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Abstract

Photofragment velocity-map imaging (VMI) has generally been employed to investigate
the photodissociation dynamics of relatively small molecular systems (< 5 atoms). The
work reported in this thesis focuses on the application of this technique for the investigation
of the unimolecular photodissociation of larger chemical systems, which are of interest to
a broad cross section of the chemical community. Typically, VMI studies involve state-
selective detection of one particular fragmentation product, and so are often limited to the
investigation of a single dissociation channel. By employing vacuum ultra-violet (VUV)
photoionization, we are able to detect most, if not all of the fragments resulting from the
dissociation of a neutral species, with ‘universal’ ionization being achieved in the ideal case
when the fragment ionization energies are all lower than the VUV photon energy. This
capability becomes particularly important when investigating larger systems, since these
often display complex dynamics with multiple competing fragmentation pathways. Our
approach allows us to investigate the different photofragmentation processes occurring for
a particular system, to evaluate the relative importance of the active dissociation channels,
and to gain insight into the energy partitioning amongst the fragments.

A study of the UV photodissociation of two neutral alkyl iodide molecules demonstrates
the first use in our laboratory of ‘universal’ ionization in combination with VMI. Studies
into the photofragmentation processes resulting from 193 nm photoexcitation of neutral
N,N-dimethylformamide, a small-molecule model for a peptide bond, and a number of
neutral cyclic alkenes, which undergo the retro-Diels-Alder reaction, are also presented.
The remaining studies presented in this thesis have investigated the photofragmentation
processes of ionic species, generated by means of VUV photoionization. In the case of ion
dissociation each fragmentation channel necessarily produces one charged species, which
may be detected using the VMI technique. Therefore, such studies provide an insight
into all of the active channels. An in-depth VMI study of the UV photodissociation of
two ethyl halide cations is presented, which demonstrates the successful investigation of
the multiple photofragmentation pathways of these ionic species. The remainder of the
cation photodissociation studies are of relevance to a number of common processes known
to occur in mass spectrometry, including the McLafferty rearrangement, the retro-Diels-
Alder reaction, and ‘peptide’ bond fragmentation. By velocity-map imaging the products
of these reactions, further information is obtained concerning these dissociation processes,
which are no doubt of interest to the wider chemical community.

This work forms part of the velocity-map imaging mass spectrometry (VMImMS) project.
VMImMS involves imaging each of the fragmentation products that result from dissocia-
tion of a parent molecule of interest, with the aim of increasing the amount of information
that can be obtained from a mass-spectrometry-type experiment. The work presented in this
thesis demonstrates that VMImMS allows us to unravel details of the dissociation dynamics
of both neutral and ionic species, and is potentially a powerful technique for investigating

the fragmentation processes of increasingly complex systems.






Darkness cannot drive out darkness; only light can do that.
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The fragmentation of a chemical bond is one of the most fundamental processes in chem-
istry. In the first part of this chapter, Section 1.1, a few general dissociation mechanisms
will be introduced, along with a number of fundamental concepts related to fragmentation

events.

In the case of a unimolecular reaction (AB — A + B), with the aid of modern investiga-
tive techniques it is possible to determine not only that the bond dissociates but also how
it does so; dynamical information about elementary chemical processes can be obtained.
However, how a particular dissociation process evolves will depend on how it is initiated,

and what we can learn about the event will be influenced by how the result of the event is
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detected. Therefore, as will be discussed further in Section 1.2.1, the primary concerns in
any photodissociation study are (i) how to initiate a fragmentation event, and (ii) how to

detect the result of such an event.

Fragmentation processes are amenable to study by a wide range of methods, and the choice
of which to employ is obviously dependent on what we wish to learn about the fragmen-
tation. A number of questions can be posed when considering the possible outcome of a

photofragmentation event, for example
1. What are the fragment identities?
2. How is the energy available to the fragments partitioned?
3. Which electronic states are involved?
4. Does the fragmentation result in product alignment?

5. Are there multiple pathways involved, and, if so, what is the relative importance of

each pathway?

The aim of any photofragmentation study is to answer as many of these questions as pos-
sible, and, in doing so, come to a deeper understanding of the dissociation process. These
questions, the types of information required in order to answer them, and the methods
which are commonly used to obtain such information will be discussed in Section 1.2. As
will become clear, several experimental techniques, which will merely be outlined in Sec-
tion 1.2, have been key to the advancement of knowledge in the field of photodissociation.
A more detailed overview, particularly of some of the earlier work performed in the area
of photodissociation dynamics, can be found in reviews by Simons [1], Butler et al. [2]
and Sato [3]. The technique that has been employed for the work described in this thesis,

velocity-map imaging (VMI), will be covered in more detail in Section 1.3.

The central theme of this thesis is the investigation of the photodissociation dynamics
of polyatomic systems. A number of photofragment imaging studies of such molecular
systems will be presented. The motivation behind this work will be discussed in Sec-
tion 1.4, and the studies themselves will be laid out on a chapter-by-chapter basis in Sec-

tion 1.5.
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1.1 Photofragmentation: mechanisms
and fundamental concepts

1.1.1 Photodissociation mechanisms

The work presented in this thesis includes photofragmentation studies of both neutral and
ionic species. There exist a multitude of different dynamical processes that may result in
the dissociation of a chemical bond within such species. The study of photodissociation
dynamics enables us to analyse the behaviour of molecules in different excited states, such
as those that will be presented here. The schematic potential energy curves shown in Fig-
ures 1.1 and 1.2 illustrate a number of general photodissociation mechanisms, which are

relevant to neutral and ion photofragmentation processes, respectively.

As shown in Figure 1.1 (a), one of the simplest dissociation mechanisms for neutral species
involves excitation of the molecule to an unbound excited electronic state, following ab-
sorption of a photon of energy hv,. Fast direct dissociation results and the internuclear

distance increases until two distinct product fragments are formed.

In contrast, if the initial excitation results in population of a bound region of an excited
electronic state, as shown in Figure 1.1 (b), the molecule will be trapped there. Overlap of
the vibrational wave functions of the ground state and excited state may facilitate internal
conversion (IC) back down to the ground state. The vibrationally hot ground state can then

dissociate to form the individual fragmentation products.

Figure 1.1 (c) depicts another case in which the molecule is excited to a bound region of
a higher lying electronic state. However, in this case, the photon energy (hv.) exceeds the
energy of the barrier to dissociation and the mechanism proceeds over the barrier. In the
case illustrated, the products formed lie at a higher energy than the products that result from

the mechanism shown in Figure 1.1 (b).

