the ions having a component of transverse velocity, some of the ion flux may not 

reach the ion detector. This can be viewed as a reduction in the efficiency with which an ion is detected. 

That is, those ions with relatively high transverse velocity components will have a greater chance of 

failing to reach the detector than those ions that have relatively low transverse velocity components. In 

practice, to correct the detected ion signals (intensities) for the effects of the transverse velocity upon 

the ion’s detection efficiency it is necessary to consider the ion’s mass, its time-of-flight and, in the case 

of a product ion, the distribution of the kinetic energy released on reaction.

To make allowance for the KER affecting the detection efficiency, the reaction dynamics of 

the collision system is assumed to be dominated by forward-scattering of the product ions. This 

assumption is based on the results of the only angularly resolved investigation of dication reactivity 

[12]. The results of which indicate that forward-scattering is the dominant mechanism of bond 

forming and electron-transfer reactions for dication-neutral collision systems.

The intensity I  of an ion signal reaching the detector is proportional to the ion density « in a 

volume V of the interaction region that is imaged onto the ion detector in the TOFMS:

/  = nVj (3.7)
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where j  is a mass-independent ion detection efficiency and is an intrinsic property of the ion detector and 

timing electronics. The flux F  of a product ion is related to its velocity v across the ion source region 

and the ion density n :

F = nv (3.8)

By considering Equations 3.8 and 3.9 it is possible to obtain an expression for the relationship 

between the ion flux and the detected ion intensity:

F = —  (3.9)
Vj

The volume V  of the interaction/source region imaged onto the ion detector may be expressed in 

terms of its cross-sectional area A  and length L  giving:

The cross-sectional area of the volume imaged onto the detector depends upon the internal 

bore of the decelerator assembly and its focusing characteristics. Hence, the cross-sectional area A 

is constant for any reaction process, and for two such processes, denoted A and B, the relative ion 

fluxes are given by:

_  Â ^
^B ^A

(3.11)

The relative cross-sections for the reaction processes are proportional to the relative 

product ion fluxes. Therefore, the relative cross-sections for reaction processes A and B can be 

determined from the mass spectrometric product ion intensities by:

^  = (3.12)
^  B ^B ^ B  ^ A

In the above correction L  is the effective length of the source region of the TOFMS that is 

imaged on to the ion detector, shown schematically in Figure 3.2. The length L  is dependent upon 

the internal geometry of the spectrometer, the transverse velocity v of the product ion and the 

ion’s time-of-flight. The value of v is given by the centre-of-mass velocity (collision energy) and 

the energy imparted to the ion in the reaction process [3]. Representative values of v and L at 

various laboratory frame collision energies Fiab, for the Cp2̂  product ion formed in the reaction 

between CFz^  ̂and NH3 [13], are given in Table 3.1. The value of the kinetic energy released (KER) 

in the centre-of-mass frame to the products of the bond-forming reaction between CF2̂  ̂ and NH3 , 

used in calculating the values listed in Table 3.1, is 6.5 eV [12].

The analysis procedure detailed above, provides a reliable and versatile means of accurately 

determining the relative intensities of the charged products of reactions between molecular 

dications and neutral species. It is certainly pleasing to note that the relative intensities for ions 

generated in bond-forming and electron-transfer reactions between CF2“̂  and D2, that were
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obtained using the apparatus and methodology described above, are, within experimental error, the 

same as those obtained by another research group which employed a different experimental 

technique [12].

T able 3.1 Representative values o f v  and L  at given laboratory frame collision energies Eiab for the HNCF^ 

product ion formed in the reaction between and NH3 . The value o f the kinetic energy release 

(KER) used in the calculation of v is 6.5 eV.

Eiab/eV v/m s’̂ L/mm

10.0 5268.66 12.61

9.0 5030.81 13.53

8.0 4779.33 14.50

7.0 4511.57 15.54

6.0 4223.91 16.65

5.0 3911.09 17.86

4.0 3565.07 19.20

3.3 Conclusions
A data analysis methodology for the calculation of relative cross-sections of reaction 

processes based upon measurements of product ion intensities has been developed. The analysis 

procedure corrects the observed ion intensities for background ion contributions and differences in 

the ionic detection efficiency, and provides an accurate, reliable and uncomplicated means of 

obtaining product ion intensities.
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Chapter 4 
Ion-neutral reactivity and reaction dynamics: 

a theoretical perspective
4.1 Introduction

Theoretical investigations of the chemical and physical properties of gas-phase molecular 

dications play a vital role in the attempt to rationalize the behaviour of these reactive species. Clearly, a 

comprehensive understanding of the relevant areas of the theory of reaction dynamics is also a 

necessary prerequisite to establishing a thorough explanation of the coUisional behaviour exhibited by 

dicationic species. The theoretical studies of molecular dicationic behaviour performed to date have 

concentrated mainly upon the properties of the isolated species. These studies cover such topics as the 

ionization cross-sections for forming dications [1,2], the potential energy surfaces of dications [3-8] 

and the influence the potential energy surfaces have in determining the stability and lifetimes of the 

dicationic species [9-11].

In contrast, the theory underpinning the reactive processes that may occur following the 

collision of a molecular dication with neutral target species have received limited attention. A 

theoretical model of the bimolecular electron-transfer reactivity of molecular dications with neutral 

targets [12-16] has been attempted with some success, using an adaptation of the Landau-Zener theory 

of electron transfer between singly-charged atomic ions and neutrals [17,18]. However, the bond- 

forming (chemical) reactivity occurring in certain molecular dication/neutral collision systems at low 

laboratory frame collision energies (<13 eV) has not, to date, received significant attention from 

theoreticians. An attempt to model the mechanism of bond forming reactions, based on the principles 

of the Landau-Zener theory, has been attempted. However, the applicability of this non-chemical model 

of the bond-forming reactivity of molecular dications will be shown in this thesis to be inappropriate 

[19].

This Chapter examines aspects of the theory relating to gas-phase ionic reactivity that are of 

primary importance to understanding the experimental work presented in this thesis and explaining the 

subsequent results. Specifically, a discussion of the Landau-Zener theory of electron-transfer and its 

offshoot, the reaction window theory, is presented. As will become clear, the Landau-Zener theory is 

not only a valuable tool with which to gauge the likelihood of electron-transfer, it can also be used to 

accurately determine the precise channels of dissociative electron-transfer.

The bulk of the experimental work contained in this thesis concerns the measurement of 

product ion intensities, from which relative cross-sections are calculated. However, the ability to 

interpret the results and draw the necessary conclusions requires a thorough understanding of the 

theory appertaining to ion chemistry, including such subjects as collision kinematics and reaction
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dynamics. Therefore, these subjects will also be considered from a theoretical perspective. Finally, the 

interpretation of isotope effects in ion-molecule reactions involving molecular dications will be 

examined. Such isotope effects are used in this work as a probe of the reaction dynamics.

4.2 Reaction window theory and the Landau-Zener model
The Landau-Zener model (LZ) [17,18] is a semi-classical picture of electron transfer reactivity 

for purely atomic collision systems. The model determines the probability of charge transfer between 

given reactant and product electronic states. The LZ model considers the reaction as occurring at the 

crossing (Rc) of two diabatic potential curves corresponding to the reactants and products. Such a 

crossing is illustrated in Figure 4.1 below.

I
W
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§
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Crossing radius

Interspecies Separation

Figure 4.1 The crossing of product and reactant potential energy curves for a dication-neutral electron-transfer reaction.

For an electron-transfer reaction the curve crossing may occur either on the incoming or 

outgoing trajectories. Hence the total probability P for electron transfer is given by:

f  = 2 6 (1 -8 )  (4.1)

where Ô is the probability of remaining on the diabatic curve on one pass through the avoided crossing. 

Hence, the quantity 6 is a measure of the coupling between the product and reactant potential curves 

and is a function of Vj -  which is the magnitude of the difference in the gradients of the two 

potential energy curves at the crossing radius (Rc), the relative radial velocity v  ̂  and the electronic 

coupling matrix Hn between the product and reactant electronic states. Explicitly, 5 is given by:

b= exp
-n \H 12 04 2)
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In the case of the pseudo Landau-Zener theory, which models the charge transfer between a 

molecular dication and a neutral target, the approximate potential energy curves are modelled using 

simple standard electrostatic equations:

+ (4.3)
' 2R*

V ^= —  (4.4)
 ̂ R

In the above, the potential of the reactant channel Vj is given as the sum of the reaction exothermicity 

(A£) and a standard polarization attraction function that is determined from the polarizability (a) of the 

neutral target species. This simple model of reactant potential makes no allowance for the repulsive 

wall encountered at very small values of R. This is not a major approximation as the repulsion is only 

significant at very small interspecies separations, and may therefore be ignored over the range of 

interspecies separations where the reactant and product curves intersect. The potential of the

electron-transfer product channel is modelled as being purely repulsive, due to Coulombic repulsion 

between the singly-charged product ions.

The curve crossing radius is obtained by equating the reactant and product potentials V\ and 

Vi (Equations 4.3 and 4.4) and solving the equation for R. Differentiation of VJ and at /? = R  ̂

allows the value of -  V̂ ] to be calculated. The relative radial velocity u^ may be calculated from 

the impact parameter b, the initial velocity of the reactants and the energy gained by the collision 

partners as a result of the polarization attraction as the separation between the two reactants 

approaches Rc. The calculation of the electronic coupling matrix elements requires precise details 

of the electronic wave functions of the collision system 3tR  = Rc. However, several empirical functions 

[20-22] have been proposed for the calculation of H ^2 for the general charge-transfer reaction between 

a dicationic species and a neutral:

(4.5)

In all cases, the empirical functions are dependent on the crossing radius Rc, predicting that 

|/ / j2r^^^reases exponentially with Rc. The functions are also dependent upon the ionization potential 

of B, 7b, and the ionization potential of A'*’ from its product electronic state to the reactant state A^"^, 

I  A. One particular function given by Olsen et al [22] has been extensively used to estimate 77, ̂ . This 

function gives the electronic coupling matrix element as:

(4.6)

where:

+ (4.7)
V2 y
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According to the LZ model, crossings between the reactant and product channels at 

interspecies separations greater than ~ 0.6 nm are strongly diabatic (0 - ^ 1) due to the great distance 

over which the electron must quantum mechanically tunnel from the neutral to the dication. Hence the 

probability of electron transfer is small. For crossings at radii less than -0.2 nm the character of the 

crossing becomes significantly adiabatic (5 —> 0). As a result of this adiabaticity, the interaction 

between the product and reactant channels is large and so the probability of the electron being 

transferred on a single pass through the crossing radius is high. However, the reactants make two 

passes through the crossing radius. That is, once as the reactants approach and then again as the 

reactants depart fi*om each other. Hence, those species having crossed over to the product potential 

curve win cross back to the reactant potential curve, with the overall result being no net electron- 

transfer. For crossings in the so-called reaction window at between R ~ 0.2 and 0.6 nm, the value of Ô 

lies between 0 and 1 and at the point corresponding to Ô = 0.5, it may be shown, using Equation 4.1, 

that the reaction probability P, reaches its maximum value of 0.5.

The above algorithm has been used to qualitatively model electron-transfer reactions. If the 

reactant and product curves cross within a range of interspecies separations between 0.2 and 0.6 nm, 

that is inside the reaction window, then the probability of entering on the reactant potential and leaving 

on the product potential is relatively high. Hence, the reaction probability will also be high. For a given 

collision system there may be many possible reaction channels each having its own value of 

exothermicity, which may be defined as the difference in the asymptotic energies of the product and 

reactant potentials. Representative values of reaction exothermicity are listed in Table 4.1 for the 

CFz^Vrare gas collision system. As can be seen from Equations 4.3 and 4.4, the form of the reactant 

and product potentials, for any dication-neutral collision system, are almost identical, differing only in 

the value of the reaction exothermicity and the polarizability of the neutral collision partner a. 

However, the polarizabilty has relatively little influence on the position of the crossing radius Rc in 

comparison with the exothermicity. Hence, for a given collision system, it is largely the exothermicity 

that determines Rc. Consequently there exists a window of reaction exothermicities of approximate 

range (2-7 eV) over which electron-transfer is favourable. As can be seen from Figure 4.2, if the 

exothermicity is small, then the curves will cross at large values of the interspecies separation, outside 

the reaction window. Conversely, if the exothermicity is large then the curves will cross at too small a 

value of the interspecies separation, also outside the reaction window. Therefore, the Landau-Zener 

model can be used as a qualitative tool to predict the feasibility of electron-transfer given just the 

reaction exothermicity.

The applicability of this model has been confirmed by analysis of the electron-transfer reactions 

between molecular dications and rare gas collision partners [12-16]. Here the electron-transfer
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reactions with the lighter rare gases (He and Ne) are not favoured because the reactions are either 

endothermie or barely exothermic. However, electron-transfer reactions are observed with the heavier 

rare gas targets (Ar, Kr and Xe) which have larger reaction exothermicities, that lie within the reaction 

window.

I M^ + X

Reaction w indow

Interspecies separation

Figure 4.2 Representative potential curve crossings of product and reactant curves for the electron-transfer reaction 

between a dication and a neutral species. The three product curves correspond to: A  large reaction 

exothermicity, B  small reaction exothermicity, and C optimum reaction exothermicity.

An additional feature of this application of the reaction window theory is its ability to predict 

whether an electron-transfer reaction will be dissociative or non-dissociative. As mentioned above, the 

exothermicity of an electron-transfer reaction determines the feasibility of the reaction. However, a 

collision system may have many channels of electron-transfer reactivity, such as those in Table 4.1, 

with each channel having a particular value of exothermicity. Therefore, given the window of 

exothermicities, the electron-transfer reactivity of any dication-neutral collision system can be 

rationalized using the above approach.

Consider the electron-transfer reactivity between a prototypical molecular dication and 

neutral target Rg. As illustrated in Figure 4.3, two general channels of electron-transfer are possible. 

Firstly, a non-dissociative channel leading to the formation of XY*”, and secondly a dissociative channel 

that results in the formation of the molecular monocation in an excited state XY^* that dissociates to 

give X'^+Y. Note in both cases, the other product is the ionised collision partner Rg^. In this general 

example, the exothermicity of the non-dissociative electron-transfer reaction is relatively large 

compared to that of the dissociative process. Hence, as shown in Figure 4.3, the reactant and (non- 

dissociative) product potential curves cross at values of Rc smaller than the reaction window minimum, 

whilst the crossing radius of the reactant and the less exothermic dissociative product potential curves 

lies within the reaction window. Thus, in this particular case population of the XY^* state through the 

dissociative channel is predicted, whilst the non-dissociative channel is disfavoured.



The Landau-Zener model has been successfully used to predict electron-transfer reactivity in 

molecular dication-neutral collision systems [12-16]. For example, consider the electron-transfer 

reactivity of CF^  ̂ with rare gas collision partners [12]. As can be seen from Table 4.1, the 

exothermicities of the relevant electron-transfer reactions increase with the mass of the rare gas target, 

this arises because the ionization potential of the rare-gas neutral decreases with increasing mass. Table

4.1 also reveals that the exothermicities of the dissociative electron-transfer reaction are lower than the 

corresponding non-dissociative process. Hence, as the exothermicities of the channels of electron- 

transfer for a given collision system are distinct, the imposition of a window of reaction exothermicities 

provides a means of predicting the likely channel of electron-transfer reaction. For example, in the case 

of the CF^^-He collision system, the electron-transfer processes are either endothermie or barely 

exothermic. Consequently, electron-transfer is not expected to be a major reactive pathway for this 

system. In contrast, non-dissociative electron-transfer reactivity is expected in the CF '̂^-Ne collision 

system, as the exothermicity of 5 eV lies inside the window of exothermicities, whilst the dissociative 

electron-transfer channels are endothermie, and therefore disfavoured.

For the remaining CF^^-Ar, Kr, and Xe collision systems the exothermicity of non-dissociative 

electron-transfer increases to the point where it is outside the window of exothermicities, whilst the 

exothermicity of dissociative electron-transfer is now inside the window. Consequently, as the mass of 

the rare gas target increases from Ar through to Xe, the nature of the electron-transfer reactivity is 

predicted to favour the dissociative process at the expense of the non-dissociative channel. It is 

reassuring to note that the above predictions are in excellent agreement with experimental observations 

[12]. Thus, the Landau-Zener model is a powerful predictive tool of electron-transfer in molecular 

dication-neutral atomic collision systems.

Table 4.1 Electron-transfer exothermicities (shown as positive eV) for the reaction of groundstate with rare gas 

targets.

Electron-transfer products^

Rare gas cr C+ + F r+c
He 2.0 -5.3 -II.4

Ne 5.0 -2.3 -8.4

Ar 10.8 3.5 -2.6

Kr 12.6 5.3 -0.8

Xe 14.5 7.2 1.1

T h e  other product is the corresponding rare gas ion
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Figure 4.3 Schematic representative of potential curves to illustrate how the reaction exothermicity (A£) determines the 

crossing radius and therefore the favoured electron-transfer channel.

4.3 Reaction Dynamics
The subject of 'reaction dynamics’ attempts to explain the dynamic behaviour of a reactive 

system, both qualitatively and quantitatively. An appreciation of reaction dynamics is essential to 

understand the phenomena of reactive collisions at the microscopic molecular level, which in itself 

plays a vital role in the interpretation of chemical reactivity at the bulk macroscopic level.

The succeeding sections of this Chapter examine the areas of reaction dynamics that are 

fundamentally important in the study of ion-molecule reactions. These subjects include the reaction 

cross-section which, being a measure of reaction probability, provides a means of quantifying the 

strength of a reaction channel. Other areas considered include the factors that influence the collision 

process and therefore the reaction cross-section; these areas include the collision energy-dependence, 

the form of the intermolecular potential and the nature of the reaction mechanism.

4.3.1 The reaction rate constant

Classically, chemical reaction rates may be expressed in terms of a temperature-dependent rate 

constant k(T). For a simple bimolecular reaction:

A + B - ^ C  (4.8)

a typical reaction rate equation is of the form:

Rate = - —  = - —  = —  = O T  [A]"[B]'" (4.9)
dt dt dt
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where n and m are the orders of the reaction and [Y] is the concentration of reactant Y.

To best consider the detailed reaction dynamics of gas-phase reactions it is necessary to 

consider individual collision events. To allow this, a detailed knowledge of the energetics of the 

individual collision partners is required. Hence, the macroscopic bulk temperature dependent rate 

constant is replaced with a velocity dependent rate constant k(v).

4.3.2 The centre-of-mass reference frame

Consider a collision system comprising of two colliding species A and B of mass and mb 

respectively. In the laboratory frame the origin is taken as the point of collision. The velocities of the 

collision partners and their position vectors are given by Va, vy and Ra, Rq respectively, as shown in 

Figure 4.4 below. The use of this reference frame is not, however, the most convenient for use in the 

calculations involved in reactive collisions. The principle reason for this is that a relatively large number 

of parameters need to be evaluated in the calculation. To overcome this problem most calculations are 

performed in the centre-of-mass reference frame.

The centre-of-mass (CM) system, although being conceptually greater in complexity than the 

laboratory frame system, does however greatly simplify the calculation process. In addition to the 

reduced number of parameters in the CM system, further simplification is achieved, as by definition the 

total linear momentum in the CM is zero. A proof of this is given below.

“ b

cm

Rm

Figure 4.4 The collision of reactants A and B of masses m-i and mb respectively in the centre-of-mass and laboratory 

frames. By definition, the origin in the laboratory frame X corresponds to the collision point. The centre-of- 

mass origin C lies at a distance Ran from the laboratory origin.
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In the CM system, the centre-of-mass of the two collision partners moves at a constant velocity 

relative to the laboratory along the line between the two reactants. Note, if the velocity of one of the 

reactants is very much larger than that of the other collision partner, as is the case in the experiments 

reported in this thesis, then the CM can be considered as moving along the line that is given by the path 

of the fast reactant. Figure 4.4 indicates the connection between the centre-of-mass and laboratory 

frames of reference.

The centre-of-mass origin has a position vector Rem with respect to the point of collision, that is 

the origin in the laboratory frame. The separation of the collision partners and r ,̂ with respect to the 

centre-of-mass is given by:

(4.10)

similarly:
-m„

''b  =
(4.11)

m^+m^

The velocity vectors of A and B in the CM frame «a and wy are easily obtained by differentiating 

Equations 4.10 and 4.11 with respect to time:

and

- V b )

(v, - v J

(4.12)

dt m ^+ n \

Equations 4.12 and 4.13 may therefore now be used to find the sum of the linear momenta (SPcm)-

(4.13)

%  = (v, -  v J — ( Va- Vb)  = 0 (4.14)

Hence, the total linear momenta in the CM system is indeed zero.

A similar analysis may be used to obtain the relative kinetic energy of the reactants in the CM 

system The centre-of-mass kinetic energies 7  ̂and Ty are given by:

T 1 2 1
^  =%'Mb"b = 2 "^ m^+m^

Hence, the combined CM kinetic energy T  is given by:

( '’a - ' 'b )

(Va-V,)

(4,15)

+
\

this can be simplified to give:

T = — \iv 
2

(4.16)

(4.17)
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where |x is the reduced mass and v is the relative velocity (va-Vb), of the collision partners.

At large separations R, the relative velocities and, hence, the relative kinetic energy T  are constant. 

Therefore, the total collision energy E j is equal to the relative kinetic energy T  at large interspecies 

separations where any forces between the collision partners are negligible. However, as the two 

particles converge, the relative kinetic energy is changed as a result of the interaction between the 

collision partners and only the total collision energy is conserved.

= r  + Vfi?j (4.18)

where v is the initial value of the relative velocity of the collision partners (i.e. at large values of 

separation R where V(R) is effectively zero). Hence, the relative kinetic energy available at the point of 

interaction T, is dependent upon the separation R:

T = E ^ - V ( R )  (4.19)

4.3.3 The collision cross-section and impact parameter.

For a chemical reaction to take place, the reactant species must come into close enough contact 

to allow the chemical rearrangement of the collision partners. As a first approximation, the assumption 

is made that the reactants are hard spheres of diameter d  and, as illustrated in Figure 4.5, must collide 

before a reaction can take place. Hence, the interspecies centre-centre separation R upon collision is 

given hyR = d. In other words, a collision occurs whenever the centre of one molecule enters a sphere 

of radius d  around the second molecule. For an incident reactant molecule this sphere presents an 

effective area centred around its collision partner, into which its centre must enter for a collision to 

occur. The physical size of the collision partners therefore determines the collision cross-section. The 

collision cross-section Gc can be defined as the constant of proportionality such that:

Y  = (420)

Where A, is the mean free path and n^ is the number density of the collision partner. As can be

seen ft’om Equation 4.20 above, increasing the collision cross-section has the effect of increasing the 

chances of a collision occurring. This is quantitatively observed as a reduction in the distance the 

reactant travels before colliding (the mean free path).

For real molecules the collision cross-section can be considered in terms of the impact 

parameter b. The impact parameter may be defined as being the distance of closest approach of the 

particles in the absence of an interaction between the two collision partners. As can be seen from 

Figure 4.6, if one considers the incident ion trajectories having impact parameters in the range b to 

b-¥db and assuming cylindrical symmetry of the ion flux, then the ion trajectories have to pass through 

an annular volume of radius b and thickness d6 in a plane perpendicular to the original direction of
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motion. Any trajectory with a relative separation vector R inside the area of the annulus will result in a 

collision. Hence, this gives an element of the collision cross-section dOc where:

doc = (4.21)

Integrating Equation 4.21 for aU values of the impact parameter up to a maximum (̂ max ) that wiU 

result in a collision at a given collision energy gives:

G c ~ ^  m̂ax (4.22)

For example, in the hard sphere model b^x is equal to the hard sphere diameter d, giving a hard sphere 

collision cross-section Gc —nd^.

Stationary
target

stationary
target

Figure 4.5 Collisions between identical non-interacting hard spheres of diameter d. (a) A collision does not occur if  the 

impact parameter b is greater than d the hard sphere diameter, (b) If J  > £» then collision occurs with a 

deflection angle %.
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d b

A nnulus

F igure 4 .6 Schematic representation o f the trajectories of collision partners having impact parameter in the range b to 

b+db, forming an annular area of radius b and thickness àb.

4.3.4 The centrifugal barrier and intermolecular potential

In reality molecules are not hard spheres. The collision partners are subject to attractive and 

repulsive forces, these forces have a considerable effect upon the trajectory of a pair of colliding 

particles and the energetics of the collision process. This is best illustrated by the fact that a collision 

event may still occur between two particles where the intemuclear separation at the point of closest 

approach is greater than the sum of the atomic radii of the collision partners. The contrast of this 

situation to the situation of the non-interacting hard sphere model of atomic collisions is shown in 

Figure 4.7.

The relative motion of two reactant species can be specified in terms of a relative position 

vector R  of magnitude R, aligned at an angle \j/ with respect to a fixed direction as shown in Figure 4.7. 

The presence of the intermolecular forces directly affects both the separation R of the two reactants 

and the orientation angle \\f. The magnitude of the interspecies separation with time R(t), describes the 

approach of the reactants and the subsequent separation of the reaction products. However, to fully 

describe the reaction dynamics and relative position of the species, it is also necessary to consider the 

angle of the relative orientation \\f of the reactants with respect to a fixed direction. The necessity for 

this is that the relative rotation of the reactants, that is the change in the orientation angle \j/ with time, 

results in a net reduction in the energy available for reaction. The moment of inertia of the reactants is 

given by /  = hence, the smaller the interspecies separation, the lower is I  and by virtue of the 

conservation of angular momentum (/co) the higher will be the angular velocity O). Hence, by
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reducing R  and thereby increasing (O the net effect, as demonstrated in Equation 4.23, is to increase the 

rotational kinetic energy Er

E r  =
dr

(4.23)

As the two reactants converge, there is therefore an effective reduction in the amount of kinetic 

energy available to overcome the potential barrier V(R). We see the relative rotation itself acting as a 

barrier to reaction which prevents the two reactant species from getting as close as would be possible if 

CO had zero value. Hence, the total collision energy E j is the sum of the relative kinetic energy and the 

potential energy as given in Equation 4.24:

Et = T  + V( R)  = ^
V dry 2

(4.24)

O

V'

Figure 4.7 The trajectory in the centre-of-mass frame of a collision between two ‘real’ particles at impact parameter b, 

relative velocity v and reduced mass p. The relative separation R (t) can be viewed as the path taken by 

particle o f mass p, and initial velocity v, when deflected by a potential V(R) centred on the stationary target at 

O.

Note, the kinetic energy is expressed as two terms in Equations 4.23 and 4.24. This is 

explained as arising because the kinetic energy is defined in terms of the relative position vector R(t). 

Consequently, as the colliding particles approach one another, R(t) changes with time and the kinetic 

energy term therefore requires two terms. Firstly, a term that corresponds to the magnitude of the 

relative separation of the colliding species, and secondly, a term corresponding to the changing 

direction ij/ of the relative position vector.
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From Appendix 4, consideration of the angular momentum L of the relative motion gives a 

relationship between the angular velocity co and the impact parameter b:

L -  |Xvè = /co = |Li/? (̂0 (4.25)

Hence, from Equation 4.25 we get:

(0 =
vb

(4.26)

If the collision partners are at initial separations large enough so that the potential energy V(R) has zero 

value, the total energy of the collision Ej may be described purely in terms of the initial relative velocity 

V and the reduced mass p,:

 ̂ (4.27)Et ”  2

Therefore, by substituting the expressions for co given in Equation 4.26 into Equation 4.24 we get:

E j = T + V{R)  = ^
dt

2 , 2p
2 R^

+ V(R)

Equating the two expressions for Et in Equations 4.27 and 4.28 gives:

El — Ej +
dt

+ V(R)

(4.28)

(4.29)

Thus, the energy of rotation acts to reduce the kinetic energy available to overcome the intermolecular 

potential. A convenient representation of the effective kinetic energy, which is sometimes known as the 

line o f centres energy, is therefore obtained by rearranging Equation 4.24 to give:

R^)  2 1 dr
+ y ( ^ ) (4.30)

Hence, the motion of the approaching particles may be viewed as the motion of a particle of mass p, in 

a potential V(R) with an effective kinetic energy .

An alternative perspective combines the energy of rotation (centrifugal energy) and the 

potential energy, such that the centrifugal energy acts as a repulsive contribution to an effective 

potential Veff giving:

V^{R)  = V(R)  + E , ^  (4-31)

The energy of rotation therefore contributes to Veff, which acts as a repulsive potential to prevent the 

close convergence of the collision partners and is hence termed the centrifugal barrier to reaction [23].

dr
(4.32)

From Equation 4.31 it is clear that as the colliding partners approach each other, the effective 

potential increases. As the total collision energy is conserved, the increase in Vgff necessarily leads to a 

fall in the kinetic energy term in Equation 5.32. Ultimately, the colliding particles reach their smallest
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separation Rq, often known as the distance o f closest approach or turning point. At Rq the kinetic 

energy term is zero. Hence, the total collision energy is, at this point, equal to the effective potential, 

thus enabling Rq to be determined from the implicit equation in Veff [23].

(4.33)

4.3.5 The reaction cross-section

The reaction cross-section o^j may be defined in terms of the reaction rate constant such that:

W=VQrxn (4.34)

This relationship can be used to give a qualitative measure of the likelihood of reaction by considering a 

beam of the incident reactant A of number density Aa passing through a reaction cell containing the 

collision partner B of number density Nq. The loss of the reactant species A in the beam is given as the 

rate of reduction in beam intensity /a with distance travelled in the cell

= K v) A a A b =  /A(^)ABarxn

where /a  (%) is the intensity of the beam of reactant species A at position x.

In a simplified model it is possible to estimate the reaction cross-section by assuming that every 

collision results in reaction. This is clearly a gross over-simplification as there are many other possible 

outcomes of a collision such as non-reactive scattering and electron-transfer to name but two. 

Consequently, Qc > anm-

It is possible to define the likelihood of a collision event leading to reaction as a function of the 

impact parameter b. We define the opacity function as the fraction of collisions with impact 

parameter b that result in reaction. Hence, 0< P ( b ) < \ .

As stated in section 4.3.4, the centrifugal barrier effectively acts to keep the reactant molecules 

apart, preventing reaction. Hence, ignoring possible steiic effects, the reaction is favoured for small 

impact parameters. In other words, P(b)-^ 0 for high values of b. It is therefore possible to define a 

limiting condition, that is a reaction will not take place if the impact parameter exceeds a certain 

magnitude Collisions involving reactants having impact parameters greater than brmx will not lead 

to the reaction taking place. Hence, the opacity function P(b) has zero value if the impact parameter 

exceeds b^^.

The inclusion of the opacity function into the equation for the collision cross-section yields the 

reaction cross-section Qrxn, thus:

=2nbP{b)db (4.36)

Hence, giving:
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^  rxn = 2ti J  bP{b)db (4.37)
0

where the opacity function P(b) is given by;

f (6 )  = 0 , ( 6 > 6 _ , )

The above derivation of the reaction cross-section Gnm may be treated quantum mechanically. With the 

reaction probability defined for each value of the quantum number /, this gives:

1=0

where is the de Broglie wave number [23] and P(l) is the probability of reaction for a given

value of 1. In the case where many I values provide a contribution to the reaction it is possible to use 

the semi-classical correspondence bks ~ (/ + 0.5) to convert the summation over I to an integral over b. 

This treatment results in Equation 4.37.

4.3.6 Collision energy-dependence and the intermolecular potential

As mentioned in section 4.3.4 the collision energy must be of sufficient magnitude to overcome 

the centrifugal barrier to allow a reaction to proceed. Central to deterrnining the kinetic energy 

available for reaction is the role of the intermolecular potential V{R) between the reactants. A 

prototypical form of the intermolecular potential is given by:

V( R)  = - ^  (4.40)

As previously defined, the effective potential is given by:

Hence substituting Equation 4.40 into 4.41 gives:

(4.41)

(4.42)

Simple differentiation of Equation 4.42 above yields /?max,

(4.43)

The parameter is simply the value of R that corresponds to the maximum of the effective potential 

Veff. This gives a criterion for reaction, namely that the reactants have non-zero kinetic energy at /? = 

/?max. That is, using Equations 4.29 and 4.32:

R-
Ej  — V{R)  -  Ej >0 (4.44)

As can be seen from Equation 4.44, increasing the impact parameter for a given value of Ej  

has the effect of lowering the kinetic energy, available at /? = of the reactants. This provides the
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means of defining another parameter, that is the largest value of the impact parameter, 6max for which 

the molecules may overcome the effective potential and undergo reaction. This results in the condition 

for reaction reverting to the form of Equation 4.45.

E ^ - V { R ) - E ^ =  0 (4.45)

Hence, having obtained an expression for b̂ ax the reaction cross-section may be obtained using 

Equation 4.46, which is derived fi-om Equation 4.37 above.

a ^ = 2 n p ] b - ^  = nP b l^

A general form of the intermolecular potential is given by Levine and Bernstein [23] as Equation 4.40.

Incorporating Equation 4.40 into Equation 4.43 gives /̂ max for values of 5 > 2, in Equation 4.40.
2

r l . =
sC

2Ejb'

( s - 2 ) (4.47)

Hence, using the above Equations, the reaction cross-section Gnm is given by:

r c f
V

with a constant of proportionality ^ ( s j  [23] given by:

s - 2 - (  s - 2 ) / s

(4.48)

(4.49)

For the special case of reactions between ions and neutral species, the form of the reactant 

intermolecular potential is that of a simple polarization function. Hence, 5 = 4, and Q  = o/2. Using 

these in Equation 4.48 one obtains the reaction cross-section in the form of the Langevan cross-section 

o 'l g s  [24]:
/  \ 0 . 5

^2 a1  (4.50)
^LGS p

This theoretical collision cross-section, first postulated by Gioumousis et al in 1958 [24], has 

an energy dependence in accordance with empirical results taken at low collision energies (Ej < 0.01 

eV). The use of theoretical reaction cross-sections such as the Langevan cross-section allows a 

comparison with empirically-determined reaction cross-sections. Hence, any differences in the collision 

energy-dependence of theoretical and experimentally-determined cross-sections may be ascertained. 

Such differences may provide information regarding the reaction mechanism. An example of this is the 

work of Armentrout et al [25-29], where the Qlgs Langevan cross-section is compared to the observed 

cross-sections for the reactions between molecular cations, including the nitrogen cation, and 

deuterium, hydrogen and deuterium hydride neutral targets. Analysis of the collision energy- 

dependence of the reaction processes yields important information such as possible isotope effects, the
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possible formation of a reaction complex and the form of the intermolecular potential, in addition to the 

nature of the reaction mechanism.

The presence of a threshold energy adds a further obstacle to reaction. In such cases, the 

previous kinetic energy requirement is adapted to include the threshold energy replacing Equation 

4.29 with the requirement that at some separation d  the kinetic energy of the reactants is greater than 

the threshold energy. Hence,

>0

The maximum value of b that satisfies Equation 4.51 is given by:
/

b = dmax 1 - ^
V y

(4.51)

(4.52)

this gives the following expression for the reaction cross-section:

^ rxn(^T ) =  0 ,(E ^  >  E^)  (4.53)

4.4 Reaction Mechanisms
A chemical reaction necessarily requires a rearrangement of the atoms making up the reactants 

into the configuration of the reaction products. A chemical reaction performs the rearrangement in a 

specific sequence of steps, this is known as the reaction mechanism. Reaction mechanisms may be 

divided into two broad classes. Firstly, ‘direct’ and secondly, ‘complex’. The two classes of reactive 

pathway differ greatly, both in the dynamics of the reaction products and their reaction cross-sections.

4.4.1 Direct Reaction Mechanism

Consider the reaction A + B —> C -i- (D ) . As the name implies, the direct reaction mechanism 

features a straightforward transfer of part or all of reactant B to reactant A. The product formed is 

molecule C. If only part of reactant B is transferred, then product D is the remnant of the untransferred 

part of B.

The most striking feature of direct reactions is the absence of the formation of a reaction 

(collision) complex. A complex is, in its simplest form, a short-lived species formed from the union of 

the two reactants. Hence, the absence of the complex ensures that the products of the reaction are 

scattered with a characteristic distribution of trajectories. The scattering angle % is defined as the angle 

between the scattered reaction product and the line of the original reactant trajectory.

The products of the reaction maybe scattered forwards, that is % < 90, or backscattered, 

180^ > % > 90®, as shown in Figures 4.8 and 4.9 below. Such distributions are caused by differences
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K + I ^ - ^ K I  + I 

K + ICH3->KI + CH3

in the reaction dynamics, that is the values of the impact parameter that result in reaction. For example 

consider the two reactions [23] given by Equations 4.54 and 4.55

(4.54) 

(4 55)

In the case of Equation 4.54 the K3 product is forward scattered, whereas the KI product in 

Equation 4.55 is largely backscattered. This may be qualitatively explained by the fact that the opacity 

fonction P(b) for the reaction between K and I2 has high values {P(b)-^\) for impact parameters out to 

relatively large values. At these large impact parameters the K atom literally picks up the I atom and 

because the impact parameter is large, the deflection of the recoiling products will be small, that is the 

KI product is forward scattered. This type of reaction is known as an impulsive or spectator-stripping 

mechanism.

The reaction between K and ICH3 is characterised by the backscattering of the KI product, in 

this case the reaction dynamics are such that the opacity function is only of significant value at low 

values of b. Hence, only near head on collisions will result in reaction. These head on collisions result in 

the rebound of the KI product % > 90°. Reactions of this type are thus described as occurring via a 

rebound mechanism.

As discussed above in section 4.3.3 (Equation 4.22), the magnitude of the reaction cross- 

section is strongly dependent upon Z?max, that is the maximum value of the impact parameter that still 

results in reaction. Therefore, because the spectator-stripping mechanism is characterised by large 

impact parameters, the cross-sections for reactions proceeding by this mechanism are relatively large. 

In contrast to this, the cross-sections for reactions involving a rebound mechanism are, as a result of 

the smaller impact parameters associated with this mechanism, very much smaller.

Backward scattering (180>%° >90)

ICH

KI Scattering 
direction

Figure 4.8 The distribution of the backscattered KI produced in the (rebound) reaction between K and ICH3 .
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KI Scattering 
direction

Forward scattering (90 > % ° )

K

Figure 4.9 Tlic distribution of tlie forward-scattered KI produced in the (spectator-stripping) reaction between K and I2.

4.4.2 Complex formation

By contrast to the direct reaction mechanism, the complex forming mechanism, also known as 

the compound collision mechanism, features the formation of a reaction intermediate or complex. For 

example, in the reaction given by Equation 4.56 [30], the complex formed is [HOH].

O + H 2 [HOH] OH + H (4.56)

The lifetime of such an intermediate is usually of the order of T > 10'*̂  s compared to the 

reaction time of < 10''^ s for the direct type mechanism. The relatively long lifetimes of these states are 

of the same order as the rotation period of a typical complex. Hence, the complex may undergo several 

rotations before it fragments. By this time the recoiling fragments will have no ‘memory’ of the original 

trajectories and the fragments will be scattered with no particular distribution at all angles, both 

backwards and forwards.

4.4.3 Factors affecting the reaction mechanism

Several factors influence the nature of the reaction mechanism, that is whether the reactants 

form a complex or alternatively react via a direct mechanism. Key factors include the energy of the 

reactants, inclusive of the translational, electronic and vibrational state of the reactants, together with 

the potential energy surfaces and the structural complexity of the reactants.

As stated above, the electronic state of the reactants influences the reaction mechanism. For 

example, the reaction given in Equation 4.57 proceeds via the complex-forming mechanism at collision 

energies below 5 eV.
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0 ; ( X % )  + H , ^ 0 , H * + H  (4,57)

Whereas, the same reaction with the molecular oxygen cation in the (A excited electronic state 

proceeds via a direct mechanism at the equivalent collision energies [31]. In common with the 

electronic state energy, the vibrational energy may also have a strong influence upon the reaction 

mechanism. For example, the same reaction between (X ^Ilg) and H2 proceeds via a complex 

mechanism at collision energies below 5 eV for vibrational states v = 0-4. In contrast, for reactants 

having the same collision energy, but large amounts of vibrational energy (v > 19), the reaction 

proceeds via a direct mechanism [32]. These observations strongly suggest that the total energy of the 

reactant is of greater significance than either the internal or translational energy.

The criterion for the formation of a complex can be qualitatively explained by the presence of a 

well in the potential energy surface. As can be seen from Figure 4.10, reactants having insufficient total 

energies £tot, where the total energy is the sum of the collision (translational) energy, Emms, and the 

internal energy Em, to pass through the well, will form complexes such as HOCO in the case of the 

reaction between atomic hydrogen and CO2. Reactants possessing sufficient total energy wiU pass 

through the potential well and react by a direct mechanism.

Ftot = Eirans +£int (4.58)

In addition to the potential energy surface, the complexity of the reactants also determines the 

nature of the mechanism. Highly complex reactants favour the formation of reaction complexes, as the 

many vibration modes associated with a complex reactant provide an efficient means of dissipating the 

collision energy before the energy can be localised in a fissile bond. This greatly increases the lifetime of 

the reaction adduct, which therefore favours the formation of a complex.

>-occ

60 UU H'
/

/
/

HO C O

"'x  H , ,
OH(̂ n)»COfn

U ' /

/
/

/

25

R E A C T I O N  C O O R D I N A T E

Figure 4.10 Schematic illustration of the potential well in the H + CO2 collision system and estimated structures of the 

HOCO complex [33].
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4.5 Isotope effects
4.5.1 Definition of an isotope effect

The course of a chemical reaction may be significantly altered as a result of a subtle difference 

in a physical property of the reactants. In the special case of a reaction process being altered as a result 

of a reactant being substituted with its isotopic analogue, this phenomenon may be described as an 

isotope effect. Isotope effects have been the subject of considerable investigation [16,19,25- 

29,31,32,34-43]. The primary motivation for studying isotope effects, particularly in the field of gas- 

phase ion-molecule reactivity, is that such effects offer the experimentalist a powerful probe with which 

to investigate the reaction mechanism.

A common factor causing an isotope effect is the zero-point energy (ZPE) of the reactant. The 

ZPE is strongly dependent upon the masses of the atoms comprising the reactant molecule. For 

example, the ZPE of H] is 26.1 kJ mof' which is 7.6 kJ mol'^ higher than the ZPE of D2. As most 

reactions are performed at, or below, room temperature, most H2 and D2 molecules would be at their 

zero-point levels. Consequently, as the majority of H2 molecules have 7.6 kJ mol'^ more ZPE than the 

D2 molecules, reactions involving H2 tend to be more rapid than equivalent reactions with D2, and, 

hence, are characterised by larger reaction cross-sections [44].

4.5.2 Categories of isotope effect

Isotope effects may be divided into two main types. Firstly, the intermolecular isotope effect. 