Figure 1.1 (d) illustrates a predissociation mechanism, one in which the molecule is initially
excited to a bound state, then crosses to an unbound state, and dissociates to form the

fragmentation products.

The ion dissociation mechanisms shown in Figure 1.2 reflect those of the neutral shown in
Figure 1.1, except that, in the case of the ion, the dissociation occurs above the ionization
potential (IP). Figure 1.2 (a) displays two possible photon absorption schemes. The first
involves single photon (hv,) excitation of the ground state neutral to an unbound electronic

state of the ion. The second process proceeds via initial population of the ion ground

3
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Figure 1.1: Schematic potential energy curves relevant to the photofragmentation of
neutral species. Four photodissociation mechanisms are illustrated: (a) excitation
to an unbound excited state, (b) excitation to a bound state, followed by internal
conversion, (c¢) dissociation over a barrier, and (d) a predissociation mechanism, each
of which is discussed in more detail within the text. In each scheme only those
product fragments which result from the dynamical process of interest have been

depicted.
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state, following absorption of hv;, which can then absorb an additional photon, hv, and

dissociate along the unbound state to form the products, as shown.

The ionization potentials of most species are on the order of several electron volts (6-10
eV). Therefore, for single-photon dissociative ionization, and even single-photon ioniza-
tion, a high energy photon in the ultraviolet (UV) or vacuum-ultraviolet (VUV) range is
required to exceed the ionization potential (and dissociation limits). As a result, such a
single-photon mechanism is not easily achieved, since it is often not easy to produce UV
and VUV laser light efficiently and with high enough intensity. Often a multiphoton ioniza-
tion process is employed, in which multiple photons of lower energy are absorbed in order
to exceed the ionization potential. However, the apparatus employed for the work presented
in this thesis incorporates a VUV photon source, which produces 118 nm light (see Sec-
tion 2.4.2). This ensures that formation and dissociation of ionic species can be achieved
through sequential absorption of two photons, as depicted in Figure 1.2 (a). In some cases
single-photon dissociative ionization is achievable even with the available 10.49 eV photon

energy.

The mechanisms in Figure 1.2 (b) and Figure 1.2 (c) may also involve a multiphoton pro-
cess with initial ionization. However, for simplicity only the one-photon excitation is de-
picted. Figure 1.2 (b) involves internal conversion from a bound excited state of the ion to
the ground state of the ion and results in dissociation of the vibrationally excited parent ion.
Figure 1.2 (c) involves dissociation over a barrier. Predissociation mechanisms, as shown

in Figure 1.2 (d), can also occur for ions.

Direct dissociation processes, e.g. Figure 1.1 (a) and Figure 1.2 (a), are termed ‘impulsive’.
Following excitation to a dissociative state, the dissociation occurs rapidly, generally on a
timescale on the order of tens to hundreds of femtoseconds (10713 s). A significant portion
of the energy in excess of the bond dissociation energy, i.e. the energy available to the
fragments following dissociation, can be expected to be released as translational energy.
In other words, the available energy is partitioned in a non-statistical manner. In contrast,
dissociation mechanisms which involve internal conversion processes, e.g. Figure 1.1 (b)
and Figure 1.2 (b), or proceed over a barrier, e.g. Figure 1.1 (¢) and Figure 1.2 (c), occur
on a much slower timescale, on the order of picoseconds (10_12 S), or even nanoseconds
(1077 s). These timescales allow for redistribution of the available energy among all of
the internal degrees of freedom of the parent molecule before dissociation. Therefore,
these slower processes generally result in a fairly statistical distribution of the available
energy across the degrees of freedom of the fragmentation products. The timescale of

predissociation mechanisms, e.g. Figure 1.1 (d) and Figure 1.2 (d), is generally dependent

5
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on the coupling between the bound and dissociative states. If the transfer of population
to the unbound state is efficient, then the dissociation process will proceed on a shorter

timescale than if it is not.

1.1.2 Energy redistribution

Any neutral photolysis event, including those presented in Section 1.1.1, may be repre-

sented by the general two-step reaction equation
AB +hv — AB* — A(V, /) +B(/, ) (1.1)

When a molecule (for example AB in the above equation, where A-B may be polyatomic)
absorbs a photon, of energy hv, it is promoted to an excited state (AB*). The molecule
then dissociates to yield the fragmentation products, in this case, the A and B co-fragments.
These fragments are formed in particular internal quantum states, which are represented by

the vibrational, v/, and rotational, j/, quantum numbers.

In the case of dissociative ionization, the process may be represented as
AB +nhv — ABT™ 17 — ATV, H+BO, ) e (1.2)

where photoexcitation results in loss of an electron, e, and on dissociation either the A or

B fragment may carry the positive charge.

When any fragmentation event occurs, both energy and momentum must be conserved. In
addition to the internal energy of the parent molecule, Ej, in the case of photofragmenta-
tion, a fixed amount of energy is provided by the photon, and a certain amount of energy
(Do) is required to dissociate the bond. Therefore, the dissociation event yields a precise
amount of energy, E,y, which is available to the photofragments. This is simply the differ-
ence between the energy of the excited parent species (i.e. the sum of the initial excitation
of the parent molecule, Ej,., and the energy provided by the photon, hv) and the energy
required to break the bond, Dy.

Eay = hV + Eine — Do (1.3)

The available energy can be released into translation, E%, and internal excitation, Ei’m, of
the fragments.

By = E"/F + Eilnt (1.4)

The individual translational energies, E{, of atomic and molecular fragments, as well as any

ejected electrons, will contribute to Ep. E! , which is the sum of the internal energies of

6
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Figure 1.3: A pair of Newton spheres, created in the unimolecular reaction of AB to
form fragments A and B (m4 < mp). Three events are shown. (Adapted from Figure
2.1 from reference [4])
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Ei/nt = Er/ot + E\llib + Eélectronic (15)

As aresult of energy conservation, for a given photon energy, hv, and given product internal
energies, the photofragment translational energies, and therefore their velocities, are well
defined. Co-fragments formed with a specific amount of internal energy, E ., have a total
translational energy, E7, reflective of the energy partitioning given by Equation (1.4). For a

particular E,y, co-fragments formed with greater E!  will have less Et and vice versa.

1.1.3 Newton spheres

Product scattering is often discussed in terms of ‘Newton spheres’ for each quantum state-
resolved fragment. A photofragmentation event results in photofragments on the surfaces
of a series of expanding spheres, one for each product quantum state, with their origin at
the interaction region. The radius of the sphere is directly proportional to the speed of the
fragment, while the position of an individual fragment on the sphere is determined by its
scattering angle. The distribution of Newton spheres, and the distribution of fragments on
the surface of each Newton sphere, is determined by the detailed dynamics of the fragmen-

tation process under study.

As an illustration, consider the fragmentation of a diatomic molecule (AB, where A and

B are atoms), which absorbs a given photon energy, hv, and has a bond dissociation
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energy, Dg. For this example assume that there is no internal energy in the parent di-
atomic molecule, since this could potentially lead to multiple Newton spheres in the prod-

ucts.

The available energy, E,, is released into translation and electronic excitation of the atomic

fragments.

Ey = E[+E. (1.6)

lectronic

The atomic fragments have no vibrational or rotational degrees of freedom. As will be dis-
cussed further in Section 1.2.3, if it is assumed that the atoms are formed in their electronic
ground states, conservation of momentum determines the partitioning of the translational
energy according to the relative masses of the atomic fragments. As shown schematically
in Figure 1.3, fragmentation of a diatomic molecule (AB) therefore results in the formation
of a pair of Newton spheres, one for each atomic fragment, since the radii of the spheres de-
pend only on the fragment masses. Figure 1.3 shows the case where ma < mp. Fragment
A, which has the lower mass, obtains a greater fraction of the total translational energy
through momentum conservation and, therefore, the radius of the Newton sphere for A

(shown in purple) is greater than that for B (shown in green).

Three individual fragmentation events are depicted in Figure 1.3. As a result of the conser-
vation of momentum, the A and B atomic fragments scatter in opposite directions. The dis-
tribution of photofragments on the surface of the Newton spheres can either be isotropic or
anisotropic. The angular distributions can be indicative of the directionality and timescale

of the photofragmentation, which will be discussed further in Section 1.2.4.

The concept of Newton spheres is not limited to the fragmentation of diatomic molecules.
However, when considering larger systems, the vibrational and rotational excitations of
polyatomic fragments need to be taken into account, since they yield numerous addi-
tional Newton spheres. For example, when a triatomic molecule dissociates (e.g. ABC —
A+ BC), the diatomic fragment, BC, may be formed in a large number of vibrational or
rotational states, leading to a correspondingly larger number of possible Newton spheres
for the fragments. The work discussed in this thesis focuses on the photofragmentation of

polyatomic molecules, for which many possible Newton spheres are created.
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1.2 Photodissociation Studies

1.2.1 Pump-probe techniques

As mentioned, two primary concerns in any investigation of a fragmentation process are (i)
how to effect a fragmentation event, and (ii) how to detect the result of such an event. Pump-
probe techniques cover both of these considerations: the ‘pump’ step initiates a dissociation

event, and the ‘probe’ step ensures detection of the nascent photofragments.

(i) Pump Step: Originally, flash photolysis, using a short-pulsed light source such as a
flash-lamp, was employed to achieve photofragmentation of a parent molecule. Some of
the most notable pump-probe work using flash photolysis was carried out by Norrish and
Porter [5], who in 1967 were awarded (half) a Nobel prize for their early work in the field
of fast chemical reactions.

Following the development of pulsed laser technology, an ultraviolet (UV) or infrared (IR)
laser pulse, with a duration ranging from the nanosecond down to the femtosecond time
regime, is now commonly employed to achieve dissociation. This proves effective since
the photon energy of UV light generally exceeds most bond dissociation energies. It should
be noted that light from the infra-red (IR) through to the extreme ultraviolet (XUV) energy
range is employed to investigate other molecular phenomena, ranging from molecular vi-

brational excitation through to photoionization and high-harmonic generation [6-8].

(ii) Probe Step: A number of detection methods have been employed over the years. For
example, the system may be probed by spectroscopic methods, e.g. laser-induced fluores-
cence (LIF) [9] and/or Doppler spectroscopy [10], or ionization of the nascent fragments.
Investigative techniques that employ ionization detection methods include resonantly-enhanced
multiphoton ionization (REMPI), time-of-flight mass spectrometry (TOF-MS) [11], photofrag-
ment translational spectroscopy (PTS) [12], core-extraction [13], and velocity-map imag-
ing (VMI). Ionization has proved to be a particularly useful probe step, since a range of
charged-particle detectors are available, including, but not limited to, microchannel plates
(MCPs) and delay-line detectors [14]. Ionization can be achieved either by electron bom-
bardment, which involves transfer of energy through collision of high-energy electrons with
the fragment, or via photoionization. There are a range of photoionization methods which
are commonly employed, including single photon ionization (SPI), multiphoton ionization
(MPI), and resonantly-enhanced multiphoton ionization (REMPI). SPI can be achieved
when the energy of a single photon exceeds the ionization potential of the fragment of in-

terest, whereas MPI involves successive absorption of a number of photons until the total
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energy absorbed exceeds the ionization potential. This method generally requires a much
higher photon density compared to SPI. REMPI achieves ionization via excitation to an
intermediate electronic state of the nascent fragment, with subsequent ionization from this
state, and allows state-selective detection of the photofragments. Such a method is more ef-
ficient than MPI since the absorption cross section significantly increases when the energy
of one or more photons matches that of a resonant state. The ionization method of choice is
generally dependent on the system under investigation, and needless to say, the apparatus
at hand. Both REMPI and SPI have been employed in the work presented in this thesis, and
these methods will be discussed in more detail in Sections 2.4.2 and 2.8, respectively. Of
course, it should be noted that if the parent species is itself an ion then one of the nascent

fragments will be born with a positive charge and can be detected directly.

The choice of pump-probe technique is most often determined by the particular aspects of
the photodissociation we wish to investigate. As mentioned previously, when considering a
photodissociation process, there are a number of questions that can be posed. By answering
these questions we are able to reveal the various features of the photofragmentation process.
Each of the questions which are most commonly raised when evaluating the outcome of a

dissociation event will now be considered in turn.

1.2.2 What are the fragment identities?

The primary goal of any fragmentation study is to identify the product fragments. The
illustrative potential energy diagrams, shown in Section 1.1.1, all depict cuts through the
potential energy surfaces. Such diagrams only show the dissociation pathways available
for fragmentation of a single bond. If the molecule has more than two atoms, as is the case
for all the molecular systems presented in this work, the potential energy surfaces will be
multidimensional. This means that there are a number of bonds which could potentially
dissociate. As aresult, it is often not clear from the outset which product fragments will be

formed.