This type of isotope effect may be observed as a change in the cross-section of a given reaction process 

when a reactant is substituted by its isotopic analogue. For example, consider the H atom transfer 

reaction between argon cations and hydrogen molecules, which is one of the most thoroughly 

investigated gas-phase reactions [27] (Equation 4.59). The presence of an isotope effect for this 

collision system may be revealed by performing the reaction with an isotopic neutral reactant, in this 

case deuterium molecules (Equation 4.60) and deuterium hydride (Equations 4.61 and 4.62). If an 

isotope effect operates in the reaction process then the cross-section of reaction 4.59 would, as 

discussed above, be expected to be greater than that of reaction 4.60 and the sum of the cross-sections 

for reactions 4.61 and 4.62.

Ar + H 2 —̂ ArH^ + H (4.59)

Ar^ + D 2 ArD^ + D (4.60)

Ar^ + HD ArH^ + D (4.61)

Ar^ + HD -> ArD+ + H (4.62)
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In the above reactions, no intermolecular isotope effect is observed. However, in the analogous 

reactions involving a krypton ion as the charged reactant (Equations 4.63-4.66), a significant isotope 

effect is observed [26].

Kr̂  + H 2 —̂ KrH -h H (4.63)

Kr̂  + D 2 —> KrD  ̂+ D (4.64)

Kr^-hHD-^KrH^+D (4.65)

Kr^-hHD->KrD^+H (4.66)

The results indicate that the ratio of the cross-sections a  (H2): a (HD): a  (D2), where a is 

the cross-section of the appropriate reaction (4.63 or 4.64) and o  (HD) is the sum of cross-sections for 

reactions 4.65 and 4.66, is approximately 1.0: 1.8: 0.8. The ordering of the cross-sections a (HD) > 

a (H2) > a (D2) signifies that the intermolecular isotope effect cannot simply be ascribed as a mass 

(zero-point energy) effect. One possible explanation is that the anisotropic potential surface of the Kr"̂ - 

HD collision system enables the coupling of rotational and electronic degrees of freedom in the 

entrance channels of reactions 4.65 and 4.66, which affects the ability of the reactants to pass through 

the avoided crossing with the Kr + HD  ̂channel. The anisotropy of the potential surfaces is caused by 

effects in the orientation of the heteronuclear HD [41].

Intermolecular isotope effects, or their absence, can provide much information regarding the 

mechanism of a reaction process. For example, consider the general reactions 4.67 and 4.68, having 

cross-sections a (H2) and a (D2) respectively.

-h H2 -> AH" + H (4.67)

A"-hD2- >AD"+D (4.68)

If the values of o (H2) and a (D2) were plotted as functions of the centre-of-mass collision energy and 

found to be the same then this absence of an isotope effect is consistent with the operation of a direct 

reaction mechanism [32]. Furthermore, if the cross-sections are plotted as functions of the pairwise 

energy Ep.^, given in equation 4.69, then the absence of an isotope effect indicates that the reaction 

proceeds via a spectator-stripping mechanism, discussed in section 4.3.1.

E . = E  ----------------------   (4.69)
p iu r  c o m  ^  ) ( " Î h (D )  +  " ^ H ( D )  )

where M  =  (mA+mHp)+mH(D)) and Ecom is the centre-of-mass collision energy. Additionally, the absence 

of an isotope effect in reactions 4.67 and 4.68, may point to the lack of an energy barrier to the transfer 

of H(D ). Isotope effects in the FT(D ) transfer reactions are expected if a Landau-Zener style 

mechanism [17,18] operates. The reason for this is that the Landau-Zener theory which involves an 

energy barrier to H(D ) transfer, predicts that the lighter IT ion tunnels through the barrier with greater 

efficiency than the relatively heavy D ion. Hence, the presence of isotope effects provides a means of 

determining the applicability of the Landau-Zener theory to H (D ) transfer reactions.
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The second type of isotope effect is the intramolecular isotope effect [33,36-38,41,42]. This 

type of isotope effect is encountered in situations where a reactant molecule is, either partly or wholly, 

composed of a combination of different isotopic atoms. For example, the most commonly used 

reactant of this type is deuterium hydride (HD), which is used in place of both H2 and D2. Other 

examples include NDH2, CDH3 and other partly deuterated hydrocarbons. The use of a reactant like 

HD in place of H2 or D2 provides an added dimension for the reaction process. That is, reactants like 

HD necessarily place two isotopic reactant atoms at the reaction site, thereby offering a choice of 

reaction outcomes, providing an intimate probe of the reaction process. For example, consider the 

reaction between krypton and HD (Equations 4.65 and 4.66). An imbalance in the branching ratio of 

the two product ions reveals the operation of an intramolecular isotope effect [26]. In this case, the 

formation of the deuterated product (Equation 4.65) is marginally favoured at centre-of-mass collision 

energies below 0.03 eV. Between 0.03 and 0.1 eV the KrlT" product dominates the product ion yield; 

at collision energies beyond 0.1 eV the isotope effect diminishes, giving a branching ratio of unity 

value.

At the lower collision energies (Ecom < 0.03 eV), statistical effects favour the deuterated 

product. Such statistical effects are caused by the closer spacing of vibrational and rotational energy 

levels in the case of KrD^. At intermediate collision energies, an attractive ion-induced dipole 

interaction exerts a torque on the HD molecule as it approaches the reactant ion. This torque, which 

arises as a result of the different positions of the centre-of-mass and the centre-of-polarization along the 

H-D bond, tends to rotate the HD molecule so that more collisions occur in the [Kr-H-D]^ 

configuration rather than in [Kr-D-H]^ configuration, therefore preferentially forming the hydrogenated 

product. At higher collision energies (Ecom >0.1 eV), this orientation effect becomes less significant as 

the increased collision energies allow insufficient time for the rearrangement of the HD molecule into 

the [Kr-H-D]^ configuration. Hence, at such high collision energies, the orientation of HD with respect 

to the reactant ion is essentially random, resulting in equal yields of KrH^ and KrD^ product ions.

4.6 Conclusion
The experimental investigation of the gas-phase reactivity of doubly-charged molecules with 

neutral molecular targets is a comparatively new and expanding field of research. In general, theoretical 

studies play an important role in supporting experimental investigations, just as the experimental results 

offer a means of gauging the applicability of theoretical models. Hence, in situations where there is a 

paucity of comparative data, as is the case of the gas-phase reactivity of doubly-charged molecules with 

neutral molecular targets, the importance of related theoretical information must not be 

underestimated.
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The subjects discussed in this Chapter are all important in gaining an understanding of reactive 

processes. The Landau-Zener model provides a means of gauging the likelihood of electron-transfer 

reactivity. Indeed, this predictive tool allows the probability of a particular channel of electron-transfer 

reactivity to be estimated. The dynamical calculations of ion-molecule interactions provide a theoretical 

rate constant, and from this the Langevan cross-section a benchmark of ion-molecule reactivity, which 

allows a comparison to be made with experimental results. Finally, the proposed reaction mechanisms, 

described above, present a physical picture of the reaction processes.
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Chapter 5
Electron-transfer and bond-forming reactions between and H2/D2

5.1 Introduction
Previous investigations of the gas-phase reactivity between molecular dications and neutral 

molecules have, as mentioned in Chapter 1, concentrated mainly on the reaction channel involving 

single charge (electron) transfer from the neutral to the dicationic reactant [1-5]. However, other 

dication-neutral collision systems display other types of reactivity, such as collision-induced charge- 

separation (dissociation) [6] and collision-induced neutral-loss [7]. In addition to these reaction 

channels several dicationic reactants exhibit significant cross-sections for bond-forming reactivity with 

neutral diatomic targets [8,9].

To date, experimental investigations of the bond-forming reactivity between molecular 

dications and neutral species have been scarce, principally involving the identification of the product 

ions formed in collisions between molecular dications and neutral molecular collision partners using 

mass spectrometry. The bond-forming reaction that has received the most attention has been that 

between the dication and D] [8-10]. This collision system has been shown to undergo the bond- 

forming reaction given by Equation 5.1:

CF^++D,->DCF;+D+ (5.1)

in addition to dissociative and non-dissociative electron-transfer reactions.

In the previous Chapter, isotope effects were considered from a theoretical perspective. Such 

isotope effects offer a powerful probe of the dynamics and mechanism of a chemical reaction. Hence, 

substituting H2 in place of D2 as the neutral collision partner in reactions with CF2̂  ̂should provide an 

insight into the reaction mechanism, by comparing the relative cross-sections of the electron-transfer 

and bond-forming reaction channels for the two collision systems. This investigation of the relative 

reactivity of the two collision systems may be performed simply by using mass spectrometric methods 

rather than measurements of the product ion scattering angle distributions.

Previous studies of electron-transfer reactivity [11] between monocations, such as Ar"̂  and N2"̂ 

with neutrals such as H2O and D2O over a similar range of collision energies to those in the 

experiments presented in this thesis (3-13 eV in the laboratory frame), have revealed only slight isotope 

effects when isotopically substituted target gas reactants are used. These isotope effects are principally 

caused by differences between the vibrational levels of D2 and H2. Such differences in the vibrational 

energy cause subtle changes in the reaction exothermicity. As can be seen from figure 5.1, the reactant 

and product potential surfaces for electron-transfer between a monocationic species and a neutral are 

similar, as both are dominated by polarization attraction [12]. Because of this similarity between the 

potential surfaces, the Landau-Zener theory predicts efficient charge transfer reactivity only for
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collision systems having small differences in their asymptotic energy, that is a small reaction 

exothermicity. Hence, although the energetic differences in the vibrational levels are small, they 

nevertheless may dramatically affect the electron-transfer reactivity.

The product and reactant potential surfaces for single electron-transfer in dication-neutral 

collision systems are fundamentally different to those of monocation-neutral collision systems. For 

dication-neutral systems the product potential is dominated by Coulombic repulsion, whilst the reactant 

potential is largely dominated by the polarization attraction [12]. The dissimilar potential surfaces result 

in efficient electron-transfer reactions having a significant exothermicity. Consequently, the small 

differences in reaction exothermicity that are caused by the differences in the vibrational energy content 

of the H] and D2 neutral targets (<0.15 eV) do not significantly affect the efficiency of the electron- 

transfer reaction. Hence, a comparison of the relative intensities of the products of bond-forming and 

electron-transfer reactions involving Cp2̂  ̂with H2 and D2 collision systems will indicate if an isotope 

effect is in operation in the bond-forming process. This information provides a probe of the bond- 

forming reaction mechanism.

1

A  A AE, 

Æ 2

Interspecies separation

Figure 5.1a Schematic reactant and product potential energy curves for an electron-transfer reaction between a 

monocation and a neutral target. The relatively low reaction exothermicity (AFi) allows curves A and B 

to cross permitting reaction. In contrast, the high value of AE2 prevents the crossing of curve C with 

either A or B, therefore preventing reaction.
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Figure 5.1b Schematic reactant and product potential energy curves for an electron-transfer reaction between a 

molecular dication and a neutral target.

5.2 Experimental details
A detailed account of the experimental methodology employed in the mass spectrometric 

measurements is given in Chapter 2. However, for this particular collision system, the pressure of the 

target gas was set at a gauge value of 2x10"^ Torr rather than the usual value of 4xlO"^Torr. 

Despite the fact that this value is half that of the usual value for non-hydrogen collision partners, the 

actual number densities of the target gases are in fact the same in each case. The pressures of hydrogen 

and deuterium gas targets are set at the lower value as a result of the insensitivity of the ion gauge to 

H2/D2 [13]. This insensitivity arises because of the higher ionization potentials of the hydrogen (and 

deuterium) targets relative to those of other gases such as ammonia, meaning that the gauge reads low 

for H2, D2 and HD gases.

Previous work [14] has indicated that the yield of the Cp2'̂  product ion may be highly sensitive 

to the presence of excited electronic states of the reactant dication in the ion beam. Hence, to ensure 

that the electronic state distribution in the dication beam is the same throughout the course of the 

experiment, the operating conditions of the ion source are strictly controlled so as to be constant during 

the experiments [12].

5.3 Results and Analysis
Time-of-flight mass spectra were recorded following collisions between the dication and 

neutral reactants at laboratory frame collision energies in the range 3 to 13 eV, which corresponded to
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centre-of-mass collision energies of -0.2 to 1 eV for the dication/D], and -0.1 to 0.5 eV for the 

dication/H] collision systems. The resulting TOP mass spectra indicate the presence of CF^, 

XCF]^, X 2  ̂and (X = H or D) product ions in addition to that of the unreacted dications. Sections 

of representative time-of-flight mass spectra are shown in Figures 5.2 a and b.
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Figure 5.2 Sections of representative time-of-flight mass spectra showing the reaction products formed in collisions 

of the Cp 2 * molecular dication with (a) H2, and (b) Eh neutral collision partners, recorded at centre-of- 

mass frame collision energies of 0.50 and 0.74 eV, respectively.
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5.3.1 Assignment of product ions

As mentioned above, the TOP mass spectra indicate the presence of CF:^, CF^, XCF2̂ , and 

X^ product ions. Representative values of the background-corrected product ion intensities, recorded 

following collisions between CFz^  ̂and D2, at a centre-of-mass collision energy of 2.53 eV, are given in 

Table 5.1. Note, the table does not include the intensity of the X2"̂ and X^ ions. The reason for this is 

that the spectrometer has a low collection efficiency for ions formed from the neutral collision partner, 

so an accurate determination of these ion’s intensities would be difficult to achieve. However, a 

number of mass spectra were recorded at various collision energies to determine, qualitatively, the 

presence of these ions. The TOF mass spectra also indicate the presence of a weak F^ signal. However, 

when corrected for background ions this F^ signal was not found to be a real product ion, and was 

therefore disregarded.

Table 5.1 Background-corrected intensities o f product ions formed following collisions between Cp2  ̂ and D2 at a

collision energy of 0.741 eV.

cr CF2+ DCF2+ CF:""
356 723 192 92348

The product ion intensities, such as those in Table 5.1, indicate that three types of reactivity are 

observed. Firstly, the CF2̂  product ion can only be formed as a result of non-dissociative electron- 

transfer (Equation 5.2). The second reaction process leads to the formation of CF^ which may be 

formed either by means of dissociative electron-transfer or by collision-induced charge separation 

(CICS). However, the absence of a real F^ signal in the mass spectra eliminates the possibility of the 

CF^ being formed in CICS reactions. Hence, the CF^ ion may be assigned as the product of a 

dissociative electron-transfer reaction (Equation 5.3).

A third type of reactive process, that leads to the formation of new chemical bonds, is also 

observed. This bond-forming reaction results in the generation of the XCF2̂  product ion. The 

observation of an X^ signal, together with the absence of any F^ or XF*", allows the formation of the 

XCp2̂  product ion to be unambiguously assigned to the reaction given by Equation 5.4. Finally, the 

lack of any doubly-charged product ions in the mass spectra signifies that no collision-induced neutral- 

loss (CINE) reactivity occurs for the CF2^%2 collision system at the energies employed in these 

experiments. This observation is in accord with the previous investigation of the gas-phase reactivity of 

CF2̂  ̂ with D2 [8]. The low probability of the ^ 2̂"̂ molecular dication undergoing a CINL reaction 

may be explained by the fact that the CF2̂ '̂  dication, being isoelectronic with CO2, has tightly bound F



atoms. In contrast, other perfluorinated dications, such as and SF4̂ '̂ , have some weakly bound F 

atoms and, hence, relatively large CINL reaction cross-sections [4,5,15].

C F f + X j ^  CF; + [X + X]* (X = H, D) (5,2)

C F f + X j -> CF* + [X + X f  + F (X = H, D) (5.3)

d f  * + Xj ^  XCF; + X* (X = H ,D) (5,4)

5.3.2 Product ion intensities

The relative intensities of the XCF]^ ion, produced by the bond-forming reaction, and the CF]"̂  

ion, produced by non-dissociative electron-transfer, are listed in Table 5.2 as a fonction of the centre- 

of-mass collision energy. This ratio is independent of the target gas number density and the incident 

dication beam current. In addition, this ratio should indicate whether an intermolecular isotope effect is 

in operation in the reaction process, as the cross-section for electron-transfer and therefore the CF]^ 

yield is, as discussed below, expected to be similar for reactions between CF]^ and both H2 and D2 

[11]. As described below, this ratio is a powerful probe of the collision energy-dependence of the 

bond-forming reactivity of this collision system.

Tables 5.2 Background-corrected relative intensities of the bond-forming and electron-transfer product ions, as a 

function of the centre-of-mass collision energy (Eœm), formed in collisions between C V i*  and H2 (Dz). 

The uncertainties in the ratios are given in parentheses. Note, as will be shown later these relative 

intensities are a good representation of the relative cross-sections for the bond forming and electron- 

transfer reactions

Ecom /eV / ( h c f ; )
/(CF^)

Ecom /eV / ( d c f ; )
/ ( c f ;>

0.115 0.503(±0.107) 0.222 0.362(±0.051)

0.192 0.339(±0.051) 0.370 0.349(±0.029)

0.269 0.350(±0.043) 0.519 0.294(10.029)

0.346 0.380(±0.057) 0.667 0.267(10.013)

0.423 0.342(±0.051) 0.815 0.252(10.025)

0.500 0.291(±0.044) 0.963 0.217(10.022)

As mentioned in Chapter 3, the effective detection efficiency of the product ions will depend 

upon their transverse velocity. Those ions having high transverse kinetic energies are detected less 

efficiently. As described above, a correction formula (Equation 5.5) may be used to obtain relative 

cross-section values for the bond-forming and electron-transfer reactions from ratios of the detected 

product ion intensities, such as those in Table 5.2.
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= = (5.5)
^  B ^B ^ B

where a  is the correction factor applied to the relative intensities, a  is the cross-section of a given 

reaction process, I  is the intensity of a given product ion, v is the transverse velocity of a given product 

ion, and L  is the transverse length of a volume of the interaction region imaged onto the ion detector, 

for reactions A and B.

In practice the masses of the product ions and XCp2̂  (X = H or D) are very similar, as are 

their transverse velocities and the values of the impulse given to the ions as a result of the reaction 

process. Hence, as the detection efficiency for the products of electron-transfer and bond-forming 

reactions are very similar, the correction factor a  is approximately unity. Representative values of the 

correction factor a  for the two collision systems are given in Table 5.3. Hence, in this particular case, 

given the experimental uncertainties, the ratio of the relative ion signal intensities as shown in Table 

5.2, effectively represents the ratio of the bond-forming and non-dissociative electron-transfer reaction 

cross-sections.

As described in Chapter 3, the values of the product ion and unreacted dication intensities are 

obtained by integration of the ion peaks of the time-of-flight mass spectra. Any contribution to the ion 

signals from background ions is calculated and subtracted using spectra recorded in the absence of the 

target gas.

Table 5.3 Relative detection efficiency correction factors (a ) for the bond-forming and electron-transfer products formed 

in collisions between with D2 and H2 at various centre-of-mass frame collision energies.

^com/eV cx(D2) a(H2)

0.1 1.050 1.080

0.2 1.045 1.067

0.3 1.047 1.061

0.4 1.055 1.057

0.5 1.088 1.055

Before the collision energy-dependence of the bond-forming reaction can be established from 

the ratio of the XCp2̂  and Cp2̂  product ion intensities, such as those listed in Table 5.2, it is necessary 

to consider the collision energy-dependence of the electron-transfer reaction leading to the formation 

of Cp2̂  which is contained in the ratio of the XCp2̂  and Cp2̂  intensities. Fortunately, the cross-section 

of the electron-transfer reaction that leads to the formation of Cp2̂  has been found, both by 

experimental observation and calculation [14], to be approximately constant over the range of collision 

energies used in this experiment. However, one factor that may cause an apparent isotope effect for
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this reaction system concerns the relative ease of ionizing the target molecule to a particular vibration 

level. Hence, if it is much more likely to ionize the H2 to a high vibrational level and D2 to a low 

vibrational level or vice versa, then the resulting differences in the exothermicity of the electron-transfer 

reactions could be large enough to cause significant differences in the cross-sections for electron- 

transfer reactions between Cp2̂  ̂ and D2/H2. The possibility of an isotope effect being caused in this 

manner can be gauged by considering the Franck-Condon factors (FCF) for the ionization process, 

which is a measure of the ease of vibronic transition from a neutral to a ionic electronic state. Such an 

ionization process is represented in Equation 5.6.

X2 (v”= 0) -> X2" (v = 0 ^ 8 )  + e (5.6)

The values of the FCF’s were found in the literature for both gases [16]. In addition to this, 

approximate values of the Franck-Condon factors (FCF’s) for the process of ionization of hydrogen 

and deuterium may be obtained from one of the many theoretical models [17-22]. One notable model 

that may be used to obtain approximate FCF values incorporates the Noumerov algorithm [22-24], 

which is used to find solutions of the one-dimensional vibrational Schrodinger equation. A detailed 

description of the methodology of the Noumerov algorithm, and the calculation of approximate FCF 

values using this method is given in Appendix 5.

The resulting calculated values of the FCF’s for the transitions given by Equation 5.6, where 

X2 is either H2 or D2, are listed in Tables 5.4a and b. The results also include values taken fi*om the 

literature [16]. As may be observed from Tables 5.4a and b, there is excellent agreement between the 

literature and the FCF values derived from the iterative calculation described above. The similarities in 

the FCF values for the ionization of H2 and D2 suggest that the probabilities of populating a given 

vibrational level are approximately the same for the two target species. Hence, there should be no 

significant differences in the reaction exothermicities. The fact that the detected intensities of the D2̂  

and H2̂  product ions are very similar provides evidence for the validity of the above conclusion.