The most common way of identifying the products of a dissociation event is by analysing
the masses of the fragments formed. Time-of-flight mass spectrometry (TOF-MS) [11] has
the ability to ascertain the masses of the fragments. The Wiley-McLaren TOF spectrometer
design [15], which is optimised to achieve high mass resolution, has become the standard
in such apparati. Ions are accelerated towards a detector, which records their arrival times.
These are dependent on the fragment masses, with lighter masses arriving before heavier

ones.

11



Chapter 1. Introduction

1.2.3 How is the energy partitioned?

As discussed in Section 1.1.2, the energy available to the fragments is distributed between
product internal energy and translational energy. The energy distributions which result from
a photofragmentation process can give an indication of the type of mechanism involved in
the dissociation process. For example, when we consider the photodissociation mecha-
nisms presented in Section 1.1.1, the direct dissociation processes, shown in Figure 1.1 (a)
and Figure 1.2 (a), would be the most likely to release a significant portion of the available
energy into translation. In contrast, the molecules that dissociate via mechanisms occuring
on a slower timescale, such as those illustrated in Figure 1.1 (b) and (c), and Figure 1.2 (b)
and (c), will experience extensive energy redistribution, resulting in fairly statistical inter-
nal energy distributions. Since the most highly internally excited molecules will be those
that are most likely to fragment, these types of mechanisms also yield fairly statistical

translational energy distributions.

Techniques such as laser-induced fluorescence (LIF) and resonantly-enhanced multiphoton
ionization (REMPI) have been employed to investigate the photofragment internal state
distributions. LIF involves excitation of a fragmentation product to an emitting state. Anal-
ysis of the LIF spectra can reveal the identity of the fragment, as well as its internal energy
distribution [9]. If a species is formed in an excited state, then its emission spectrum can

sometimes be acquired directly without need for a LIF probe step.

REMPI, which will be discussed further in Section 2.8, also allows state-selective detection
of a single fragmentation product (see [2] and references therein). Ionization of the frag-
ment is achieved through single or multiple photon absorption to an intermediate electronic
state, followed by additional photon absorption to an energy which exceeds the ionization
potential. The ion signal intensity is measured as a function of probe wavelength, and from

the REMPI peak intensities the internal state population distribution can be obtained.

Very high resolution spectra can be obtained from the LIF and REMPI techniques when
suitably narrow bandwidth laser sources are employed. However, these techniques require
a detailed prior understanding of the spectroscopy of the fragment of interest. In addition,
both LIF and REMPI require that the fragment of interest has an electronic transition which
is accessible (most commonly using light from a tuneable dye laser) through a one- or

multi-photon transition [2].

Since the energy available to the fragments is distributed amongst the translational and in-

ternal degrees of freedom, as discussed in Section 1.1.2, and expressed as Equation (1.4),

12
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if E,y is known then the internal energy of the fragments can be determined from the trans-
lational energy. E; , is simply the difference between the available energy and the energy

released into translation, E% Therefore, it is common for the E! . distribution to be calcu-

nt
lated from the total translational energy distribution. A number of more general techniques
have been developed to obtain the latter, including core-extraction time-of-flight measure-
ments, photofragment translational spectroscopy (PTS), and velocity-map imaging (VMI).
These methods are able to obtain the fragment velocities and, therefore, reveal the energy

which is released into translation as a result of a fragmentation event [12, 13].

Photofragment translational spectroscopy (PTS) is an extension of TOF-MS. In a PTS ex-
periment the photofragment arrival times are recorded [16]. The arrival time distributions
for each photofragment can be fitted to obtain the translational energy distribution of the
photofragments. Zare and co-workers implemented a slightly different enhancement of
the TOF-MS technique. They combined TOF-MS with a photofragment detection method
which they termed ‘core extraction’ [13]. Their original work focused on the use of this
core sampling method in bimolecular reactions. However, the method has also been used
successfully in photodissociation studies [17, 18]. The technique involves placing a pin
hole in front of the TOF-MS detector so that ions recoiling laterally to the TOF axis do not
reach the detector. Only fragments with a reduced velocity projection, i.e. those with a ve-
locity parallel, or almost parallel, to the TOF axis, are detected; this produces a 1D sample
through the core of the velocity sphere. Though this method leads to reduced detection sen-
sitivity, the 1D projection of the velocity distribution which is obtained does give improved
energy resolution compared to conventional PTS. Furthermore, recording data in several
different experimental geometries, defined by the pump and probe laser propagation direc-

tions and polarisations, allows the full 3D velocity distribution to be reconstructed.

Doppler analysis of absorption (or emission) spectra also allows the determination of the
velocity of the fragment. Doppler spectroscopy often employs the LIF technique, and, as
such, is a less general technique than PTS or core-extraction. However, Doppler spec-
troscopy has been used to study a wide range of photoinitiated reactions ranging from
photofragmentation to bimolecular reactions [19]. This technique uses the Doppler shift
phenomenon to measure a 1D velocity distribution of a photofragment. In an absorption
experiment, e.g. LIF, the frequency of light absorbed by the photofragment is dependent
on the relative velocity between the laser beam used to probe the fragment, and the frag-
ment itself. In order to Doppler resolve the spectra, the bandwidth of the probe laser must
necessarily be very narrow, much narrower than the Doppler line width, so that features of

the Doppler line shape may be resolved. Such experiments therefore require the use of an
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etalon within the laser cavity [20]. One of the earliest Doppler spectroscopy-laser induced
fluorescence studies, performed by Schmiedl et al., investigated the dissociation of hydro-
gen iodide at 266 nm [20]. Tuneable VUV radiation was used to scan across the transition
of atomic hydrogen corresponding to the Lyman-¢ line. From the measured Doppler line
shape the authors were able to obtain both the velocity and angular distribution of the H

atom.

In recent years the techniques mentioned so far have been largely superseded by velocity-
map imaging (VMI), which produces a two-dimensional projection of the three-dimensional
velocity distribution of a photofragment. The general concepts behind the VMI technique,
which has formed the foundation of the work presented in this thesis, will be discussed in

Section 1.3. The experimental methods will be described in detail in Chapter 2.

The fragment speed distribution is readily extracted from the velocity-map ion image. The
fragment translational energy, E{ can be calculated from the measured fragment velocity,
since the translational energy that a fragment possesses is dependent on its mass, m, and its

velocity, v/, according to the well known expression

1
Et/ _ _m/vxz

> (1.7)

Following a photodissociation event, the resultant total translational energy of the photofrag-
ments, E’T, can be expressed in terms of the reduced mass of the fragments, u’, and Vr/el’

their relative velocity.

1
Er =S 1'via (1.8)

Since energy must be conserved, E’ can also be expressed in terms of the translational en-
ergies of the individual fragments, E/. For the general photofragmentation event presented
in Equation (1.1), in which the parent molecule AB yields fragments A and B, the resultant
E7 can be expressed as

Er=E{(A)+E{(B)= %mﬁwﬁf + %mgvﬁ (1.9)

where m/, and my; are the masses of fragments A and B, respectively, and v/, and vy are the

fragment velocities.

The conservation of momentum, as denoted by Equation (1.10), requires that on fragmen-
tation the two products recoil in opposite directions. This gives us an expression by which

to relate the product masses and velocities.
mava +mgvg =0 (1.10)
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Equations (1.9) and (1.10) can be combined in order to yield expressions for the partition-
ing of translational energy between the two fragments, which gives fragment translational
energies

E(A)=—"2E, and E/(B)=—2F, (1.11)

maB MAB

Therefore, for the case when a fragmentation event yields two fragments, and the trans-
lational energy of fragment A (or B) can be obtained from the VMI experiment, then the
total translational energy, E} , released in the fragmentation event can be calculated using
Equation (1.11). For the case when both fragments (A and B) are detected then the two
E7 values calculated from their individual E{ can be compared in order to confirm that the
two fragments detected are indeed co-fragments, or, equivalently, their momenta may be

compared.

1.2.4 Which electronic states are involved?

The anisotropy in the photofragment scattering distributions comes about due to the in-
teraction between the electric vector, €, of the photolysis light and the transition dipole
moment, [i, which is characteristic of the particular transition excited within the molecule.
Therefore, the angular distributions of the photofragments reveal information about the

electronic states involved in the dissociation event [21, 22].

With the use of linearly polarised light, techniques such as Doppler spectroscopy [21], core-
extraction time-of-flight[13], and PTS [23], which are employed to obtain the photofrag-
ment translational energies, are also able to obtain the angular distributions of the frag-
ments. However, velocity-map imaging, and extensions of this technique such as slice-
imaging [24, 25], present the most straightforward method for obtaining the angular distri-
butions [26]. Such techniques are able to measure the angular distribution directly, as, in
the case of VMI, the 2D projection of the 3D Newton sphere is acquired, or, in the case of

slice imaging, a cut through the middle of the Newton sphere is measured.

In an experiment, the molecules to be dissociated are usually randomly oriented in space
(in a molecular beam, for example). When the pump light source is linearly polarised the
polarisation vector €, selectively excites molecules with their transition dipole moments [i

parallel to €,; the probability of absorbing a photon is given by
P=|f &[> = [i*€ cos’ 0 (1.12)
where 6 is the angle between [i and €, as illustrated in Figure 1.4.
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Figure 1.4: Vector correlations associated with (a) a parallel and (b) a perpendicular
dissociation for a diatomic molecule.

It should be noted that using linearly polarised photolysis light ensures an axis of cylindri-
cal symmetry within the 3D velocity distribution of the fragments. If we define a frame of
reference such that the z axis lies parallel to €,, then absorption of a photon, and therefore
excitation of a molecule, depends on the orientation 6 of the molecule with respect to the
z axis, but not on the azimuthal angle ¢ (see Figure 1.4). This gives a C. axis of rotational
symmetry within the 3D distribution. This cylindrical symmetry axis turns out to be impor-
tant particularly for the VMI technique, as it allows the reconstruction of the 3D velocity
distribution from a 2D projection, as recorded in a standard ‘crushed’ VMI experiment.
However, if the products are formed rotationally or orbitally aligned (see Section 1.2.5),
the detection probability will depend on the laser polarisation, and therefore the cylindrical

symmetry of the resulting image may be destroyed in such cases.

Since the probability of absorbing a photon, and therefore effecting a dissociation event,
is dependent on the angle between [i and ,, by observing the angular distribution of the
resulting fragments we can determine the orientation of i relative to the relative recoil

velocity vector, v, and therefore relative to the dissociating bond.
The intensity distribution of the velocity-map image as a function of the product speed, v,
and the angle, 0, is given by

P(v,0) = P(v)[1+ Bo(v)P>(cos 0)] (1.13)

where P(v) is the speed distribution, and 3 (v) is the (speed dependent) anisotropy param-
eter. P»(cos®) is the second order Legendre polynomial of the cos® function, given in
Equation (1.14).

1
Py(cos6) = 5(300829— 1) (1.14)
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It follows, therefore, that for each product speed, v, the angular distribution can be fit to
the function
P(0) =[14 B2P>(cos )] (1.15)

From this we can evaluate the anisotropy parameter, f3;, which characterises the angular
distribution of the photofragments. 3, takes values between -1 and +2, and is the expecta-
tion value of a function of the angle y, which, as shown in Figure 1.4, is the angle between

the the transition dipole moment and the recoil velocity.

B2 = (Py(cos x)) (1.16)

Since the anisotropy parameter is a function of ), by determining f3, it is possible to gain
an insight into the nature of the excited electronic state. Figure 1.4 illustrates the two
limiting cases for single photon direct dissociation (as illustrated in Figure 1.1 (a), for

example):

Case (a): 11, which is characteristic of the transition excited within the molecule, lies par-
allel to the dissociating bond (¥ = 0°) and therefore, parallel to the relative recoil velocity
vector V. It follows from Equation (1.12) that the maximum probability for absorbing a
photon is when [i is parallel to the polarization vector €, of the photolysis laser (6 = 0°),
and so in this case the products preferentially recoil along €,. Therefore, when 6 = 0° there
will be a maximum in intensity in the angular distribution. In contrast, when 6 = 90° the
intensity will be at a minimum, since at this angle the probability of absorbing a photon,
and therefore effecting a photodissociation event, is at its lowest. This variation in intensity,
which is characteristic of a parallel transition, can be fit by 8, = +2 and follows a cos 0

type function.

Case (b): In the molecular frame [i lies perpendicular to the dissociating bond. In this case,
the maximum probability of absorbing a photon is when the molecular bond axis is at right
angles to €,. On dissociation the fragments fly apart along the bond axis, which in this
case lies preferentially perpendicular to €, (as shown). A perpendicular transition like this
yields a variation in intensity which resembles a sin? 6 function and is characterised by B>
=-1.