Therefore, given the collision energy-independence of the electron-transfer cross-section, in 

addition to the similarities in the FCF values for the ionization of H2 and D2, the suitably corrected 

ratios of the XCF2̂  and CF2̂  product ion intensities provide a good representation of the cross-section 

of the bond-forming reaction. Hence, the collision energy-dependence of the bond-forming reaction for 

both the CF2̂ ^-H2 and CF2̂ ^-D2 collision systems may be seen in Figure 5.3, in which the 

background-corrected relative intensities of the XCF2̂  and CF2̂  products of the bond-forming and 

non-dissociative electron-transfer reactions are plotted as a function of the centre-of-mass collision 

energy.

91



Table 5.4a Comparison of calculated Franck-Condon factors for the ionizing transition H2 (v = 0) —> (v = 0 to 7),

with values taken from the literature [16].

Calculated FCF Literature FCF

0 0 0.0995 0.0871

0 1 0.1880 0.1555

0 2 0.2011 0.1793

0 3 0.1659 0.1515

0 4 0.1199 0.1193

0 5 0.0807 0.0879

0 6 0.0522 0.0624

0 7 0.0329 0.0434

Table 5.4b Comparison of calculated Franck-Condon factors for the ionizing transition D2 (v = 0) —> (v = 0 to 7),

with values taken from the literature [16].

^0. Calculated FCF Literature FCF

0 0 0.0404 0.0328

0 1 0.1114 0.0829

0 2 0.1659 0.1217

0 3 0.1798 0.1370

0 4 0.1599 0.1318

0 5 0.1241 0.1147

0 6 0.0871 0.0934

0 7 0.0564 0.0728

The relative intensities of the XCF]"  ̂and product ions, as listed in Table 5.2 and illustrated 

in Figure 5.3, show that the probability of forming XCF]^ is independent of which hydrogen isotope is 

used as the collision partner, indicating the absence of an isotope effect in the bond-forming reaction. In 

addition, the results show that the cross-section for the bond-forming reaction increases with 

decreasing collision energy.
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Figure 5.3 Collision energy-dependence o f the ratios o f the intensities o f bond-forming/electron-transfer 

product ions generated in the reaction o f with Hz (■ ) and Dz (O)neutral targets.

5.4 Discussion
5.4,1 Analogous reactivity and the applicability of the reaction window theory

Consider the bond-forming reaction between the dication and the neutral Dz target

C F r + D , ^ D C F ; + D +  (5.7)

This bond-forming reaction may crudely be considered as effectively arising via the transfer of a 

deuteride (D ) ion from the neutral D2 to the molecular dication. Analogous reactivity has been 

observed following collisions between transition-metal dications and small hydrocarbons such as C2H6 

[25]. In these reactions the metal dications abstract hydride ions from the neutral hydrocarbon as in 

Equation 5.8.

.2+Nb'++ -> NbH" + C^H; (5.8)

In an attempt to explain the reactivity of the transition metal dication/alkane collision system, 

the reaction process has been rationalized using a ‘curve crossing’ model based on the Landau-Zener 

theory of electron-transfer [26,27]. A full account of this theory is given in Chapter 4. However, in the 

case of bond-forming reactivity, instead of electron-transfer, the model is adapted to describe the 

transfer of a hydride (H ) or deuteride (D ) ion. This adapted Landau-Zener theory therefore treats 

hydride transfer in exactly the same manner as electron-transfer; that is the H7D' transfer is qualitatively 

viewed as the transfer of a heavy electron [25,28,29].
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As mentioned in Chapter 4, for the IT transfer reaction to proceed the reactant and product 

curves must intersect at an interspecies separation within a restricted range of values, this range is 

termed the reaction window. Analysis of the exothermicities and potential curves for reaction between 

transition metal dications and a variety of neutral alkane target molecules has indicated that the reaction 

window for the hydride-transfer reaction (bond-forming) lies in the range of 0.4 to 0.6 nm. This range 

is lower than that for electron-transfer. This difference was rationalized as being caused by the 

considerable difference in the relative masses of the transferred electron and hydride ion.

In the first investigation of bond-forming reactivity between molecular dications and neutral 

target molecules, Price et al [8] examined a number of molecular dication/neutral collision systems. It 

was found that many collision systems exhibited bond-forming reactivity. For those systems that 

exhibited bond-forming reactions the relevant crossing radii were calculated. The values of these 

crossing radii almost exclusively fell in the range of 0.17 to 0.69 nm, which, considering the 

uncertainties in the thermodynamic data used in the calculation offered good qualitative agreement with 

the predictions of the Landau-Zener model of the hydride-transfer reaction.

Despite the apparent similarity of the hydride-transfer reactions between transition metal 

dications and alkanes to that of molecular dications with neutral collision partners, a number of 

problems arise when the Landau-Zener model is applied to the bond-forming reactions between 

molecular dications and neutral targets. Firstly, not aU collision systems exhibit bond-forming reactivity. 

For example, the reaction between the nitrogen molecular dication and hydrogen has several possible 

bond-forming reaction channels such as:

(5.9)

However, no bond-forming reactivity is observed for this collision system, even though the 

exothermicities of the possible bond-forming reactions would place the curve crossing at a favourable 

position inside the reaction window.

The second problem with the applicability of the Landau-Zener model to bond-forming 

reactions concerns the dynamic effects caused by differences in the mass of the transferred reactant. 

The Landau-Zener model of the transfer of the hydride ion may be pictured as the tunnelling of the K  

between the potential wells of the neutral reactant and the dication at the intersection of the reactant 

and product potential energy surfaces. Logically, the Landau-Zener model suggests that a lighter 

particle, such as H should therefore be transferred with a greater efficiency than heavier particles such 

as D . Hence, this model of H7D transfer qualitatively predicts that the cross-section for the formation 

of the HCF]^ bond-forming product ion should be markedly greater than the corresponding cross- 

section for the formation of DCF]^ because of the greater efficiency of transferring the lighter IF ion. 

However , as can be seen from the results of our investigation (Figure 5.3), this work shows that at a
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given centre-of-mass collision energy, the ratio of the cross-sections of the bond-forming and the 

electron-transfer reactions is, within the experimental uncertainties, the same for both the CF2^%2 and 

Cp2^%2 collision systems. Hence, the bond-forming reaction cross-section is independent of which 

isotope of hydrogen is used as the collision partner. This observation clearly indicates an absence of a 

measurable isotope effect, contradicting the expected behaviour predicted by the Landau-Zener model, 

and therefore casts doubt on the applicability of this physical model of dication reactivity.

5.4.2 Mechanistic conclusions

As stated in Chapter 4, isotope effects are a powerful probe of the reaction dynamics. The lack 

of an isotope effect is consistent with the operation of a direct ( ‘spectator-stripping’) reaction 

mechanism in which the dication strips off the hydride ion from the neutral target as it passes it during 

the ‘collision’ [30,31]. If such a stripping-direct mechanism is operating, differences in the bond- 

forming reaction cross-sections may still be apparent if the cross-sections are plotted against the centre- 

of-mass collision energy. However, as described in Chapter 4, there should be no sign of an isotope 

effect if the cross-sections are plotted against the pairwise energy [11,32].

Consider the general reaction:

A+ + B C ^  AB+ + C  (5.10)

In the pairwise energy model the reaction is considered as occurring solely between the reactant ion 

(A) and the transferred part of the neutral reactant (B), the non-transferred fragment (C) of the neutral 

reactant is deemed as being unaffected by the reaction process. The centre-of-mass collision energy is 

given by:

g  _ + (5 ,n )
2 2(m  ̂ + mg + )

where m\ is the mass of I, and v is the magnitude of the relative velocity of the reactants |v^ -  Vg(.|. As

stated above, in the pairwise model, the untransferred fragment (C) does not affect the reaction 

process. Therefore, for reactions of this type the effective collision energy, the pairwise energy is 

determined from the kinematics of the reactants participating in the reaction process, in this case (A) 

and (B). Hence the pairwise energy is given by:

E -  (5.12)
2(m^+mg)

In the pairwise model, the relative velocity v is unchanged as vb = vbc. Hence, the substitution of 

Equation 5.11 into Equation 5.12 gives the pairwise energy in terms of Ecom-

E ■ = E  ---------- ^ ----------- (5,13)
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where M  = {rup, + me + wc). For a reaction of this type, no isotope effect is expected if only kinematic 

arguments are considered. That is, the reaction isotope effect disappears when the relative cross- 

sections for the bond-forming reaction are plotted with respect to the pairwise energy.

As can be calculated from Equation 5.13, in the case of hydrogen/deuterium neutral targets, the 

pairwise energy for the reaction between the and the neutral target, is within 2%, the same 

fraction of the centre-of-mass collision energy. Hence, in the case of the Cp2̂ % 2/D2 collision system, 

plotting the relative cross-sections of the bond-forming and electron-transfers reactions as a function of 

the centre-of-mass collision energy is effectively the same as plotting the relative cross-sections as a 

function of the pairwise energy.

The absence of any isotope effects in the reaction between Cp2̂  ̂and both H2 or D2, although 

consistent with the operation of a ‘spectator-stripping’ direct type reaction mechanism, is, in itself, not 

definitive, as the lack of an isotope effect does not eliminate the possibility of complexation although it 

means it is unlikely. However, this conclusion is consistent with those of a recent crossed-beam 

scattering experiment [9]. In this experiment, which measured the scattering angle distribution of the 

products of the reaction between Cp2̂ ’̂ and D2, the DCp2̂  product ion was observed to be 

predominantly forward scattered. This scattering distribution is a definitive indicator of the operation of 

a spectator-stripping direct mechanism.

As can be seen in Figure 5.3, the relative yield of the products of bond-forming (DCF2̂  and 

HCF2̂ ) and electron-transfer reactivity (CF2̂  increases with decreasing collision energy. The observed 

collision energy-dependence may be qualitatively explained as arising because at lower collision 

energies the reactant’s relative velocities will be correspondingly lower and therefore the reactants will 

be within a range of interspecies separations that are favourable for chemical reaction for longer 

periods of time. That is, the ‘interaction time’ is increased.

The fact that the yield of the bond-forming reaction increases with decreasing collision energy, 

down to centre-of-mass collision energies of -0.1 eV, strongly indicates the absence of an energy 

barrier to reaction. This conclusion is supported by the failure of the Landau-Zener model to account 

for the absence of an isotope effect in the H/D transfer reaction between CF2̂  ̂ and H2/D2, as the 

Landau-Zener theory, which involves a barrier to reaction, also predicts an isotope effect.

The failure of the Landau-Zener model to account for the H/D transfer reaction between 

CF2̂  ̂ and H2/D2 is in contrast to H transfer reactivity in transition metal dication/alkane collision 

systems. Given the successful application of the Landau-Zener model apparent to atomic 

dication/neutral reactivity described above, the flawed applicability of the Landau-Zener model to H/D 

transfer reactivity between CF2'^ and H2/D2 is likely to be caused by differences in the form of the 

charged reactant. The atomic transition metal dication is a very much closer approximation of a point
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charge, which was the original form of charged species modelled by Landau and Zener, than a 

polyatomic dication such as Cp2̂ .̂ In addition the Landau-Zener model makes no attempt to allow for 

the anisotropy of the electric field exerted by the molecular dication, or the many possible permutations 

of crossings between each of the different vibrational states of the reactants and products.

5.5 Conclusion
The intensities of the product ions generated in bond-forming (XCF]^ and electron-transfer 

(CF2O reactions between Cp2̂  ̂and X2 (X = H or D), have been recorded at laboratory frame collision 

energies between 3 and 13 eV. The ratios of the intensities of the two categories of product ion 

indicate that no isotope effect occurs when H2 is used in place of D2. That is, the probability of forming 

XCp2'̂  is independent of the choice of hydrogen isotope as the neutral collision partner. The absence of 

an isotope effect rules out the application of the Landau-Zener model of IT/D transfer reactivity to the 

collision systems. In addition, the lack of an isotope effect is consistent with the operation 

of a direct type spectator-stripping reaction mechanism.

The results show that the yield of the bond-forming product XCp2̂  increases with decreasing 

collision energy. This collision energy dependence may be qualitatively explained as arising as a result 

of the increased time the (lower energy) reactants spend at interspecies separations that are suitable to 

allow the formation of chemical bonds. In addition, the collision energy dependence strongly indicates 

that there is no energy barrier to hydiide/deuteride ion transfer for the collision systems.
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Chapter 6
Electron-transfer and bond-forming reactions between and NH3

6.1 Introduction
Studies of bond-forrning gas-phase reactivity involving molecular dications and neutral targets 

have been limited to the reactions of molecular dications with small diatomic molecules, notably D2 and 

H2 [1-4], at low collision energies. This Chapter reports the first observation of a bond-forming 

reaction between a molecular dication (CF2̂ )̂ and a polyatomic molecule, NH3. The experimental 

results reveal the collision energy-dependence of both the electron (charge)-transfer and the bond- 

forming reaction processes. Such results provide important information regarding the mechanism of 

bond-formation in this collision system. In addition to this, NH3 possesses a dipole moment, unlike the 

D2 and H2 diatomic collision partners listed above. The presence of the dipole moment, and its effects 

upon the bond-forming reaction, may also provide an insight into the mechanism of the bond-forming 

process.

6.2 Experimental details
A detailed description of the experimental apparatus and methodology is given in Chapter 2. 

The ammonia collision partner is obtained from a lecture bottle (Aldrich) and is stored in a low 

pressure (< 700 Torr) reservoir. The number density of the neutral collision partner in the interaction 

region is strictly maintained at a constant value; this is achieved by the careful monitoring of the target 

gas pressure, which is nominally set at 4 x 1 0 ^  Torr. The stringent regulation of the target gas 

pressure not only ensures single collision conditions, but also attempts to avoid pressure related 

deviations in the intensities of the product ions. Hence, any deviations in the product ion intensities may 

then be attributed directly to fundamental changes in the reaction process.

Previous work [5] has indicated that the yield of the Cp2̂  product ion may be highly sensitive 

to the electronic state of the reactant dication. Hence, to ensure that the electronic state distribution in 

the dication beam is uniform during the course of the experiment, the operating conditions of the ion 

source are strictly controlled so as to be constant during the running of the experiments [6].

6.3 Results and analysis
Time-of-flight mass spectra were recorded following collisions between CF2̂'*’ and NH3 at 

laboratory-frame collision energies between 2 and 15 eV; these correspond to centre-of-mass fi*ame 

collision energies between 0.5 and 4 eV. The resulting TOP mass spectra indicate the presence of Cp2̂ , 

CF^, HNCF^, C ,̂ NH3̂  NHi^ and H^ product ions in addition to unreacted dications. A section of a 

representative time-of-flight mass spectrum is shown in Figure 6.1.
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Figure 6.1 A section of a representative time-of-flight mass spectrum showing some o f the product ions formed in 

collisions between € ¥ 2^^ and NH3 at a centre-of-mass frame collision energy of 2.03 eV.

6.3.1 Assignment of product ions

As mentioned above, the TOP mass spectra indicate the presence of Cp2̂ , CF^, HNCF^, C^, 

NHs^, NH2̂  and PT product ions. Representative values of the background-corrected product ion 

intensities, recorded at a centre-of-mass collision energy of 2.53 eV are given in Table 6.1.

Table 6.1 Background-corrected product ion intensities, recorded at a centre-of-mass collision energy of 2.53 eV

CF:"» CF2+ CF+ H N C r NH3+ NH2+

105581 3752 32736 327 13359 263 70 42

Of the various types of reactivity encountered in dication-neutral molecule collisions described 

in Chapter 1, the product ions observed following collisions between Cp2̂  ̂and NH3 indicate that three 

main reaction pathways occur at the collision energies used in these experiments. Firstly, the Cp2̂  

product ion can only be formed as a result of the non-dissociative electron-transfer reaction given in 

Equation 6.1. Secondly, the CF^ and product ions may be formed either by dissociative electron- 

transfer or by collision-induced charge-separation (GIGS). However, the absence of any real F^ signals 

in the mass spectra eliminates the possibility of the GF  ̂and G  ̂ ions being formed in GIGS reactions.
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Hence, the CF^ and products must be formed by dissociative electron-transfer reactions (Equations

6.2 and 6.3). Similarly, the and product ions must also be formed in electron-transfer 

reactions, with the NH]"  ̂product being formed as a result of the NH3 losing an electron to populate a 

dissociative electronic state of NHg^

+ NH 3  CF; + [NH 3  Y  (6 .1)

C F f +  NH3 - ^ C F ^ + [ N H 3P + F  (6.2)

C F f +  N H 3 - > C ^ + [ N H 3 P + 2 F  (6.3)

A third type of reactive process, leading to the formation of a new chemical bond, is also 

observed. This reaction results in the formation of the HNCF^ product ion. The observation of an 

signal, together with the absence of F^, or HF^ strongly indicates that the HNCF^ product ion is 

formed in the reaction given in Equation 6.4.

C F f  + NH3 HNCF* + H* + [F + H] (6.4)

The lack of any doubly-charged product ions in the mass spectra signifies that no collision- 

induced neutral-loss (CINL) reactions occur in the CFa ’̂̂ /NHa collision system at the collision energies 

employed in these experiments. This observation, which was also made in Chapter 5, indicates that the 

CF2̂  ̂ molecular dication does not undergo CINL reactivty. The absence of CINL reactivity in 

CFz^Vneutral collision systems is in contrast to larger perfluorinated dications such as CFg^  ̂and SF4̂ '̂  

which display relatively strong CINL reactivity [4,7]. This behaviour may be explained by the fact that 

the CF]^  ̂ dication, being isoelectronic with CO2, has tightly bound F atoms. In contrast, other 

perfluorinated dications such as CF]^^ and SF4̂ ‘̂ have some weakly bound F atoms and, hence, 

relatively large CINL cross-sections [8].

6.3.2 Product ion intensities

In common with the results of aU the collision experiments reported in this thesis, the intensities 

of the competing electron-transfer and chemical (bond-forming) reaction channels are obtained from 

suitably background ion-corrected measurements of the detected intensities of the product ions. In 

addition to the background ion contribution, the product ion intensities are also corrected for variations 

in the ion detection efficiency.

As stated in Chapter 3, dication reactions may result in a significant release of kinetic energy. 

This kinetic energy release (KER) in the centre-of-mass firame affects the product ions translational 

energy component in the laboratory frame [3]. Each of the reaction channels may have differing 

average KER values and differing distributions of the KER. Consequently, different product ions may 

have different transverse velocities. Therefore, due to their different transverse velocities, the product 

ions will travel through different distances across the spectrometer, in a plane perpendicular to its
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central (longitudinal) axis, in the transit time between leaving the spectrometer’s source region and 

reaching the MCP detector. The overall result of the differing transverse velocities of the product ions 

is that the length of the source region imaged onto the MCP detector varies with the transverse 

component of the product ion’s kinetic energy. The greater the length imaged onto the detector the 

greater is the effective efficiency with which an ion is detected. Hence, as described in Chapter 3, the 

analysis procedure involves the use of a correction formula, which makes allowance for such 

differences in the ion detection efficiencies. A detailed discussion of the methodology behind the 

background ion correction and the subsequent correction for the detection efficiency variability is given 

in Chapter 3.

Unfortunately, no data concerning the KER values and distributions for the electron-transfer 

and bond-forming reactions between CF]̂ "̂  and NH3 is available in the literature. Hence, in view of this 

paucity of data, the analogous KER data for the Cp2 ^fD2 collision system [3] is used in the correction 

process mentioned above. This use of the KER data for the CFz^^/D] collision system does not 

represent a major approximation as the KER will be dominated by the Coulombic repulsion between 

the two singly-charged product ions for both the bond-forming and electron-transfer reactions.

To examine the collision energy-dependence of the bond-forming reaction, the resulting 

intensity of the HNCF^ ion relative to the intensities of both the unreacted dication and the CF]"̂  ion are 

listed as a function of the centre-of-mass firame collision energy in Table 6.2 and illustrated in Figures

6.2 and 6.3. The intensity of HNCF^ relative to CF]^ is independent of the target gas pressure, and 

represents the branching ratio for the bond-forming and non-dissociative electron-transfer reactions. As 

stated above, the table also lists the ratio of the intensities of the HNCF^ bond-forming product ion to 

that of the unreacted dication. Although this ratio is pressure-dependent, the experiments were 

performed under effectively identical conditions. Therefore, the ratio of the HNCF^ ion intensity to that 

of the unreacted dication serves as a sound indicator of the intensity of the bond-forming reaction at a 

given collision energy, without the complication of possible changes in the intensity of the electron- 

transfer reaction that are contained in the HNCF^/CF2̂  ratio. However, as can be seen from the 

similarity of Figures 6.2 and 6.3, the cross-section of the electron-transfer reaction producing CF:"̂  

displays little change across the range of centre-of-mass collision energies used in these experiments. 

The absence of any significant variation in the intensity of the CFi^ ion with a change in collision energy 

supports the conclusions of the previous Chapter. Namely, that the cross-section for the non- 

dissociative electron-transfer reaction leading to the formation of the CF]^ product ion is effectively 

constant across the range of collision energies used in these experiments.
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Figure 6.2 Corrected intensity of the HNCF*" product ion relative to that o f  the unreacted dication, as a function of 

the centre-of-mass collision energy.
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Figure 6.3 Corrected intensity of the HNCF^ product ion relative to that o f the CF]^ product ion as a function of the 

centre-of-mass collision energy.
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Table 6.2 The variation with centre-of-mass collision energy £com of the corrected relative intensities o f product ions 

formed in collisions between CFz*  and NH3.

Ecom/eV
/(HNCF+)

/ ( C F f )
/ (H N C F+)  

10'  7 (C F ;)

0.5 1.84 1.66

1.0 2.14 1.96

1.5 2.27 2.50

2.0 2.36 2.31

2.5 2.70 2.28

3.1 2.58 2.16

3.6 1.89 1.05

3.8 1.65 0.87

4.1 1.94 0.55

6.4 Discussion
6.4.1 Electron-transfer reactions

As may be seen in Table 6.1, electron-transfer reactions, both dissociative and non-dissociative, 

dominate the gas-phase reactivity between C¥-i^ and NH3. The dominant process being the dissociative 

electron-transfer reaction that leads to the formation of the CF^ product ion. The rationalization of the 

observed relative intensities of the products of electron-transfer has been shown to be a reliable source 

of information regarding the composition of the reactant beam [5]. Therefore, in an attempt to account 

for the observed product ion intensities, the yields of the electron-transfer processes have been 

calculated using a computational method based on the semi-classical Landau-Zener theory of electron- 

transfer [9-12]. This treatment allows the electron-transfer products that are derived from the neutral 

reactant to be unambiguously assigned. As can be seen from Equations 6.1-6.3, the definitive 

assignment of such ions is not always possible.

Although originally intended to model electron-transfer between atomic species [9-12], the 

Landau-Zener theory has previously been used to model electron-transfer reactivity between molecular 

dications and neutral rare gas targets and was found to give reliable results [4,5,13-15]. A detailed 

account of the Landau-Zener theory is given in Chapter 4. The computer model employing the 

Landau-Zener theory calculates the reaction probability as a function of the impact parameter and the 

electronic state energy of the principle product ion. The computer program can then be used to 

estimate electron-transfer cross-sections by integrating the reaction probability with respect to the 

impact parameter from zero to the maximum value for which the collision reaches the crossing radius.
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This produces an estimate of the electron-transfer cross-section for the formation of a product ion with 

a particular amount of electronic excitation.

In the case of the Cp2̂ ^/NH3 collision system, the calculated cross-section for forming a 

particular product ion in an electron-transfer reaction is given as the sum of the individual cross- 

sections for populating each electronic state of CFz^ that fragments to form the product ion of interest. 

The Cp2̂  ion has three relevant dissociation channels, (forming CF^ + F, + 2F and F^ + CF). The 

energies of these dissociation asymptotes Ê ss, relative to the ground electronic state of the CF2̂  ion, 

are listed in Table 6.3. The energies of the low-lying electronic states of CF2̂  relative to the ground 

state ion have been determined both experimentally, by phofoelectron spectroscopy, and by ab initio 

calculation by Dyke et al [16] and are listed in Table 6.4. These electronic state energies are needed as 

in constructing this model we assume that if a CF2̂  ion is formed in an electronic state that lies above a 

dissociation asymptote, it dissociates to give the products corresponding to that particular asymptote. 

If the CF2̂  ion is formed in an electronic state that lies above more than one dissociation asymptote, it 

is assumed that the ion dissociates into the closest-lying limit. For example, as can be seen from Tables

6.3 and 6.4, CF^ product ions are formed as a result of Cp2̂  populating the five electronic states lying 

at energies between 2.5 eV and 10.5 eV above the electronic ground state. Therefore, the cross-section 

for the dissociative electron-transfer reaction for forming CF^ is simply the sum of the calculated cross- 

sections for populating each of the five electronic states lying at energies between 2.5 eV and 10.5 eV 

relative to the electronic ground state of CF2"̂.

Table 6.3 Dissociation channels of the CFa  ̂ion and their asymptotic energies, relative to the ground electronic state of 

CF2+ [5],

Dissociation Channel Eass/eV

C F2^-^C r + F 2.5

CF2^->C^-h2F 10.5

CF2^->F" + CF II.O

The Landau-Zener model also requires data regarding the relative energies of the reaction 

products and reactants to calculate the reaction exothermicity, which in turn determines the curve 

crossing radius. As demonstrated above, the energies of the electronic states of Cp2̂  are reasonably 

well known. However, there is a paucity of analogous data concerning the CF2̂  ̂dication. A previous 

study of the electron-transfer of CF2̂"̂ with rare gas targets [5] has indicated that that the electronic 

ground state of CF2̂  ̂lies between 32 and 33 eV above the ground state of CF2. The same study also 

indicated the presence of a long-lived excited state of the dication, lying between 35 and 37.5 eV above
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the ground state of neutral CF2. In the absence of more precise data, the above energetics of are 

used in the Landau-Zener calculations.

Table 6.4 Relative energies of the low-lying electronic states o f [16].

Electron ionized 6a\ 4^2 1̂ 2 5fli lb, 362 4fli

Energy/eV 0.0 4.1 5.1 6.9 8.6 9.9 11.7

From Table 6.1 it is clear that the dissociative electron-transfer reaction leading to the 

formation of CF^ is the dominant reactive process. The calculated cross-sections for forming CF^ by 

dissociative electron-transfer (Equation 6.5) are listed in Table 6.5, as a function of the centre-of-mass 

collision energy, with the energy of the reactant dication set at 32 eV with respect to neutral CF2. 

Previous work has shown that cross-section values greater than about 10'̂  ̂ cm^ result in large signals 

in the product ion mass spectra [13,14]. Conversely the intensities of product ions formed in reactions 

having cross-sections below -10^^ cm^ are considered as being unobservably low. Hence, the relatively 

large calculated values in Table 6.5 are in accord with the experimental results, which indicate that CF^ 

is the dominant product ion.

C F f + NH3 -> CF" + NH; + F (6.5)

Table 6.5 Calculated cross-sections of the dissociative electron-transfer reaction leading to the formation o f CF^ given in

Equation 6.5, at various centre-of-mass frame energies.

Ecom/eV 0.51 1.01 1.78 2.53 3.29

lO^^Qcalc /Cm^ 29.75 29.89 30.39 30.95 30.83

For the electronic state of the reactant dication at 32 eV, the calculated cross-sections for the 

non-dissociative electron-transfer reaction (Equation 6.6), which leads to the formation of the CF2̂  

product ion, are given in Table 6.6. However, as may be observed from Table 6.6, the very low 

calculated cross-sections suggest that the probability of forming CF2" by the non-dissociative electron- 

transfer given in Equation 6.6 is very small.

The calculated cross-sections for formation of CF2̂  by means of the reaction given in Equation 

6.6 are, at first, puzzling. As can be seen from Table 6.1, the experimental product ion intensities show 

that CF2" ions are a significant component of the total product ion yield, yet the calculated cross- 

sections for this reaction are small. Clearly the reaction channel leading to the formation of CF2̂  must 

be different to Equation 6.6.

CF^" + NH3 -> c f ;  + n h ;  (6.6)
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Table 6 . 6  Calculated cross-sections o f the non-dissociative electron-transfer reaction (Equation 6 .6 ) at various centre-of- 

mass frame collision energies.

^com/eV 0.51 1.01 1.78 2.53 3.30

lO^^Ccaic /cm^ 0.06 0.05 0.06 0.07 0.08

In order to identify the reaction channel that leads to the formation of the product ion, the 

reaction exothermicities (AE) and the potential curve crossing radii (Re) of possible reaction pathways 

leading to the formation of were calculated and are listed in Table 6.7.

Table 6.7 Reaction exothermicities and crossing radii o f possible reaction channels leading to the formation of the Cp2  ̂

product ion. Note, the values of the exothermicities and curve crossing radii are calculated with a dication 

state energy of 32 eV, with values for a dication state energy o f 33 eV  in parentheses.

Reaction channel AE/eV /?c/nm

CF^+ -h NH3 c f ;  + n h ; 10.41,(11.41) 0.216, (0.207)

CF^+ -h NH3 c f ;  + n h ;  + h 4.71,(5.71) 0.346, (0.305)

CF^+ + NH3 CF; + NH+ + 2H endothermie n/a

As Stated in Chapter 4, the reaction window for electron-transfer lies approximately at 

interspecies separations of 0.3 to 0.6 nm. Hence, the curve crossing radius of the first reaction channel 

in the above table, having a relatively high reaction exothermicity of 10.41 (11.41) eV, lies outside the 

reaction window. This explains why the calculated cross-sections for the channel forming CFz'^+NH]' ,̂ 

given in Table 6.6, are close to zero. The third channel, which gives CF2̂ 4-NH^4-2H, is endothermie. 

Hence, there is no curve crossing and consequently the Landau-Zener theory gives a zero cross-section 

for this reaction.

In contrast to the Landau-Zener theory, the Demkov model of electron-transfer [4,17,18] 

would permit electron-transfer for such nominally endothermie channels, but as the Demkov 

mechanism only operates in a high collision energy regime, it can be discounted in our particular 

experiment. This endothermie reaction channel may therefore be discounted as a source of the CF]"̂  

product ion. This conclusion is also supported by the fact that no NHT is observed experimentally.

In contrast to the two other reaction channels, the second pathway in the above table 

(CF2̂ 4-NH2̂ +H) has an exothermicity of 4.71 (5.71) eV, which corresponds to a curve crossing radius 

of 0.346 (0.305) nm. As discussed in Chapter 4, these values are favourable, and strongly suggest that 

the source of Cp2̂  is firom this process (Equation 6.7). Indeed, further support for this conclusion 

comes from the high values of the calculated cross-section for this channel, which are listed at various
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centre-of-mass collision energies in Table 6.8, where again the electronic state of the reactant dication 

is assumed to lie at 32 eV above the ground state of neutral CF].

C F f  + NH, ^  CF; + N H ; + H (6.7)

Table 6.8 Cross-section values o f  the electron-transfer reaction given in Equation 6.7, at various centre-of-mass collision 

energies. Note, the values o f the exothermicities and curve crossing radii are calculated with a dication state 

energy of 32 eV, with values for a dication state energy of 33 eV  in parentheses.

^com/eV 0.51 2.03 3.30

10 ^̂  Qcalc f e w ? 22.22, (6.06) 19.18, (6.87) 19.04, (8.06)

As may be observed in Tables 6.5 and 6.8, the electron-transfer cross-sections for the 

formation of CF]^ and CF^ display little dependence on the collision energy, supporting previous 

experimental observations [2,5]. The relatively low intensity of NH]^ in the product ion mass spectra 

(Table 6.1) is due to the low detection efficiency of our apparatus for ions produced from the neutral 

reactant. This arises as such ions have relatively low transverse kinetic energies in the laboratory frame, 

and are therefore inefficiently collected by the mass spectrometer which is specifically designed for the 

optimum collection and detection of product ions derived from the dication, such as CF^ and CF]^.

As mentioned in section 6.3.1, the product ion may be assigned as a product of dissociative 

electron-transfer. From Table 6.3, the asymptote for the unimolecular dissociation, given in Equation 

6.8, lies 10.5 eV above the ground state of the CF]^ ion [5]. However, the value of 10.5 eV is too high 

for this dissociative channel to be populated, via electron-transfer, by the reactive dications in their 

electronic ground state (32-33 eV). Hence, the obvious conclusion is that, given the relatively low 

intensity of the ion (Table 6.1), a small proportion of the dications in the ion beam are present in an 

excited electronic state.

[ C F * ] '^ C " + 2 F  (6.8)

The presence of CF]^^ in an excited electronic state in an ion beam has been reported before 

[5]. As mentioned above, this earlier study identified an excited dication state lying between 35 and 

37.5 eV above the ground state of neutral CF]. Hence, if a proportion of the reactant dication beam 

contained CF]^  ̂ ions in this excited state, these reactants may have enough energy to populate the 

excited states of the C F / product ion that can dissociate to give C .̂ To test this hypothesis, the 

reaction exothermicity (AE) and the corresponding value of the curve crossing radii (Rc) were 

calculated for the three possible reaction channels that lead to the formation of the product ion. 

Again, because of the uncertainty in the energy of the excited state of the dication, two values of the
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exothermicity and curve crossing radii are calculated, these correspond to the upper and lower limits of 

the excited electronic state of the dication, 35 eV and 37.5 eV.

Table 6.9 Reaction exothermicities and crossing radii of reaction channels leading to the formation o f C* from the 

(CFz^)* product ion. Note, the values of the exothermicities and curve crossing radii are calculated with a 

dication state energy of 35 eV, and 37.5 eV for the values given in parentheses.

Reaction channel AE/eV R c /n m

CF;*" + NHj [o f;]* + N H ; ^  C* + 2F + n h * 2.38, (4.85) 0.62, (0.34)

CF^" + NH, ^  [c f ;  ]* + NH* ^  C* + 2F + NH^ + H endothermie n/a

CF;*" + NH3 [CFj*]’ + NH; ^  C* + 2F + NH* + 2H endothermie n/a

From Table 6.9, we can see that the second and third reaction channels are endothermie for 

both the upper and lower values of the excited dication electronic state energy and, according to the 

Landau-Zener model of electron-transfer, have zero cross-section. However, the first reaction channel 

in Table 6.9, giving C' -̂hNHg' -̂hlF, has a reaction exothermicity between 2.38 and 4.85 eV, which 

should permit electron-transfer. The asymptote for the dissociation [Cp2'^*—> C^4-NH3̂ 4-2F has an 

energy 10.5 eV above the ground state of CF]^. Therefore, firom Table 6.4, we can see that can be 

formed only as a result of the reaction populating the 4ai and higher-lying electronic states of CF]^. 

However, as can be seen firom Figure 6.4, the dication in the 35 eV electronic state has not enough 

electronic energy to populate these excited states. Hence, in view of the inability of CF]^ dications in an 

electronic state at 35 eV to undergo the dissociative reaction given by Equation 6.9, values of the 

cross-section for this reaction are calculated only for the dication in the 37.5 eV electronic state. These 

values of the calculated cross-section are listed in Table 6.10 as a function of the centre-of-mass firame 

collision energy.

C F f  + NH3 [ c f ;  ]' + NH* -^ C * + 2 F  + NH* (6.9)

Table 6.10 Cross-section values of the dissociative electron-transfer reaction (Equation 6.9) as a function of centre-of- 

mass frame energies for the CF2 * dication in the excited electronic state 37.5 eV  above the ground state of 

neutral CFi .̂

Ecom/eV 0.51 1.01 1.78 2.53 3.29

1 0 ^ ^  Q c a l c / C m ^ 5.88 7.79 10.22 12.08 13.51
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Figure 6.4 Calculated cross-sections for the electron-transfer reaction between (CFz^ )̂* and NH3 as a function o f the 

electronic excitation of the resulting Cp2'̂  relative to its electronic ground state. The vertical line represents 

the term energy of the 4 <3 i electronic state o f that is assumed to dissociate to and 2F. The two curves 

correspond to two possible energies of excited states of the reactant dication at 35 and 37.5 eV  above the 

ground state of CF2 .

The fact that the signals for the ion are so weak is indicative of the relatively low abundance 

of the excited state of the reactant dication in the ion beam. A crude estimate may be made of the 

proportion of the dications in the excited state in the ion beam from the relative intensities of the 

product ions (Table 6.1). This estimate suggests that the ion beam contains ~1% of dications in the 

excited electronic state. As stated above, the earlier work of Manning et al [5] also reported the 

presence of an excited state of in their dication beam. Although the earlier study made no 

mention of the abundance of the excited state, a consideration of the relative intensities indicates that 

the two beams contained similarly low abundances of the excited state.

The cross-section values listed in Table 6.10 are for the production of in the Aa\ electronic 

state, which, as stated above, has an energy of 11.7 eV with respect to the CFz^ ground state. This 

state lies higher in energy than both the asymptotes for the dissociation of CF]^ to C^4-2F and + CF 

which have energies of 10.5 eV and 11 eV with respect to the CF]^ ground state. Hence, the Aa\ 

electronic state of CF]^ can potentially dissociate to give either + 2F or F^ 4- CF. However, no 

signal is observed in our experiments. So the appearance of a weak signal in our experiments 

perhaps indicates that the higher-lying excited electronic states of CF]^ preferentially dissociate to give 

C^-h2F.
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6.4.2 Bond-forming reactivity

As stated in section 6.3, electron-transfer reactions dominate the product ion yield following 

collisions between the neutral NH3 and the reactant dication. However, the mass spectra indicate a 

small but significant signal due to the HNCF^ product ion at all the collision energies errçloyed in these 

experiments.

The observation of HNCF^ is the first detection of a bond-forming reaction following collisions 

between molecular dications and a polyatomic neutral target. Hence, the available data relating to the 

bond-forming reaction for the CFi '̂^/NH] collision system is non-existent. However, our data allows us 

to draw the first tentative conclusions regarding the mechanism of the bond-formation. The collision 

energy-dependence of the bond-forming reaction and electron-transfer cross-sections of this reaction 

system may be compared to other systems that have exhibited bond-forming reactivity and have been 

studied to a greater extent. Examination of Figure 6.2 clearly shows a very different collision energy- 

dependence of the bond-forming yield in this collision system than in the case of the corresponding 

reactions exhibited by the and D2/H2 collision systems. In the case of the CF2̂"̂ and D2/H2 

collision systems, described in Chapter 5, the relative cross-section for bond formation rises steadily 

with decreasing collision energy [2]. This collision energy-dependence is indicative of a reactive 

pathway in which there is no energy barrier [19]. However, in the case of the bond-forming reaction 

between CF2̂ '̂  and NH3, the yield reaches a maximum at centre-of-mass collision energies between 2 

and 3 eV. Such a maximum can be considered to arise because of an energy barrier [19] which, in the 

absence of tunnelling, must be surmounted before the reaction can occur. Hence, at lower collision 

energies (< 2 eV) the yield of the HNCF^ ion is low as relatively few collision partners have sufficient 

energy to surmount the energy barrier. At centre-of-mass collision energies in excess of 3 eV, the ratio 

of cross-sections decreases because of a reduction in the reaction time, that is an effective reduction in 

the length of time in which the reactants are sufficiently close enough for chemical rearrangement.

The fundamental differences in the collision energy-dependencies of the CF2̂ /̂H2/D2 and 

CF2̂ ^/NH3 collision systems point to significant differences in the respective reaction mechanisms. This 

may also account for the much higher cross-sections for the bond-forming reaction in the 

collision system. The bond-forming reaction for the CF2̂ % 2/D2 collision system has been found to 

proceed via a direct, spectator-stripping mechanism [2,19-23]. Hence, the bond-forming reaction for 

the CF2̂ ^/NH3 collision system would seem to proceed via a different reaction mechanism. Perhaps the 

HNCF^ ion is formed following the formation of a collision complex, as in Equation 6.10. The 

generation of a complex would certainly be assisted by the presence of the dipole moment associated 

with NH3, as such a dipole moment would invariably increase the interaction between the reactants 

leading to a ‘sticky’ collision and the formation of a complex.
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C F f + NH3 [H3NCF2] HNCF* + H* + H + F (6.10)

6.5 Conclusion
Relative yields of the electron-transfer and bond-forming product ions, following collisions 

between and NH3, have been recorded as a function of the centre-of-mass collision energy. The 

relative cross-sections of the competing reaction processes are obtained from the recorded product ion 

intensities. The ion yields indicate that the two electron-transfer reactions leading to the formation of 

the CF^ and CF]^ product ions dominate the interaction of the dication with the neutral NH3 collision 

partner. However, a bond-forming reaction pathway that leads to the generation of the HNCF  ̂product 

ion is a significant reaction channel. The identification of a very weak ion signal is, in the absence of 

a charge-separating reaction channel, thought to arise through dissociative electron-transfer. This 

reaction cannot proceed with the reactant dicatiOn in its ground electronic state, and hence provides 

evidence for the presence of electronically excited dications in the reactant dication beam.

Our results indicate that the bond-forming reaction displays a significant collision energy- 

dependence. In this case, the ratio of the cross-sections of the bond-forming reaction to those of the 

electron-transfer reaction processes reaches a maximum value at a collision energy of approximately 2- 

3 eV in the centre-of-mass frame. This behaviour points to the existence of a barrier to reaction. The 

CF2̂ ^/NH3 collision system displays significant differences, both in terms of its collision energy- 

dependence and in the magnitude of its cross-section for bond formation, to the collision

system, which has been found to undergo bond-forming reactions via a direct reactive pathway. The 

differences in the behaviour of the two collision systems point to a different reaction mechanism 

operating in the CF2̂ ^/NH3 collision system. The presence of the dipole moment associated with the 

NH3 reactant would tend to increase the interaction between the reactants. Such an increased 

interaction could lead to sticky collisions and would therefore favour complexation. The cross-sections 

for reactive pathways which involve complexation are usually much lower than those of reactions in 

which a direct mechanism operates. Hence, the operation of a complexation mechanism in the bond- 

forming reaction between ^ 2̂"̂ and NH3 would be consistent with the observed behaviour.
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Chapter 7 
Electron- 

7.1 Introduction
Electron-transfer and bond-forming reactivity between and H2/D2

As described in Chapter 5, the gas-phase reactivity between the molecular dication and 

H2/D2 has received the most attention of that in any molecular dication-neutral collision system [1-3]. 

This collision system has been shown to display bond-forming reactivity at low collision energies (3-13 

eV in the laboratory frame) in addition to electron-transfer reactions. In contrast, the analogous 

reaction of CF]̂ "̂  with D2 has received little attention, with only a single investigation reported in the 

literature [1]. This initial study reported the observation of a DCp2̂  product ion, in addition to other 

product ions formed in electron-transfer and collision-induced neutral-loss reactions. Interestingly, the 

reported yield of the DCp2̂  ion produced in the bond-forming reaction between CFg^  ̂and D2 (12 %) 

was actually greater than that of the Cp2^%2 collision system (9 %).