Many molecules do not conform to either of these two extreme cases, and 3 lies some-
where between -1 and +2. For example, if the timescale to dissociation following absorp-
tion of a photon is longer than the period of molecular rotation then the correlation will be
lost, with a concomitant reduction in the magnitude of ;. As a result, the anisotropy pa-

rameter, being sensitive to the lifetime of the parent molecule excited state, can give an idea
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of the timescale of the dissociation [23]. Low values of 3, can be indicative of dissociation
mechanisms involving internal conversion, as illustrated in Figure 1.1 (b), or dissociation
over a barrier, as depicted in Figure 1.1 (c). Furthermore, 3, is influenced by the geometry
of the parent molecule [27]. In the case of bent polyatomic molecules, f is unlikely to
lie perfectly parallel or perpendicular to the dissociating bond axis, leading to intermediate
values of ;. It should also be noted that in the cases presented here the asymptotic recoil
velocity is along the bond axis of the dissociating bond. In the general case, with an angle
o between them, f3; will be given by B, = 2P>(cos x ) P>(cos &t).

1.2.5 Does the fragmentation result in product alignment?

If polarised probe light is employed, the photofragment images can also reveal whether the
product fragments are formed rotationally or electronically aligned. Such alignment is a
result of the products being formed with a polarised distribution of rotational or electronic
angular momentum vectors. The detection efficiency using a polarised probe laser (in a
VMI experiment, for example) will be dependent on the angle between the polarisation
vector €, of the probe laser and the transition dipole moment /i for the detection transition,
which correlates with the product angular momentum vector, J. The probe laser selectively
detects molecules with their transition dipole moments [i parallel to €,. Therefore, if the
fragments are aligned, the detection efficiencies, and therefore the measured images, ob-
tained when employing a probe laser polarised parallel to the plane for the detector will
be different from those obtained when the polarisation vector is perpendicular to the plane
of the detector. No alignment effects have been observed in the studies which will be

presented in this thesis.

1.2.6 Are there multiple dissociation pathways involved?

Until now we have considered the energy partitioning and electronic states involved in a
particular fragmentation pathway. However, particularly in the case of the fragmentation
processes of polyatomic molecules, such as those presented in this thesis, multiple dissoci-
ation pathways are often active. Furthermore, it is worth noting at this stage that following
an initial (primary) fragmentation, the fragments themselves may undergo additional (sec-

ondary) dissociation processes.

Different fragmentation pathways may yield either different co-fragments, or the same co-

fragments in different electronic, vibrational, or rotational states. If there are multiple
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active dissociation pathways, to gain a complete picture of the fragmentation process it
is important to understand not only the dynamics of each pathway, but also, the relative
importance of each of these pathways, which can be quantified in terms of a branching

ratio or quantum yield.

Different dissociation pathways can reveal themselves in a number of ways. For example, if
different pairs of co-fragments are formed, and the fragments are universally detected (see
Section 2.4.2), then multiple mass fragments would be observed in a time-of-flight mass
spectrum (TOF-MS). In contrast, if competing dissociation pathways yield the same mass
fragments, but in different electronic states, then this would not be clear from a TOF-MS. In
order to determine the production of the fragments in different electronic states an analysis
of the internal state population distribution is required. Furthermore, the angular distribu-
tions of the fragments may be influenced if the fragments result from initial excitation to

different excited states.

1.3 Velocity-map Imaging

The original ion imaging experiment was carried out by Chandler and Houston in 1987
[28]. Using what was essentially a standard Wiley-McLaren TOF setup [15] equipped with
a position sensitive detector, the authors were able to obtain the 3D spatial distribution
of state-selectively detected photofragments projected onto a 2D surface. As a result, the
velocity distribution of the CH3 (v = 0) fragments resulting from 266 nm photodissociation
of methyl iodide, CH3l, could be measured, and, therefore both the speed and angular

information could be obtained directly.

A decade later Eppink and Parker significantly advanced the imaging technique by mak-
ing improvements to the ion lens set up [29]. They removed the grids that were present
in the Wiley-McLaren lens, therefore removing a major source of image distortion, and,
furthermore, they introduced a third plate to the ion lens assembly. In the original ion
imaging experiments a major issue which led to blurring and poor image resolution, and,
therefore, velocity resolution, is the fact that since the ionization laser has a finite width,
ions are formed within a finite interaction region. Eppink and Parker achieved much im-
proved velocity resolution through velocity focusing, and so coined the term ‘velocity-map
imaging’. As illustrated in Figure 1.5, velocity focusing maps ions of the same veloc-
ity component in the image plane to the same point on the detector, regardless of their

initial positions. In addition, VMI also introduces a magnification factor, M. Using the
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Figure 1.5: Illustration of velocity focusing. A cut through the VMI optics, which
consist of three gridless plates: Repeller; Extractor; and Ground. The inset magnifies
the interaction region (light blue), within which the velocities of nine different parti-
cles are shown. These particles originate from three different parts of the interaction
region (each shown as a dark blue circle). Within each part there is a particle with
transverse velocity a, another that has a velocity b, which is equal in magnitude but
opposite in transversal direction to a, and a third particle which has zero transverse
velocity, ¢. As shown, the particles which have the same initial velocity are mapped
on the the same point on the detector (a, b or c¢), regardless of where they are pro-
duced within the interaction region. The radius from the center of the image, r, is
proportional to the velocity and the flight time.

three plate assembly, consisting of a repeller, R, extractor, E and ground plate, G, Eppink
and Parker serendipitously observed that a specific ratio of potentials on the repeller and
extractor plates (Vg/VR) would produce the velocity-map imaging conditions. The ratio
VE/VR required for velocity focusing is dependent on the geometry of the imaging appa-
ratus. The ion optics configuration, the position of the interaction region and the length of

the field-free region will all vary the Vg/VrR ratio required.

As in the case of the traditional TOF experiments, the velocity-map-imaged fragment ions
arrive at the detector in mass order. Although the three-electrode ion lens assembly does not
achieve a mass resolution as high as the Wiley-McLaren setup, the velocity-map imaging

lens set up does still have the effect of ‘pancaking’ the Newton spheres, i.e. for ions of a
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given mass, the spread of their velocities is reduced along the TOF axis. Therefore, TOF
spectra, with generally acceptable mass resolution, can be acquired from the velocity-map
imaging apparatus. As a result, the masses, and, therefore the identities, of the fragment

species can be obtained directly.

Since its conception, the VMI technique has become widely used not only in photodissoci-
ation studies, but it has also been employed in photoelectron imaging studies [30-32], and
imaging photoelectron-photoion coincidence (iIPEPICO) experiments with single [33], or
two detector [34-36] setups. Femtosecond lasers have been employed with VMI apparati
in order to carry out femtosecond time-resolved photoelectron spectroscopy [37, 38] and
photodissociation studies [39]. Furthermore, VMI has found applications in the investiga-
tion of bimolecular reactions [40]. Due to its widespread use, ion imaging has been the
focus of a number of texts; Imaging in Molecular Dynamics, edited by Whitaker [4], is
quite comprehensive, and an interested reader may find the review articles by Heck and
Chandler [41], Vallance [42], Ashfold et al. [26] and Chichinin et al. [14] insightful.

1.4 Imaging techniques for the study of larger molecular
systems

Imaging techniques allow the complete velocity (i.e. speed and angular) distribution of
the photofragments to be measured. Such information provides a great deal of insight
into the forces and energetics driving the fragmentation process, in particular the poten-
tial energy surfaces involved. The 2009 review by Chichinin et al. [14] comprehensively
summarised the systems that had been investigated in photofragment imaging studies, pro-
viding an insight into the extent to which imaging techniques have been employed to in-
vestigate photodissociation processes. Historically, photofragment imaging has been used
to primarily investigate relatively small molecular systems, often only consisting of two or
three atoms. For example, the photodissociation processes of molecules such as O, [43]
and NO; (see [44, 45] and references therein) have been thoroughly investigated. How-
ever, there is a growing interest in the photofragmentation dynamics of larger systems. For
example the photodissociation of acetaldehyde [46] and a number of acetaldehyde halide
derivatives [47, 48] have been investigated using imaging techniques, as have a number
of benzene derivatives (see [49-52] and [53] and references therein). Generally, in most
of the imaging studies to date, regardless of the size of the parent molecule, one (or both)
of the photofragmentation products resulting from a particular photofragmentation path-

way has been detected state-selectively. Such studies produce highly detailed dynamical
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information relating to a single fragmentation pathway. However, as the size of the parent
molecule increases, the number of available photofragmentation pathways is also likely to
increase, and so the fragmentation dynamics become significantly more complex. It is our
aim to obtain a more comprehensive understanding of the dissociation dynamics of larger
molecular systems by velocity-map imaging all of the photofragments. To achieve this,
multi-mass imaging techniques are being developed [54-58], which will enable all of the
fragmentation products to be imaged in one time-of-flight cycle in a velocity-map imaging
mass spectrometry experiment [58, 59]. This thesis serves as one of the foundation stones
of a wider imaging mass spectrometry project. The studies which have been included in
this thesis, and the motivation behind them, will be discussed briefly in Section 1.5, which

lays out the work on a chapter-by-chapter basis.

1.5 Chapter Summary

The overarching theme of this thesis is the study of photofragmentation processes using the
velocity-map imaging technique. This introductory chapter has covered the general prin-
ciples of photofragmentation and introduced the investigative techniques that have been
employed. In Chapter 2 the physical aspects and practical use of the velocity-map imag-
ing apparatus will be described. In the same chapter the individual studies that can be
performed on the VMI apparatus, and the methods for undertaking such studies, will be

discussed.

The studies included in this thesis form some of the initial stepping stones on the road to
imaging mass spectrometry by means of velocity-map imaging (VMImMS). In order to
achieve imaging mass spectrometry a number of prerequisites must be fulfilled. Primarily,
all of the fragments formed in a dissociation event must be detected, i.e. ‘universal de-
tection’ should be achieved. In Chapter 3, the UV photodissociation of alkyl iodides will
be presented as an example of the use of VUV photoionization as a method of ‘universal

detection’ for our velocity-map photofragment imaging experiments.

The purpose of multi-mass imaging, one of the aims of the VMImMS project, is to facili-
tate the study of large polyatomic systems. Photofragmentation of such species necessarily
proceeds via several competing fragmentation pathways. In Chapter 4, the successful inves-
tigation of multiple photofragmentation channels will be demonstrated through a study of

the various fragment ions resulting from UV photolysis of ethyl halide cation species.
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One of the future goals of the multi-mass imaging project is to investigate the ultra-violet
photodissociation (UVPD) of polypeptide compounds. UVPD is often a very rapid pro-
cess in peptides, occurring on a much faster timescale than intramolecular vibrational re-
distribution, and leading to non-statistical fragmentation. Such dissociation processes are
ideal for investigation with imaging techniques, from which it is possible to gain an under-
standing of the nature of the participating electronic states, together with the fragmentation
mechanisms and dynamics of the dissociation process. As the first step towards such an
investigation, N,N-dimethylformamide (DMF) has been chosen as a small-molecule model
for the peptide bond. A study of DMF photofragmentation following laser photolysis at
193 nm will be presented in Chapter 5.

The study presented in Chapter 6 has investigated the photofragmentation of the DMF ™"
cation. Mass spectrometry (MS), which is commonly employed as an analytical technique
for the identification of large biomolecules, including polypeptides and proteins, involves
fragmentation of the parent ion. Although MS reveals the masses of the fragments, it
yields little information about the structures of the fragments resulting from a dissociation
event. In Chapter 6, the identities of the fragments resulting from photofragmentation of
our model peptide bond compound will be presented, and the mechanistic details of the

primary fragmentation pathways of DMF will be discussed.

A number of exploratory studies will be presented in Chapters 7 and 8. These have been
performed in order to establish potential systems for future investigation using the multi-
mass VMImMS technique. The studies demonstrate the use of the current velocity-map
imaging apparatus for the investigation of gas-phase photochemical processes of organic
compounds. Chapter 7 focuses on the rearrangement reactions of two groups of organic
cations, the aliphatic aldehydes, and cyclic alkenes. In Chapter 8 a study of the retro-Diels-

Alder reaction of gas-phase neutral cyclic alkenes will be presented.