The earlier investigation of intermolecular isotope effects in the reaction between Cp2̂ '̂  and 

H2/D2, discussed in Chapter 5, provided a significant amount of data regarding the mechanism of the 

bond-forming reaction in that particular collision system. As Cp2̂ '̂  and CP]^  ̂ are both perfluorinated 

molecular dications, it would seem likely that the two dication/neutral collision systems share similar 

reactive characteristics, such as their reaction mechanism. Hence, to study the mechanism and collision 

energy-dependence of the bond-forming reaction between the CP]^^ dication and neutral hydrogen 

isotopic targets, collisions between CPg^  ̂ and H2/D2 were performed under the same conditions and 

collision energies as those involving the collision systems. The effects of isotopic

substitution, achieved by using H2 and D2 as the neutral collision partner, allows the bond-forming and 

electron-transfer reactions to be checked for possible intermolecular isotope effects. Such isotope 

effects are, as outlined in Chapters 4 and 5, a powerful probe of the reaction dynamics and mechanism 

[3-25] operating in a given reactive encounter.

7.2 Experimental details
A full account of the experimental methodology employed in the mass spectrometric 

measurements is given in Chapter 2. However, for this particular collision system, the pressure of the 

target gas was set at a gauge value of 2 x 1 0 “̂  Torr rather than the usual value of 4x10"^ Torr. 

Despite the fact that this value is half that of the usual value for non-hydrogen collision partners, the 

actual number densities of the target gases are in fact the same in each case. The gauge readings of the 

pressures of hydrogen and deuterium gas targets are set at the lower value as a result of the 

insensitivity of the ion gauge to H2/D2. This insensitivity arises because of the higher ionization
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potentials of the hydrogen (and deuterium) targets relative to those of other gases, such as ammonia, 

meaning that the gauge reads low for H2, D2 and HD.

In common with all the experimental work reported in this thesis, the careful monitoring of the 

target gas pressure not only ensures single collision conditions [26] but also attempts to avoid pressure- 

related deviations in the intensities of the product ions. Hence, any deviations in the product ion 

intensities may then be attributed directly to fundamental changes in the reaction process.

The change of reactant dication from Cp2̂ '̂  to is achieved by simply adjusting the 

potential difference of the electrostatic plates of the Colutron velocity filter [27,28]. Changing the 

electric field strength inside the velocity filter perturbs the dication beam. This may cause the ion beam 

to become poorly focused. Such a deterioration in the focusing quality may also cause the ion beam to 

become divergent and poorly collimated, leading to a reduction in the beam current. The cross-section 

of the dissociative ionization of CF4 that leads to the production of the CFs^  ̂ reactive dication is 

relatively small. Therefore, to form a beam of usable intensity necessitates the re-optimization of the ion 

optics. This optimization is a very important procedure, as in addition to increasing the dication beam 

current, a poorly collimated beam will lead to product ions being formed across a greater width of the 

source region, and hence a greater spread along the axis of the spectrometer. As described in Appendix 

2, this increased spread has a detrimental effect on the mass resolution of the TOF mass-spectrometer. 

In the case of the (and the CF2̂ ^/HD/H2/D2) collision systems, the mass spectral peaks of

the HCF2̂  and DCF2̂  product ions are in close proximity to the much larger peak of the CF2̂  ion. 

Therefore, good mass resolution is crucial to obtaining accurate values of the intensity of the HCF2̂  

and DCF2̂  product ions.

7.3 Results and analysis
Time-of-flight mass spectra were recorded following collisions between CFĝ "̂  dications and the 

H2/D2 neutral collision partner at collision energies in the range of 3 to 13 eV in the laboratory frame, 

corresponding to a range of centre-of-mass collision energies between 0.113 to 0.423 eV for the H2 

system, and 0.219 to 0.712 eV for the D2 system. Analyses of the mass spectra indicate that CF]^ 

CF2̂ , CF^, CF2̂ "̂ , X^, %2̂  and XCF2̂ , where X is H or D, ions are produced in the collisions. In 

addition to the product ions, the TOF mass spectra, of course, show the presence of a large number of 

unreacted dications. Sections of representative time-of-flight mass spectra are shown in Figures 7.1a 

and b of the product ions produced in reactions between CF]^  ̂and D2/H2 neutral collision partners at 

the indicated collision energy.
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F ig u re  7.1a A  section of a representative time-of-flight mass spectrum showing the product ions formed following 

collisions between and Dz at a centre-of-mass collision energy of 0.49 eV.
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F ig u re  7.1b A section of a representative time-of-flight mass spectm m  showing the product ions formed following 

collisions between CF]^^ and H2 at a centre-of-mass collision energy of 0.36 eV.
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7.3.1 Assignment of product ions

As mentioned above, the TOF mass spectra show the presence of CFg ,̂ CF]^, CF^, CFẑ "̂ , X ,̂ 

X 2^ and XCF2̂  (X = H or D) product ions, in addition to the unreacted dications. To allow ready 

comparison of the relative intensities, typical values of the background-corrected product ion intensities 

are given below in Tables 7.1a and b. As discussed in Chapter 5, the data contained in Tables 7.1a and 

b do not include the intensities of the X^ and X2'*’ ions. The reason for this is that the spectrometer has a 

low collection efficiency for ions formed from the neutral collision partner, so an accurate 

determination of this ion’s intensity would be difficult to achieve. However, a number of mass spectra 

were recorded at various collision energies to confirm, qualitatively, the presence of these ions.

The product ion intensities, listed in Tables 7.1a/b, recorded following collisions between the 

reactant CF]^^ dications and the H2/D2 neutral collision partner, indicate that four types of reactive 

processes are observed at the collision energies used in these experiments. The CF]^ product ion can 

only be formed as a result of non-dissociative electron-transfer (Equation 7.1), whereas, the CF2̂  and 

CF^ product ions may be formed either by dissociative electron-transfer or by collision-induced charge- 

separation (CICS). However, the absence of any real F^ signal in the mass spectra eliminates the 

possibility of the CF2̂  and CF^ products being formed in CICS reactions. Hence, the CF2̂  and CF^ 

products may be assigned as products of dissociative electron-transfer reactions (Equations 7.2 and 

7.3).

A third type of reactive process that leads to the formation of new chemical bonds is also 

observed. This bond-forming reaction results in the generation of the XCF2̂  product ion. The 

observation of an X^ signal, together with the absence of an XF^ signal strongly indicates that the 

XCF2̂  product ion is formed in Equation 7.4. Finally, the CF2̂ '̂  product ion may be unambiguously 

ascribed as the product of collision-induced neutral-loss (CINL) reactivity (Equation 7.5). The 

relatively intense CINL reactivity of CFĝ "̂  with H2/D2 and other neutral targets [29-31] is in stark 

contrast with the behaviour of the analogous CF2̂ ‘̂ dication, where no CINL reactivity is observed. As 

discussed in Chapter 5, the CINL reactivity associated with CF]^^ arises as one F atom is weakly 

bound. Whereas the CF2̂  ̂dication, being isoelectronic with CO2, has only strongly bound F atoms.

C F : ' + X , ^ C F ; + [ X  + X r  (7.1)

CF^ + X , ^  CF; + [X + X]* + F (7.2)

CF;*+X^-»CF*+[X + X y + 2 F  (7.3)

o f;* + X ; ^  XCF; + X* + F (7.4)

C F f ' + X . ^ C F f + X ,  + F (7.5)
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The product ion intensities listed in Tables 7.1a and b indicate that although electron-transfer is 

the dominant reactive pathway, the cross-sections for bond-forming and CINL reactivity are such that 

these processes make a significant contribution to the overall product ion yield of this collision system.

T able 7.1a Background-corrected intensities o f ions formed in collisions between and H2  at a centre-of-mass 

collision energy o f 0.366 eV.

C F , ^  C F 3 * C F 2 + c r C Fz"^ H C F 2 +

1 1 0 3 3 4  1 2 4 8 0 7 2 7 9 2 9 2 2 3 8

le 7.1b Background-corrected intensities o f ions formed 

collision energy of 0.548 eV.

in collisions between and D2 at a centre-of-mass

C F 3 + C F i^ C F + C F 2 "" D C F 2 +

8 1 8 1 0  1 3 7 5 1 2 5 4 8 1 2 5 1 2 1

7.3.2 Product ion intensities

Having assigned the product ions to their respective reaction pathways, we now consider the 

relative intensities of the product ions, and the collision energy-dependence of the given reaction 

process. As stated in Chapters 5 and 6, the collision energy-dependence is a powerful probe of the 

reaction mechanism. In common with all the results of collision experiments reported in this thesis, the 

relative cross-sections of the competing electron-transfer and chemical (bond-forming) reaction 

channels are obtained from suitably background-corrected measurements of the detected intensities of 

the product ions.

For the reactions of CF]^^ with H2/D2 and NH3, as described in the preceding Chapters, the 

relative intensities of the products of bond-forming and electron-transfer reactions were corrected for 

differences in the detection efficiency of the fluxes of the respective product ions. As stated in Chapter 

3, the detection efficiency variability is caused by the differences in the amount and distribution of the 

kinetic energy released in a given reaction process [2]. The kinetic energy release (KER) changes the 

ion’s laboratory frame transverse velocity component, which, in turn, affects the ion’s detection 

efficiency. Therefore, because different reaction processes may have different kinetic energy releases, 

ions formed in different reaction processes may be detected with differing efficiencies. Hence, to 

overcome the problems caused by these differences in detection efficiency, the analysis procedure 

incorporates a correction process which makes allowance for such differences in the ion detection
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efficiencies. The detailed description of the methodology behind this correction is presented in Chapter 

3.

The calculation of the correction factor a  requires details of the kinetic energy released upon 

reaction of the dication and neutral. In the case of the reaction between CF2̂"̂ and H2/D2, such data was 

available in the literature [2]. However, no such data concerning the KER values and distributions for 

the electron-transfer and bond-forming reactions between and H2 or D2 is available. Despite the 

paucity of appropriate data, the correction procedure may still be carried out by using the KER value 

used for the Cp2̂  ̂and H2/D2 collision system. Using this data in the calculation of the correction factor 

a  for the collision systems does not represent a major approximation as the KER will be

dominated by the Coulombic repulsion between the singly-charged product ions, as it is in the 

case, for both the bond-forming and electron-transfer reactions. Representative values of 

the correction factor a  for the two collision systems are given in Table 7.2.

Table 7.2 Relative detection efficiency correction factors (a ) for the bond-forming and electron-transfer products formed 

in collisions between with Dz and Hz at various centre-of-mass frame collision energies. The KER value 

used to calculate a  is 6.5 eV.

Ecom/eV a(D2) a(H2>

0.1 0.993 1.002

0.2 1.000 1.008

0.3 1.007 1.018

0.4 1.015 1.036

The ratios of the correction factors a  for the ionic products of bond-forming and electron 

transfer reactivity are close to unity. Hence, in view of the relative values of the correction factor, 

which will hardly change the values of the product ion ratios, together with the additional uncertainty 

produced by using an approximate KER value in the correction procedure, in this case we consider that 

the product ion yield provides a reliable estimate of the relative cross-sections of the bond-forming 

process.

The relative intensities of various product ions are given as a function of the centre-of-mass 

frame collision energy in Tables 7.3a and 7.3b and illustrated in Figures 7.2a-d. The tables list the 

intensity of the bond-forming product ion XCp2̂  relative to the Cp2̂  electron-transfer product ion for 

both collision systems. Additionally, the results also include the intensity of the Cp2̂  ̂ion, produced in 

collision-induced neutral-loss reactions, relative to the intensity of the unreacted CFĝ  ̂ dication. 

Although this ratio is dependent upon the pressure of the neutral reactant, the experiments were
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performed under effectively identical conditions. Therefore, the ratio of the ion intensity relative 

to the intensity of the unreacted dication serves as a sound indicator of the intensity of the CINL 

reaction at a given centre-of-mass collision energy. Additionally, as discussed in section 7.4, this ratio, 

when suitably extrapolated as a function of the collision energy, provides a means of roughly estimating 

the C -  F bond energy.

Table 7.2 The variation of relative intensities o f product ions formed following collisions between (a) and Hz and

(b) CF3 ^ and Dz with centre-of-mass collision energy Ecom-

(a)

(b)

^com/eV / ( C F D
/(CF^+)

/ ( h c f ; )
/ ( c f ; )

0.423 24.752 0.2858

0.394 25.427 0.2928

0.366 27.660 0.2916

0.338 26.494 0.2959

0.310 26.407 0.3019

0.282 23.847 0.3112

0.253 13.780 0.3099

0.225 13.220 0.3110

0.197 10.560 0.3301

0.141 4.060 0.3296

0.113 3.619 0.3301

Ecom/eV 104 / ( C F f  )
/(C F^") I ( C F i )

0.712 47.435 0.233

0.658 43.545 0.240

0.603 39.754 0.228

0.548 40.170 0.256

0.493 30.105 0.249

0.438 22.306 0.284

0.384 11.953 0.292

0.329 5.589 0.288

0.274 9.469 0.343

0.219 6.122 0.351
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Figure 7.2a Relative intensities of the HCFz^ and CFz  ̂ product ions as a function of the centre-of-mass collision energy, 

formed in collisions of CFs^  ̂with H2 .
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Figure 7.2b Relative intensities of the CFz^  ̂CINL product ion and unreacted CFs^  ̂molecular dications, as a function of 

the centre-of-mass collision energy, formed in collisions of CF]^  ̂ with H2 . The solid line is obtained using a 

least squares analysis o f the experimental data and is extrapolated to indicate the intercept with the abscissa. 

It should be noted that as the threshold law only operates at energies just above threshold, the least squares 

analysis only included those data points corresponding to the lower collision energies.
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Figure 7.2c Relative intensities of the DCFz^ and CFz  ̂ product ions as a function of the centre-of-mass collision energy, 

formed in collisions of CFŝ "̂  with Di.

30 -

15 -

0 0.4 0.60.2 0.8

Centre-of-mass collision energy/eV

Figure 7.2d Relative intensities of the CFz^̂  CINL product ion and unreacted CFs^  ̂ molecular dications, as a function of 

the centre-of-mass collision energy, formed in collisions of CFĝ  ̂ with Da- The solid line is obtained using a 

least squares analysis o f the experimental data and is extrapolated to indicate the intercept with the abscissa. 

It should be noted that as the threshold law only operates at energies just above threshold, the least squares 

analysis only included those data points corresponding to the lower collision energies.
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7.4 Discussion
As can be observed from the data presented in Figure 7.3 below, the relative intensities of the 

products of bond-forming and electron-transfer reactions of CF]̂ "̂  with both and D2 neutral targets 

are, within experimental uncertainties, the same, for a given collision energy. Hence, the bond-forming 

reactivity displays no significant dependence on which isotope of hydrogen is used as the neutral 

collision partner. Consequently, this absence of an isotope effect matches the behaviour observed for 

the analogous CF]^/H2/D2, collision system, where the absence of an isotope effect is consistent with 

the operation of a direct reaction mechanism. Indeed, as detailed in Chapter 5, a further investigation 

[2] also indicates that the bond-forming reaction between CF2̂ "̂ and H2/D2 proceeds via a spectator- 

stripping direct reaction mechanism.

As mentioned in Chapter 4, the much larger range of reactive impact parameters associated 

with a spectator-stripping direct reaction mechanism results in the cross-sections for reactions 

proceeding via this mechanism being significantly larger than those for other reaction pathways such as 

the head-on rebound direct reaction mechanism or complexation [6]. In the cases of the CF3̂ ^-H2/D2 

and CF2̂ ^-H2/D2 collision systems, the cross-section of the bond-forming reaction relative to that of the 

electron-transfer process were found to be similar. This observation points to the mechanism of the 

bond-forming reaction in the CF3̂ -̂H2/D2 collision system being the same direct pathway as that in the 

collision system. The similarity of the cross-sections for bond-forming reactivity in these 

collision systems is in contrast to the analogous values for the CF2̂ ^/NH3 collision system, where the 

very much smaller values point to the operation of a different reaction mechanism for bond formation.

The cross-sections for the bond-forming reactions of the and CF2̂ ^-H2/D2

collision systems, share very similar collision energy-dependencies. In both cases the cross-section for 

the bond-forming reactions rise steadily with decreasing collision energy [3]. This collision energy- 

dependence is indicative of a reactive pathway in which there is no energy barrier [6]. The observed 

increase in bond-forming reactivity with decreasing collision energy may be qualitatively explained as 

arising as a result of the increased time for interaction of the collision partners at lower collision 

energies. This apparent lack of a energy barrier casts further doubt on the applicability of the Landau- 

Zener model of H/D transfer to molecular dication-neutral collision systems, which was discussed in 

Chapter 5. Hence, given the apparent similarities in the bond-forming reactivity for the and

C¥i'^fX2 collision systems, outlined above, it seems highly likely that the two collision systems share 

the same type of reaction mechanism for the bond-forming reaction. That is in both cases, the bond- 

forming reaction proceeds via a spectator-stripping direct reaction mechanism [6,7].
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The CF3̂ -̂H2/D2 collision system also exhibits collision-induced neutral-loss reactivity. The 

yield of the product of CINL reactivity increases with the collision energy. This collision energy- 

dependence may be explained as arising because of the increase in the energy available to break the 

bond holding the weakly bound F atom As mentioned above, an estimate of the C-F (weakly bound) 

bond energy may be made by suitable extrapolation of the data in Figure 7.2b (and 7.2d) to the 

abscissa. As can be seen from Figures 7.2b and 7.2d, the results of such an extrapolation indicates that 

the curve intercepts the abscissa at a mean energy of 0.122 eV. This corresponds to a mean value of 

the C-F bond enthalpy of 11.77^2 6o ^  n iof\ Both the extrapolated line and the uncertainty of the bond 

enthalpy are obtained by a least squares analysis of the experimental data.

2+The bond enthalpy of 11.77^2 6o ^  mof for the weak C-F bond in the case of the CF3 

molecular dication is very much lower than the literature value for a typical C-F bond (-484 kJ mol ') 

[32]. Therefore, the significantly lower value of the bond enthalpy for the CF3̂  ̂dication supports the 

model, originally applied to SiF3̂  ̂[31], in which a perfluorinated dication (CF3̂  ̂in this particular case) 

consists of a tightly bound ‘core-dication’ (CF]^^) attached to a weakly bound F atom.

I
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0.28 -
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0.2
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♦ X = H 
■ X = D

0.2 0.4 0.6 0.8

Centre-of-mass collision energy/eV

Figure 7.3 Intensities of the XCF]^ bond-forming product ion relative to the Cp2  ̂ charge-transfer product ion, as a 

function of the centre-of-mass collision energy, formed in collisions o f with both D? and H2 .

7.5 Conclusion
The relative ion yields of the products of the bond-forming reaction, electron-transfer and 

collision-induced neutral-loss reaction product ions have been recorded following collisions between
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and X2 (X = D or H) at laboratory frame collision energies in the range of 3 to 13 eV. The ratios 

of the bond-forming product ions indicate that no isotope effect is in operation when H2 is used in place 

of the D2 neutral reactant; that is, the probability of forming the XCp2̂  product ion is independent of 

the choice of hydrogen isotope used as the neutral reactant at a given collision energy. In addition, the 

collision energy-dependence of the bond forming reaction is indicative of a reactive pathway in which 

there is no energy barrier.

The similarities of both the magnitude and collision energy-dependence of the cross-sections of 

the bond-forming reactions, observed in the and Cp2̂ ^-H2/D2 collision systems, are such

that it is probable that both collision systems share the same reactive pathway of bond formation, 

namely the spectator-stripping reaction mechanism.

A preliminary estimation of the enthalpy of the weak C-F bond, which is broken during CINL 

reactivity, indicates a bond energy of kJ mol'\ This contrasts with the much higher typical

value in the literature (484 kJ mol'*) and supports the model in which CFĝ "̂  consists of a tightly bound 

‘core-dication’ (CF2^0 attached to a weakly bound F atom.
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Chapter 8 
Intramolecular isotope effects in the bond-forming 

reaction of with HD
8.1 Introduction

Studies of the gas-phase reactivity between molecular dications and neutral molecules [1-4] 

have indicated that, although being a relatively minor process in comparison to the much more intense 

electron (charge)-transfer reactivity [1-3], bond-forming reactivity is nevertheless a significant reaction 

channel. The molecular dication/neutral collision systems exhibiting the greatest propensity for bond 

formation are those systems in which the neutral reactant is either molecular hydrogen or its isotope. 

These earlier studies of bond-forming reactivity in molecular dication/neutral collision systems have 

indicated that the bond-forming reaction process is favoured by low centre-of-mass collision energies. 

The centre-of-mass collision energy Ecom is given by Equation 8.1. Therefore, as can be seen fi*om this 

equation, the centre-of-mass collision energy at a given laboratory frame energy Eiab is dependent upon 

the masses of the reactive dication and the neutral collision partner Mn. Hence, in order to achieve 

low centre-of-mass collision energies, investigations of the bond-forming reaction processes, such as 

those contained in this thesis, have concentrated on collision systems having relatively light neutral 

reactants such as HD. Additionally, the use of a heteronuclear neutral reactant such as HD offers the 

possibility of the detection of intramolecular isotope effects. Such intramolecular isotope effects are 

much more powerful probes of the reaction mechanism than the intermolecular isotope effects 

investigated in Chapters 5 and 7.

As discussed in Chapter 4, isotope effects (or their absence) in gas-phase reactions can provide 

a probe of the reaction mechanism. In Chapters 5 and 7, the various reactions of the CF]^^ and CFs^  ̂

molecular dications with H% and D] were examined for signs of intermolecular isotope effects, in an 

attempt to gain information regarding the nature of the mechanism for bond-formation. The analysis of 

the experimental results revealed the absence of any detectable intermolecular isotope effects. This 

observation is consistent with the operation of a direct reaction mechanism and is in strong accord with 

the results of a previous crossed-beam scattering experiment, which measured the scattering angle 

distribution of the products of the reaction between CFẑ "̂  and Dz [4]. In these investigations the DCF]^ 

product ion was observed to be predominantly forward scattered; such a scattering distribution is a 

definitive indicator of the operation of a spectator-stripping mechanism.

The use of HD as the neutral collision partner should therefore provide a means of 

determining the presence of an intramolecular isotope effect: the propensity for preferentially 

forming either of the HCF]^ or DCF]^ bond-forming product ions (Equations 8.2a and 8.2b).
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Hence, the operation of such an isotope effect may be verified by measuring the relative intensities 

of the two bond-forming products, formed in collisions between the Cp2̂ '̂  and HD collision 

partners.

C F f + HD -> DCp; + H* (8.2a)

C F f + HD ^  HCF; + D" (8.2b)

8.2 Experimental details
A detailed account of the experimental methodology employed in the mass spectrometric 

measurements is given in Chapter 2. However, for this particular collision system, the pressure of the 

target gas was set at a gauge value of 2x10"^ Torr rather than the usual value of 4xlO"^Torr. 

Despite the fact that this value is half that of the usual value for non-hydrogen collision partners, the 

actual number densities of the target gases are in fact the same in each case. The gauge readings of the 

pressures of HD neutral collision partner is set at the lower value as a result of the insensitivity of the 

ion gauge to HD. This insensitivity arises because of the higher ionization potentials of the HD (in 

common with H: and D2) targets relative to those of other gases, such as ammonia, meaning that the 

gauge reads low for H2, D2 and HD gases.

The HD neutral collision partner is obtained from a commercial source. The purity of the 

HD is greater than 94%, the major contaminants being H2 and D2. This purity is sufficiently high 

for the purposes of these experiments as the uncertainties obtained in determining the relative 

product ion intensities are greater than those arising from the impurities in the HD reactant. As 

stated in Chapter 5, previous work [6] has indicated that the yield of the Cp2̂  product ion may be 

highly sensitive to the presence of excited electronic states of the reactant dication in the ion beam. 

Hence, to ensure that the electronic state distribution in the dication beam is uniform throughout the 

experiment, the operating conditions of the ion source are strictly controlled so to be constant during 

the duration of the experiments [7]. In addition, the pressure of the neutral collision partner is rigidly 

monitored to ensure a constant value. This careful supervision avoids potential deviations in the 

product ion intensities caused by fluctuations in the respective gas pressures. Hence, any 

deviations in the recorded product ion intensities can be directly attributed to fundamental 

changes in the reaction process.

8.3 Results and analysis
Time-of-flight mass spectra were recorded following collisions between Cp2̂  ̂ and HD at 

collision energies in the laboratory frame between 3 and 11 eV. These energies correspond to 

centre-of-mass collision energies between 0.17 and 0.63 eV. The mass spectra indicate, in common
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with the analogous reactions of with D2 and H%, that CF^, HT, D ,̂ HD^, HCF]^ and DCFz^ 

product ions are produced. A section of a representative time-of-flight mass spectrum showing the 

product ions formed at a centre-of-mass collision energy of 0.396 eV is displayed in Figure 8.1.
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F igu re  8.1 A section o f  a representative time-of-flight mass spectrum show ing som e o f the charged products 

o f  the reaction between C Y i *  and HD recorded at a centre-of-mass collision  energy o f 0.396 eV.

8.3.1 Assignment of product ions

As stated above, analysis of the mass spectra reveals that CF^, CF]^, IF , HD^, HCF2̂  and 

DCF2̂  ions are produced in the reactions between CF2̂ ‘̂ and HD. Representative values of the 

background-corrected product ion intensities, recorded following collisions between CF2̂"̂ and HD at a 

centre-of-mass collision energy of 0.62 eV, are given in Table 8.1. As discussed in Chapter 5, Table 8.1 

does not include the intensities of the HD^, IF  and D^ ions. The reason for this is that the spectrometer 

has a low collection efficiency for ions formed from the neutral collision partner, so an accurate 

determination of the intensity of these ions would be difficult to achieve. However, a number of mass 

spectra were recorded at various collision energies to determine, qualitatively, the presence of these 

ions.

In common with the reaction of CF2̂"̂ with H2/D2, the product ion intensities indicate that three 

types of reactivity are observed. Firstly, the CF2̂  product ion can only be formed as a result of non- 

dissociative electron-transfer(Equation 8.3). The second reaction process leads to the formation of CF ,̂ 

which may be formed either by means of dissociative electron-transfer or by collision-induced charge- 

separation (CICS). However, the absence of any F ' signal in the mass spectra eliminates the possibility 

of the C F  being formed in CICS reactions. Hence, the C F  ion may be assigned as the product of a
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dissociative electron-transfer reaction (Equation 8.4). Additionally, a third type of reactive process that 

leads to the formation of new chemical bonds is also observed. This bond-forming reaction results in 

the generation of the HCFz^ and DCFz^ product ions. The observation of and signals, together 

with the absence of any or D(H)F^ signals allows the formation of the HCFz^ and DCFz^ product 

ions to be unambiguously assigned to the reactions given by Equation 8.5 a and b.

C F f  + HD ^  CF; + [H + D f  (8.3)

CFj^^+HD-^CF'"+[H + D ]*+F (g.4)

C F f + HD -> DCF* + H* (8.5a)

CFj" + H D ^ H C F ; + D *  (8,5b)

The lack of any doubly-charged product ions in the mass spectra signifies that no collision- 

induced neutral-loss (CINL) reactivity occurs for the CF2̂ ^/HD collision system at the collision 

energies employed in these experiments. This observation is in accord with previous investigations of 

the gas-phase reactivity of CF]^^ with D2 [1,2]. As discussed in Chapter 5, the low probability of the 

CF2̂  ̂molecular dication undergoing a CINL reaction is in contrast to other perfluorinated dications 

such as CFg^  ̂and SF4̂ '̂  which have relatively large CINL reaction cross-sections [8]. The intensities of 

the product ions, such as those in Table 8.1, indicate that whilst the cross-section for the bond-forming 

reaction is significant, the electron-transfer channels dominate.

Table 8.1 Background-corrected intensities of product ions formed following collisions between CFz  ̂and HD at a 

centre-of-mass collision energy of 0.622 eV.

CFz"^ cr CF2+ HCF2+ DCF2+
184176 973 1107 154 212

8.3.2 Product ion intensities

The intensities of the HCF2̂  and DCF2̂  ions relative to the signal intensity of the CF2̂  ion are 

listed in Table 8.2. These ratios, unlike the product ion/dication intensity ratio, are independent of both 

the target gas number density and the incident dication beam current. In addition, as mentioned in 

Chapters 5-7, the yield of the CF2̂  ion is approximately constant with collision energy. Hence, the 

intensities of the HCF2̂  and DCF2̂  ions relative to the intensity of the CF2̂  ion provide sound 

representations of the collision energy-dependence of the bond-forming processes. Table 8.2 also 

includes the ratio of the intensities of the two products of bond-forming reactivity, HCF2̂  and DCF2̂ . 

This branching ratio should indicate whether an intramolecular isotope effect is in operation in the 

bond-forming reactive pathway, and is, hence, an intimate probe of the reaction mechanism of the 

bond-forming process.
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In all cases the ion intensities are background-corrected and the values given in Table 8.1 

are the mean values of at least three data sets. The error bars in Figures 8.2 and 8.3 are obtained 

by considering the uncertainty in the measured ion peak areas. The mass spectral peaks 

corresponding to the two bond-forming ion products HCp2̂  and DCFz^, having masses of 51 and 

52 a.m.u. respectively, are very close together and, in spite of the efforts to maximize the mass 

resolution of the TOFMS, are not resolved at the baseline level. Consequently, such overlapping 

peaks are difficult to analyse accurately using the conventional method of channel summation. To 

overcome this problem, the peak areas of the two bond-forming ion products are determined 

using a peak fitting procedure. This procedure uses a computer program to generate two (or 

more) Gaussian curves representing ion peaks of variable height, width and profile. These 

simulated peaks may then be partially superimposed to mimic the mass spectral peak overlap. 

These peaks can be matched against the actual spectral peaks for inspection, and if necessary 

adjusted, to determine the peak areas.
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F igure 8 .2  Intensities o f the DCFz^ and HCFi^ product ions relative to the CFz^ electron-transfer product 

ions, as a function o f  the centre-of-mass collision energy.
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(branching ratio) as a function o f the centre-of-mass collision energy.

T ab le  8 .2  Relative intensities o f  the bond-forming and electron-transfer product ions as a function o f the 

centre-of-mass collision energy Ecom

Ecom/eV i (h c f ; )
/ ( C F ; )

/(D C F ;)
/ (C F ;)

/(H C F ;)
/(D C F ;)

0.74 0.1363 0.1779 0.7661

0.68 0.1324 0.1749 0.7565

0.63 0.1386 0.1842 0.7531

0.57 0.1335 0.1892 0.7060

0.51 0.1287 0.1853 0.6947

0.45 0.1191 0.1877 0.6349

0.40 0.1121 0.1872 0.5989

0.34 0.1134 0.1947 0.5827

0.28 0.1142 0.2024 0.5641

0.23 0.1172 0.2232 0.5254

0.17 0.1259 0.2562 0.4916

The data in Figure 8.3 and Table 8.2 indicates that at a given collision energy we observe 

significantly more of the DCF]^ than the HCF?^ product ion. However, as described in Chapters 3 

and 5, the effective detection efficiency of the product ions will depend upon the product ions
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transverse velocity. Those ions having high transverse kinetic energies are detected less efficiently. 

Consequently, ions formed in different reactive processes may have different transverse kinetic energies 

and hence, different detection efficiencies. To overcome this problem, a correction formula (Equation 

8.6) is used to amend the ion intensities 1 for the discriminatory effects of the variable detection 

efficiency, and give the relative cross-section value:

= = (8.6) 
^B ^B

In Equation 8.6, a  is the cross-section of a given reaction process, v is the transverse velocity 

of the product ion and L is the transverse length of a volume of the interaction region imaged onto the 

ion detector, for reactions A and B. A detailed discussion of the methodology behind the correction 

formula and the origin of the variability of the detection efficiency is given in Chapter 3. As can be seen 

from Figure 8.3, the correction procedure results in the ratio of the cross-sections being slightly higher 

than the equivalent intensity ratio, indicating, as expected, that the slightly heavier deuterated product 

has a marginally higher detection efficiency. However, the qualitative trend is unchanged, pointing to a 

marked intramolecular isotope effect that favours the formation ofDCE: .

8.4 Discussion
Intramolecular isotope effects in ion-neutral reactions have been the motivation for a 

comprehensive series of experimental and theoretical investigations [9-21]. These investigations 

have concentrated on the reactions of singly-charged positive ions with HD employed as the 

neutral reactant. The relatively large ratio in the masses of H and D will emphasize any 

intramolecular isotope effect, making HD an excellent choice of reactant to study intramolecular 

isotope effects. In addition, HD is readily available commercially or, unlike many isotopic targets, 

HD may be prepared with relative ease in the laboratory [22].

The results of prior investigations of the reactions between monocations and HD, at 

collision energies comparable with those employed in our work, indicate a marked intramolecular 

isotope effect which usually favours the production of the hydrogenated product. The greater 

probability for the production of the hydrogenated product is usually explained as arising as the 

result of an orientation effect [10]. This orientation effect is caused by the attractive ion-induced 

dipole interaction exerting a torque on the HD molecule as the reactants converge.

As can be seen from Figure 8.4, the torque arises because the centre-of-polarizability of 

the HD molecule lies at the centre of the H-D bond, whilst the centre-of-mass of HD is located 

somewhat closer to the D end of the H-D bond. The attractive ion-induced dipole interaction 

exerts a force on the centre-of-polarizability. The resulting torque causes a rotation of the HD
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molecule about its centre-of-mass, directing the H end of the HD molecule towards the reactant 

ion. Hence, the overall result of this effect is that more collisions occur in the [M-H-D]^ 

configuration than the [M-D-H]^ configuration, thus accounting for the preferential formation of 

the hydrogenated product. This qualitative reasoning is supported by both quantitative classical 

and quantum mechanical analysis [9,10],

Attractive
Force

N
Reaction

<pXs)—

F igu re 8.4  Schematic representation o f the /HD [16] collision system. The intermolecular potential 

produces a force that acts at the centre-of-polarizability (P). This force exerts a torque on the HD  

bond, acting about the centre-of-mass (C), which tends to turn the HD bond so that the H is 

directed at the reactant ion.

With a doubly-charged reactant ion, as is the case in the Cp2̂ ^-HD collision system, one 

would expect an even stronger orientation effect favouring the hydrogenated product, due to an 

increase in the torque acting on the HD molecule, caused by the greater charge on the reactant 

ion. However, as can be seen in Figure 8.3 the reaction between HD and CFẑ "̂  exhibits a strong 

inverse isotope effect. That is, a preferential formation of the deuterated product. Clearly, in the 

case of the reaction between CF:^^ and HD, the orientation effect described above is not able to 

account for the preponderance of the deuterated product, evidently other effects determine the 

reaction dynamics.

136



Isotope effects that favour the formation of the deuterated product in ion-molecule 

reactions have been observed. Such isotope effects arise because of statistical effects 

[12,13,18,19]. In the absence of other complications, such as the differences in reaction 

endothermicities for forming the deuterated and hydrogenated products in endothermie ion- 

neutral reactions, these statistical effects are usually very small. For example, in the reaction 

between monocations and HD at collision energies <10'^ eV, the statistical effects result in a 

branching ratio of 52:48 in the products. Such statistical effects require the formation

of an intermediate species, which has a lifetime of sufficient length to permit energy 

randomization.

In the case of the reaction between and HD the intermediate species would be

[Cp2HD]^^. However, the mechanism of the bond-forming reaction between Cp2̂ '̂  and D2 has 

been found to be direct, with no evidence of a long-lived complex [2,4]. In addition, the branching 

ratio of DCp2̂ /HCp2̂  in the reaction of Cp2̂  ̂with HD is between 1.32 and 2.03 depending upon 

the collision energy; such values of the branching ratio are markedly higher than those observed 

for statistical effects in exothermic reactions. Hence, statistical effects may be disregarded as the 

cause of the propensity for the formation of the deuterated product.

The observed reactivity of the Cp2̂ ^/HD collision system may be qualitatively rationalized 

if the chemical reaction is preceded by the electron-transfer reaction given by Equation 8.7.

CP2^  ̂+ HD -> CP2  ̂+ HD^ (8.7)

As can be seen from Table 8.1 and the other tables of product ion intensity in this thesis, electron- 

transfer is the major reaction channel in dication-neutral collision systems at laboratory frame 

collision energies between 2 and 15 eV. As stated in Chapter 4, electron-transfer reactivity has 

been modelled using an adapted form of the Landau-Zener theory. In this model, electron-transfer 

occurs at the crossing of reactant and product potential curves.

If, in the case of the Cp2̂ ^/HD collision system, electron-transfer occurs as the reactants 

converge, then the repulsion between the Cp2̂  and HD^ reactants will exert a torque on the HD^ 

ion. However, because the force between the two singly-charged reactants is repulsive, the torque 

will be in the opposite sense to the torque exerted in the case of monocation/HD collision systems 

discussed above. Therefore, for the collision system, as illustrated in Figure 8.5,

electron-transfer will result in the preferential orientation of the reactants into the [Cp2-D-H]^^ 

configuration, which favours the formation of the deuterated product. This effect is the exact 

opposite of the behaviour observed in monocation/HD collision systems.
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Attractive
force

electron-transfer

Repulsive
force

CH

Chemical reaction

F ig u re  8.5 Schem atic representation o f  the bond-forming reaction between and HD. (a) A s the collision  

partners approach one another, the intermolecular potential produces a force that acts at the 

centre-of-polarizability (CP), this force generates a torque on the HD bond, acting about the 

centre-of-mass (CM ), which tends to turn the HD bond so that the H end is directed towards the 

reactant ion. (b) W ith the reactants in a [CFi-H-D]^^ orientation, an electron-transfer reaction 

results in the formation o f CF]"̂  and HD^ intermediates.(c) Following the electron-transfer 

reaction, repulsion between the like charges rotates the HD^ intermediate so that the D  end is now  

adjacent to the CF2  ̂ intermediate, (d) With the intermediates now in a [CFz-D-H]^^ configuration, 

a bond-forming reaction takes place. The orientation o f the reactants favours the preferential 

formation o f  the DCF:^ product ion.
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The above hypothesis assumes that electron-transfer occurs at interspecies separations 

where the resulting singly-charged ions can still, by virtue of their kinetic energy, approach each 

other to within separations that permit chemical reactivity to occur. Therefore, the above model, 

in which chemical (bond-forming) reactivity is preceded by electron-transfer, is favoured if the 

electron-transfer is favoured at relatively small interspecies separations. A recent test of the above 

hypothesis of electron-transfer preceding chemical reactivity, modelled the reaction between a 

dication and HD using simple classical trajectory simulations of the approach of an HD molecule 

to a dicationic point charge. In this model, electron-transfer occurs at an interspecies separation of 

0.3 nm. The resulting distribution of the HD^ orientations are monitored at the closest approach. 

The results from this approximate model of the reaction process are in accord with the above 

hypothesis, namely a favouring of the [M-D-H]^^ orientation in the dication/HD collision systems, 

compared to the preponderance of the [M-H-D]^ orientation in the monocation/HD collision 

system. Interestingly, the closest approach separation between two point charges having a centre-of- 

mass collision energy of 0.57 eV is calculated to be approximately 0.28 nm, this compares to a 

separation of 0.3 nm for electron transfer. Consequently, bond-forming reactivity could, in principle, 

closely follow electron transfer.

The cross-sections for the bond-forming reaction in the CFz^^/HD (and H2/D2) collision 

systems are relatively large compared to those for other dication/neutral collision systems. The 

propensity for bond-forming reactivity in the Cp2̂ VX2 (X = H or D) systems may be explained by 

this model: if electron-transfer precedes the chemical reaction, then the relatively high efficiency 

of the electron-transfer process may result in the intensity of the bond-forming reactivity being- 

high in comparison with other dication/neutral reactants [3]. Bond-forming reactions in other 

collision systems such as the Cp2̂ ' /̂NH3 collision system, may involve a ‘sticky collision’, and 

react with the formation of a complex intermediate. The cross-section for such a reaction pathway 

is likely to be significantly smaller. It is pleasing to note that the cross-section of the bond-forming 

reaction in the Cp2̂ /N H 3 collision system was, as reported in Chapter 6 , significantly smaller than 

in the case of the Cp2̂ ^/HD/H2/D2 collision systems.

A comparison of the XCp2% p 2̂  ratio, where X = H or D, for the three neutral targets 

(H2, D2 and HD) reveals that the values of the ratio are much lower when HD is used as the 

neutral target. This is not unexpected since, in the case of the HD collision partner, there are two 

channels of bond-forming reactivity, leading to the formation of either DCp2̂  or HCp2̂ . However, 

it is reassuring to note that if the ratio of the combined intensities of both bond-forming products 

(DCp2̂  and HCP2O to that of the Cp2̂  ion in the Cp2̂ ^/HD collision system, is plotted as a 

function of the centre-of-mass collision energy, the resulting ratio shows very close agreement to
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the analogous ratio obtained using H2 or D] targets. The collision energy-dependencies of the 

ratios of the bond-forming/electron-transfer product ion intensities, for the three collision systems, 

are displayed in Figure 8.6. The close agreement of the ratios in the above figure indicates that, at 

a given collision energy, the total yield of the products of bond-forming reactivity is independent 

of the choice of which isotope of hydrogen is employed as the neutral collision partner. In 

common with the results of Chapter 5, the collision energy-dependence of the combined 

intensities of both bond-forming products in the CFz^^/HD collision system indicates, the absence 

of a barrier to H7D‘ transfer reactivity.
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C  0.45 -
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-  0.25 I  
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F igure 8.6 Collision energy-dependence o f the ratios o f the intensities o f bond-forming/electron-transfer 

products ions generated in the reaction o f  with Hz (■ ), Dz (A )  and HD ( • )  neutral targets.

8.5 Conclusion
An analysis of the products of bond-forming reactions following collisions between the 

Cp2̂  ̂reactant molecular dication and HD, at centre-of-mass collision energies in the range 0.17- 

0.62 eV, has revealed the operation of a strong intramolecular isotope effect. This isotope effect 

leads to the preferential formation of the deuterated product ion (DCp2̂ ) and increases with 

decreasing collision energy. This observation is in stark contrast to previous studies of the 

exothermic reactions of HD with singly-charged ions which exhibit the opposite behaviour: 

the preferential formation of the hydrogenated product. The singly-charged ion behaviour has
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been explained as arising because of an isotope effect that favours the alignment of the reactants 

into a orientation.

The cause of the anomalous reactivity of the dication/neutral collision system may be 

qualitatively rationalized as arising as a result of the dication’s double charge. The double charge 

enables the reaction to proceed in two stages. Firstly, the transfer of an electron from the neutral 

to the dication (Equation 8.8a), resulting in the formation of two singly-charged ions. In the 

second stage, following the electron-transfer, the two singly-charged ions repel one-another. This 

repulsion exerts a torque on the H-D bond, which rotates the HD^ ion, leading to a favouring of a 

[CF-D-H]^^ orientation. The reactants may now undergo a bond-forming reaction (Equation 8.8b) 

which, because of the favourable [CF-D-H]^'^ orientation, leads to a preponderance of the DCF:^ 

product.

CF^+ + HD CF; -h HD+ (8.8a)

CF; +H D " ^  D(H)CF; + H ^(D ") (8.8b)

The results also suggest that the total intensity of the bond-forming reaction is, within the 

limits of uncertainty, the same as that observed when H] or D] molecules are used as the neutral 

collision partner. This observation supports the conclusion of Chapter 5. That is, the bond- 

forming reactivity of the CF2̂ VX2 collision system is independent of the identity of X, where X is 

either H or D. Consequently, the same reaction mechanism operates in all three C¥2 ^!X.2 collision 

systems: namely the spectator-stripping variety of the direct mechanism.
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Chapter 9 
Future developments

The experimental results contained in this thesis demonstrate the power of time-of-flight 

mass spectrometry as a means of quantifying the intensity of a given channel of reaction between 

molecular dications and neutral collision partners. Such experimental data provides important 

information as to the fundamental dynamics of the reaction mechanism.

Not surprisingly, given the comparatively recent construction of the experimental 

apparatus, the research is in its infancy and the scope for future work is considerable. A large 

number of collision systems remain to be investigated, including the and OCS^^

molecular dications with a variety of neutral collision partners. In addition to previously untried 

collision systems, much of the work undertaken so far indicates further avenues of research. For 

example, the Cp2̂ ' /̂NH3 collision system exhibits bond-forming reactivity [1]. However, the 

intrinsic characteristics of the bond-forming process display marked differences to those of the 

other collision systems that exhibit bond-formation. Such behaviour points to a fundamentally 

different mechanism of the bond-forming reaction. The use of isotopic collision partners has been 

demonstrated to be a useful probe of the reaction dynamics [2-15]. Therefore, a comparative 

investigation of the bond-forming reactivity of the analogous CFi^'^/NDa collision system may 

provide information regarding the bond-forming reaction mechanism exhibited by this collision 

system.

Another prime candidate for investigation is the CFs^^/HD collision system. Such work 

would serve two purposes: firstly, the bond-forming reactivity observed in the and

the collision systems have many similar characteristics. Therefore, for the sake of

completeness, a comparison of the bond-forming reactivity of the CFs^'^/HD and the analogous 

CFz^^/HD collision systems would provide a further guide to the similarities of the bond-forming 

reactivity of the CF]^^ and the CFg^  ̂ molecular dications. The second motivation for the 

investigation of the CFg^^/HD collision system is that the HCFz^/DCFz^ branching ratio, obtained 

from this study, would provide a strenuous test of the mechanism of bond formation proposed in 

Chapter 8.

As discussed in Chapter 1, the use of coincidence techniques provides an effective means 

of determining the value of the kinetic energy released upon the unimolecular dissociation of a 

molecular dication formed in a repulsive electronic state [16-20]. The same experimental 

methodology may also be employed to probe the energetics of the reactions between a doubly- 

charged reactant ion and a neutral collision partner that result in the formation of two singly- 

charged ions. Using coincidence methods, the kinetic energy released in the reaction is determined
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by measuring the difference in the times-of-flight of the two singly-charged ions formed in the 

reaction. The experimental apparatus is readily converted from time-of-flight mass-spectrometer 

mode to coincidence mode by simply changing the timing electronics so that the arrival of 

successive ions at the detector triggers the START/STOP timing signals. As described in Chapter 

1, ion-ion coincidence techniques are characterized by the use of a static source field. However, 

the use of a static source field with our experimental apparatus would only lead to the deflection 

of the reactant ion beam, thus preventing reaction with the neutral collision partner. 

Consequently, the extraction of the product ions produced in coincidence may be achieved by 

using the same pulsed source field as used in TOFMS mode. This demonstrates the versatility of 

the experimental apparatus used in this investigation of dication reactivity.

Finally, the fitting of a position-sensitive detector to our experimental apparatus would 

enable the product ion intensities to be measured at a given scattering angle. As demonstrated by 

the work of Dolejsek et al [21], the angular (scattering) distribution obtained from such an 

experiment would be of immense use in acquiring additional information pertaining to the 

dynamics of a given reactive process.
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Appendix 1 
Ion time-of-flight calculation

As Stated in Chapter 2, the methodology behind time-of-flight mass spectrometry is 

founded on simple electrostatic equations and Newtonian mechanics. From these basic equations 

it can be shown that when two ions pass through a distance S in identical electric fields, the time- 

of-flight of each of the ions will be proportional to the square root of its mass. For example, 

consider an ion of mass m, charge q, and initial kinetic energy Uq in an electric field of strength E. 

The field accelerates the ion and the time T  taken for the ion to traverse a distance S is given by:

The ± signs in Equation A l.l  correspond to the extreme initial orientations of the ion’s velocity, 

‘-f-’ if the ion is moving directly away from the ion detector, if the ion is initially directed 

towards the ion detector.

A practical spectrometer, such as that used in these investigations, will usually have two 

electric fields, one across the ion source region and the second field accelerating the ions after 

they have left the source region, these fields are followed by a field-free drift region. A 

representative schematic diagram of such a spectrometer is given in Figure 2.5 in Chapter 2. The 

time-of-flight T, in terms of the ion’s initial kinetic energy , the final energy Uu the two electric 

fields Es (source) and E^ (acceleration), and the internal dimensions S and drift tube of length D, 

is simply the sum of the flight times of the ion in each region of the spectrometer.

where:

giving:

Tiu„.s)-Ts+T^+To  (A1.2)

U , = U ^ +  qSE^ + qdE^ (A1.3)

î ’s ((/»)"'] (AI.4)
qtL̂

T. = [([/, )'"  -  (f/o + qSE, ) '" ]  (AI.5)

where is the time an ion takes to exit the source region. Ta is the time taken for the ion to pass 

through the second (acceleration) electric field, and Tb is the time an ion spends in the (field-free) 

drift tube.
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The most striking conclusion to be gained from the above time-of-flight calculation, is the 

fact that in each region of the spectrometer the time-of-flight of an ion is proportional to the 

square root of it’s mass. Hence, by summing together Equations A1.4-A1.6 one obtains the total 

time-of-flight of an ion. The total time-of-flight can be more conveniently expressed (Equation 

A1.7) as:

T = k{m )''^+c  (A1.7)

where k and c are mass-independent parameters used in the full time-of-flight equations 

(Equations A1.4-A1.6) above. As described in Chapter 2, the values of k and c are obtained by 

measuring the flight times of ions of two known mass/charge ratios, usually Ar"*" and Ar^"^, and 

solving the above equation for k and c. The k parameter is dependent upon the electrostatics, 

whilst the c parameter arises from the delays in the TOE electrics. Having obtained values of the k 

and c parameters, the mass of any ion is easily calculated by rearranging Equation A1.7 to give:

(A1.8)

147



Appendix 2 
Mass resolution and focusing in a time-of-flight mass spectrometer

A2.1 Mass resolution
The mass resolution of a mass spectrometer is a measure of a spectrometer’s ability to 

reduce the spread of the flight times of identical ions. If the ions in a spectrometers source region 

were formed in a plane parallel to the repeller plate and had zero initial velocity, then the flight 

time would be the same for all ions of a given mass to charge ratio. In practice however, real ions 

will have distributions of both initial position and kinetic energy. These will cause a spread in the 

flight times of ions and hence lower the spectrometers resolution.

The mass resolution of a spectrometer can be considered as being the mass for which 

adjacent masses are essentially separated [1]. That is, the highest mass spectral peak after which 

the overlap between adjacent mass peaks is above the half-maximum of the peaks. For example, a 

spectrometer with a resolution of 100 can distinguish between an ion of mass 99 and mass 100, 

but cannot distinguish between an ion of mass 100 and mass 101. Mathematically, the difference 

AT in the times-of-flight of ions of mass m and mass m+1 is given by:

1 . 1 1
m j

-1 (A2.1)

The bracketed term of the above equation can be simplified using a binomial expansion to obtain 

the following approximation:

AT = 1 ^  (A2.2)
2m

If, as discussed above, we define the mass resolution R, of the TOP mass spectrometer, as 

the mass corresponding to the value of the highest mass m of an ion that can be adequately 

differentiated from its neighbouring ion peaks, ATa/ may therefore be considered as the time 

difference between the mass spectral peaks of the heaviest pair of ions. Hence, if the overlap of 

the heaviest resolvable mass spectral peaks is defined as occurring at, or just below, the half

maximum of the peak then the value of ATm for such a situation must be equal to the full width at

half maximum (FWHM) of the upper mass peak. Therefore, rearranging Equation A2.2 and 

substituting R for m gives:

R = (A2.3)

where Tm is the time-of-flight (ns) and ATm is the FWHM of a given mass spectral peak (ns).

The resolving power of a TOF mass spectrometer is governed by its space and energy 

focusing characteristics. The focusing of the ions in the spectrometer is simply an attempt to
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ensure that the time spread of a mass spectral peak is as small as possible. That is, that ions of a 

given mass will have, within a small range, essentially the same times of flight. The fact that ions 

are formed with a distribution of kinetic energies and initial source positions, increases the time- 

of-flight spread and, hence, causes a reduction in the resolution of the mass spectrometer.

Wiley and McLaren [1] developed a twin electric field design of TOF mass spectrometer 

in an attempt to improve its energy and space focusing abilities. Wiley and McLaren introduced a 

new parameter and made the simplifications that the ion’s initial kinetic energy {Uq) is zero, 

and that the ion of charge q is formed at a point in the centre of the source region hence S = Sq. 

This gives:

U , = qSç̂ Ê  + qdE^ (A2.4)

^ ^  (SgE^+dE^)  (A2.5)
° S,E ,

where E  is the strength of a given electric field, and d is the length of the second electric field 

region. These definitions (Equations A2.4 and A2.5), when substituted into the equations for the

time-of-flight of an ion presented in Appendix 1 (Equations Al.4-6), gives the ion time-of-flight

T{0,Sq) in terms of .

T(0,^J =
1/2

(A2.6)
"0

The substitution of the parameter simplifies the time-of-flight equation and allows for easier 

mathematical manipulation.

Space focusing
The initial position of an ion influences the resolution of a spectrometer, as ions that are 

formed initially closer to the ion detector (smaller S values), will acquire less energy in the source 

field than those ions formed further away from the detector (larger S values). Hence, the ions with 

larger S values will eventually overtake the slower moving (small S value) ions. Consequently, 

there exists a position along the central axis of the spectrometer that the ions with large S and 

small S values reach simultaneously. At this point we have a space focus.

One method of optimizing a mass spectrometers space focusing capabilities is to calculate 

the parameters that result in first order space focusing conditions. The first order space focus may 

be found using elementary mathematics. That is, by obtaining the first differential of the ions time- 

of-flight with respect to the source position dr/d5 and finding the parameter values giving dt/dS = 

0 .
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Wiley and McLaren found the position at which the ions with initial source positions 

5 = ± 7 8 5  pass each other and set ét/ûS = 0 and, using the above equation, obtained an

expression for the first order focus requirements:

(A 27)

This focus condition is the same for all ions, regardless of their mass. If the parameters d, 

Sq and D are fixed, the ratio E^/Es is uniquely determined by the above equation. In practical 

terms this means that for the twin electric field TOP mass spectrometer, with fixed values of d, Sq 

and D, a first order focus is obtained by adjusting the value of E^/Es. This adjustment is made, by 

changing the potentials on the various spectrometer grids/repeller plate, and contrasts with the 

single electric field design TOP mass spectrometer, where the focus condition is purely 

geometrical (D  = 2Sq ).

Energy focusing
Consider two ions, ion 1 and ion 2, of the same mass and initial source position, with 

initial velocity of equal magnitude v but of opposing direction, ion 1 being directed towards the 

ion detector, along the spectrometers central axis, and ion 2 directed along the same central axis 

but in the opposite direction, away from the detector. Ion 2 will initially move in its original 

direction, being decelerated by the source field Es until its speed is zero. Es then accelerates ion 2 

back towards the detector at the point ion 2 reaches its initial source position S it will have the 

same speed as it started off with, however this speed will now be in the opposite direction. Hence, 

at this point, it will have the same initial velocity as ion 1. The significance of ion 2 having this 

same velocity at this point is that the difference in the time-of-flight of the two ions is simply the 

time taken for ion 2 to initially set off in the opposite direction and subsequently return to its 

original position. This time lag is called the ‘turn around’ time.

The time spread A7^, due to the turn around time, is hence simply twice the time taken 

for the ion having the highest initial velocity away from the detector to be decelerated to zero 

velocity by the source field. Por example, an ion of mass m and maximum initial kinetic energy Uq 

has a turn around time ÙsT q given by:

a t ;  = ^  = - ~ { 2 m U , f -  (A2.8)
(jE^ qE^

Substituting this equation for A7̂  in the mass resolution equation, and using equation (A2.6) for 

the time-of-flight T(0,5o), together with the focus condition of Equation (A2.7), the maximum 

resolvable mass Mq is given by:
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f  ^ ’1
1/2

f kQ+1 C - 1 d ) (A2.9)
3̂/2Mo = 0.251

In general, Mq may be increased by increasing D or by decreasing d o r  Sq.
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Appendix 3
Single collision conditions

To avoid the possibility of multiple ion-ion or ion-neutral collisions in the interaction 

region of the mass spectrometer, the target gas pressure is rigorously controlled and maintained at 

such a level that almost all the ions in the beam of the reactant dications do not colhde with 

anything, and those that actually do undergo a collision event will only do so once. These single 

collision conditions are determined using the following analysis [1].

Probability of an ion undergoing a single collision
The fraction of species not undergoing collision with a target gas molecule within a flight 

path of length % is given by:

^  = e x p ( - j ]  (A3.1)

where N  is the intensity of the transmitted dications, N q is the intensity of incident dications and X 

is the mean free path. The probability that a dication collides with a target molecule between x  and 

% 4- d% is obtained from the exponential probability density:

(A3.2)/(x )ck  = ^ ex p f-^ ck

where f(x) represents the probability density of the free path, defined as the distance travelled by 

the dicationic species between collision events.

The probability that the dication passes through the remaining length (L-x)

without a further collision event is given by:

- ( L - x )
X

(A3.3)

Hence, the probability (P) that a molecule undergoes a collision at x  and then passes 

through the remaining part of its path of length {L-x) without further collisions is given by:

X
d% exp

(l - x )
X

(A3.4)

Hence, the probability that the dication only experiences one collision in traversing a distance L 

may be obtained by integrating the above equation for all values of x  between x = 0 and x = L
/

exp
V
- f ] e x p

( L - x )
X

djc

which gives:
„ L  {

(A3.5)

(A3.6)
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In general, the probability of n collisions in traversing distance L  is given by Equation 

A3.7. Using this equation, it is possible to find appropriate values of (LA) that will result in 

conditions allowing a reasonable number of single collisions without significant numbers of 

multiple collisions. The value of L is a constant value determined by the spectrometer’s design, 

and so, with an optimum value of (LA) and a set value of L, the above may be used to calculate 

an optimum value of L, the mean free path of the dication. The ambient optimum pressure 

conditions required to ensure against the possibility of multiple collisions (Pscc) inside the 

spectrometers interaction region may then be obtained from the calculated value of X using 

Equation A3.8.

\ n \ j X
exp

L T

(A3.7)

Where is the Boltzmann constant, T  is the temperature and Gc is the collision cross-section.

In practice, the above equation is used a starting point and a series of mass spectra are 

taken with internal pressures lower than this value until a desired product ion intensity is obtained. 

The necessity for this procedure results from the need for single collision conditions, which in 

addition to ensuring that the ion signal is not so high as to damage the very sensitive plates of the 

ion detector, also prevents multiple collision events. Such multiple collision events could make the 

elucidation of the reaction channels unnecessarily difficult. As shown in Figure 2.7 in Chapter 2, 

the presence of single collision conditions is confirmed by a linear relationship between the 

product ion intensity and the pressure inside the collision region of the mass spectrometer.
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Appendix 4 
The impact parameter and angular momentum

The force between two structureless particles of masses mi and m2 acts along the particles 

line of centres, and is given by:

where jR is a unit vector along the line of centres of m% and m2. From Newton’s third law of 

motion it follows that the force on the second particle is equal in magnitude and opposite in 

direction to the above force:
d^R

m ^ = - F{ R)  R  (A4.2)
" dr"

The equations of force (Equations A4.1 and 2) may be expressed in terms of the relative 

separation R,  where R = R] - R2, and the reduced mass |x. Thus:

= (A4.3)

The angular momentum L  of the relative motion of the masses mi and m2 is given by the 

vector product: L = R x  [iR . Differentiation of the angular momentum with respect to time gives 

[1,2]:

L = ( R x \ i R  )+ (Rx\iR  )= 0 (A4.4)

However, the value of L  is zero because L is the vector product of two parallel vectors. Hence, if 

L  has zero value it follows that L  must have constant value, this supports the conclusion of 

Newton, namely the conservation of angular momentum.

The conservation of angular momentum and therefore the direction of L, implies that the 

collision trajectory is limited to one plane. Consider a plane normal to the direction of L. If the 

plane is defined by the vectors R(t) and R{t+dt) such that R{t+dt) = R(t) + R dt. As the direction 

of L is constant, it follows that R(t) and R{t+dt) are always in the same plane. Hence, the 

trajectory may be specified by the variables of R and \\f, where \j/ is the orientation angle. This 

enables a relationship to be made between the impact parameter b and the angular momentum.

The impact parameter is defined as the distance of closest approach of two particles in the 

absence of an interparticle force, and is related to the interparticle separation vector R  such that:

R = R\ - R2 = vt + b (A4.5)

Where v is the relative velocity of the two particles

Before the collision, as b is normal to the initial velocity and hence L, the magnitude of the vector 

product L = [iv x b  is given by:
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L — \Jivb = 7(0 (A4.6)

Therefore, from Equation A4.6 we obtain:

c o = i :  = i ^  = 4

which is used to give Equation 4.30 in Chapter 4.
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Appendix 5 
Numerical calculation of Frauck-Coudou factors.

Franck-Condon factors (FCF) provide a measure of the probability of a vibronic transition, 

such as the general ionization process (Equation A5.1) below.

X2(v'^ = 0) —>X2̂ (v^ = 0 —> 8) + e (A5.1)

One notable model that may be used to obtain approximate FCF values incorporates the Noumerov 

algorithm [1-3], which is used to find solutions of the one-dimensional Schrodinger equation., the 

reduced form of which is given by:

d V
dX"

(A5.2)

The numerical solution of Equation A5.2 gives the wave function. The Franck-Condon factors are then 

given by the square of the overlap integral of two such wave functions. In the Noumerov algorithm the 

solution of Equation A5.2 is calculated for equally-spaced values of X, where the separation h is given 

by:

Taylor expansion to order gives:

fn+l + fn-l = '^fn + ^ fn

differentiating Equation A5.4 twice gives: 

therefore, fi-om equation A5.5: 

where/(jt; =f{x=k). This gives:

/n+i -

-1

1 -

5h^(2 + — % /,-( l-

(A5.3)

(A5.4)

(A5.5)

(A5.6)

(A5.7)

Therefore, values of the wave function/„+i may be deterrnined using Equation A5.7 if the two previous 

values,/, a n d o f  the wave function are known. In practice, the wave function values are calculated 

using Equation A5.7 in an iterative process. The values o f / ,  and/,_i used in the above equation are 

found by starting the iteration at an initial point where/„.i has zero value, and/ ,  has a very small value.

The numerical solution to Equation A5.2 requires the use of reduced equations; these greatly 

simplify the calculation as the number of parameters is reduced to a minimum. In the iteration 

calculation Equation A5.2 is transformed into its reduced form:

d V
dx

(A5.8)
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The model potential used in the calculations was the Morse potential [4]. However, this 

potential, together with the eigenvalues E  associated with the Morse potential, have to be transformed 

into their reduced forms V(x) and Er respectively. These reduced forms are given below in Table A5.1. 

Also included in the table is the reduced spatial co-ordinate x.

Table A5.1 Reduced and unreduced Morse potentials and the ratio of the reduced and unreduced eigenvalues.

Morse V,(X) reduced V((X )

X

Y
constant y &

E

A [l-e x p -P " f l y : 1-e x p  ^
2

'(2nD.ŷ P
n

fly
2D

Having reduced the parameters to the form given in Table A5.1 the wave function values for a 

given vibrational energy level may be calculated. The iterative calculation is both lengthy and laborious 

to calculate manually. However, such a task is ideally suited to a spreadsheet program where, in 

addition to being a highly efficient calculator of the wave function, the use of such a spreadsheet also 

allows the wave functions corresponding to other vibrational levels or molecules to be calculated 

simply by changing the various spectroscopic data values in the spreadsheet program.

Having calculated the wave function values Yy, for a given ground vibronic state of hydrogen 

or deuterium, the values of the wave function corresponding to the ionized parent molecule in a 

given vibrational state are calculated in exactly the same manner. The two wave functions are then 

overlapped with themselves and normalized. The Franck-Condon factors (FCF’s) are then given by 

squaring the overlap integral of the two wave functions:

FCF = (A5.9)

The resulting FCF values for the ionization of H] and D% obtained using the above method are 

listed in Tables 5.4a and b (Chapter 5), together with values taken from the literature [5].

157



References

1 B. Noumerov, Royal Astron. Sac., 84 (1924) 592.

2 C. Kubach, J, Chem. Education, 60 (1983) 212.

3 U. Blukis and J. M. Howell, J. Chem. Education, 60 (1983) 205.

4 P. M. Morse, Phys. Rev., 34 (1929) 57.

5 G. H. Gunn, J. Chem. Phys., 44 (1966) 2592.

158