The final chapter of this thesis, Chapter 9, summarises the work carried out so far, and
discusses future work relating to the multi-mass velocity-map imaging mass spectrometry

project.
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2.1 Vacuum system

The velocity-map imaging (VMI) studies presented in this thesis were performed on a cus-
tom built experimental apparatus. The instrument is shown in overview in Figure 2.1. The
set-up consists of two differentially pumped chambers, referred to in the following as the
source and imaging/detection chambers. Figure 2.2 shows a schematic representation of the
internal components of the velocity-map imaging apparatus. The molecular beam source is

contained within the source chamber, which is pumped by a turbomolecular pump (Pfeiffer
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Figure 2.1: (a) Top view and (b) side view engineering diagrams of the velocity-map
imaging apparatus, showing the pulse valve and ion optics along with the alignment
rods on which these are mounted. [provided by Andrew Green, PTCL mechanical
workshop]

Vacuum HiPace 1800) backed by a rotary vane pump (Edwards 18 m3/hr). Under normal
running conditions, with the molecular beam turned on, the pressure within this chamber
is ~ 1 x 107® mbar. The source chamber connects through to the imaging chamber via a
skimmer with a I mm diameter orifice. The imaging chamber is pumped by a turbomolec-
ular pump (Pfeiffer Vacuum HiPace 700) backed by a rotary vane pump (Alcatel 21 m3/hr).
Under normal experimental conditions the pressure in this chamber is one order of magni-
tude lower than in the source chamber, ~ 3 x 10~ mbar. The velocity-mapping ion optics
are contained within the imaging chamber. The imaging chamber is attached directly to the
field-free region, at the end of which the position-sensitive imaging detector is mounted.
The experimental apparatus, from the molecular beam generation through to the detector,

will now be discussed in detail in Sections 2.2 to 2.5.
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Figure 2.2: A schematic diagram of the internal components of the velocity-map
imaging apparatus (not to scale).

2.2 Sample preparation and molecular beam source

As mentioned in Chapter 1, velocity-map imaging studies on a number of polyatomic
molecules will be presented in this thesis. Samples of each molecule, which are all lig-
uid at room temperature, were sourced from Sigma-Aldrich. All of the molecules inves-
tigated have a vapour pressure of at least 4 mbar at room temperature. Table 2.1 lists the
systems investigated along with their chemical formulae, molecular masses and vapour

pressures.

The sample is seeded within an inert gas, either helium or argon, and stored within a reser-
voir. To achieve this, a cold finger containing the sample is submerged in a dry ice/acetone
cooling bath (—78°C) in order to freeze the liquid. Any vapours remaining above the
frozen sample are pumped out. Then the sample is allowed to thaw. A few of these freeze-
thaw cycles are performed to ensure a pure sample vapour. The gas reservoir, which is
initially evacuated, is partially filled using the vapour pressure of the sample liquid. Finally
the reservoir is filled with an inert gas (He or Ar, > 99.9%, BOC) to a total pressure of 2
bar. Seeding ratios varied depending on the molecule. These are specified in the relevant
chapters.

In order to produce a molecular beam, a supersonic expansion is brought about by pass-
ing the gas mixture (at a backing pressure of ~2 bar) through a small orifice (500um)
into the high vacuum within the source chamber. This is achieved using a pulsed solenoid
valve (Parker Hannifin, series 9) operated at 10 Hz. On the condition that the nozzle ori-
fice is larger than the mean free path of the molecules within the valve reservoir, multiple

collisions occur as the gas passes through the orifice. These collisions have the effect
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Table 2.1: Chemical formulae, molecular masses, and vapour pressures of the
molecules studied in this thesis.

Chemical Name Chemical Molecular  Vapour Pressure
Formula Mass /u / mbar (20°C)

methyl iodide CHil 142 533
ethyl iodide CyHsl 156 170
ethyl bromide C,HsBr 109 500
N,N-dimethylfomamide (DMF) HCON(CH3); 73 4.0
deuterated DMF DCON(CD3); 80 4.5
cyclohexene CeHio 82 89
I-methylcyclohexene C7H» 96 40
4-methylcyclohexene C7H1» 96 48
limonene CioHig 136 2
butanal HC(O)CsHy 72 128
hexanal HC(O)CsHy; 100 15
heptanal HC(O)CgH ;3 114 5

of transferring momentum to the axial direction, as well as converting internal energy to
translational motion, and so yield a molecular beam with a low beam temperature [1]. The
molecules within the beam are successfully rotationally cooled, as well as translationally
cooled in the transverse direction. However, it should be noted that this method is much

less effective at vibrational cooling [2, 3].

The resultant beam velocity depends on the average mass and heat capacity of the gases
in the gas mixture [1]. Therefore, the seeding gas itself, and the chosen seeding ratio, can

influence the velocity of the molecular beam.

A skimmer, positioned 35 mm downstream of the nozzle orifice, separates the source and
imaging chambers, and selects out the central part of the supersonic expansion (the ‘zone of
silence’) to give a collimated molecular beam, which then enters the differentially pumped

imaging chamber, which contains the ion optics assembly.

2.3 Ion optics

The ion optics, as shown schematically in Figure 2.3, consist of repeller (R), extractor (E),

and ground (G) electrodes, each of which are 90 mm in diameter, 2 mm thick, and are
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Repeller Extractor Ground

skimmer

shielding tube

Figure 2.3: The ion optics assembly. Also shown are the skimmer and the paths of
the lasers.

spaced apart by 15 mm. The repeller electrode has a central, conically shaped, 1 mm diam-
eter aperture to admit the molecular beam, and the extractor and ground electrodes have 20
mm apertures to allow ion extraction. The ground electrode is fitted with a grounded shield-
ing tube (50 mm long, 50 mm internal diameter, 2 mm thick) at the output to limit electric
field penetration into the field-free drift region. To achieve velocity mapping conditions,
the ratio of potentials applied to the extractor and repeller electrodes (Vg/VR) is maintained
at ~0.71. The potential applied to the repeller electrode, Vg, was typically either 2 kV or 4
kV, with the lower potential yielding a greater degree of magnification in the images. The
interaction region, the point at which the molecular beam is intersected orthogonally by the

pulsed laser beams, lies midway between the repeller and extractor electrodes.

2.4 Laser system

The photolysis radiation required for the photodissociation experiments is provided by ei-
ther a dye laser or an excimer laser. Photoionization of the parent molecules and/or the
nascent fragments is achieved by single photon ionization at 118.2 nm.! In some cases, as
discussed in Section 2.8, ionization is achieved by resonance-enhanced multiphoton ioniza-
tion (REMPI) for which the dye laser is employed. Figure 2.4 shows a schematic diagram
of the laser paths relative to the VMI apparatus, viewed from the top.

"Vacuum ultraviolet (VUV) light includes all wavelengths less than 200 nm, which are not transmitted
through air. Therefore, technically the 193 nm light produced by the excimer is within the VUV range.
However, since the excimer and dye laser wavelengths are used interchangeably for photolysis purposes the
author chooses to refer to them under a collective term. For the purposes of this thesis ‘UV’ may be used to
refer to wavelengths in the range 193 nm to ~355 nm. ‘“VUV’ will only be used to refer to the 118.2 nm light.
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Figure 2.4: A schematic diagram of the laser system relative to the velocity-map
imaging apparatus. The inset (bottom left) shows the VUV cell in more detail.
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2.4. Laser system

2.4.1 Dye and excimer lasers

A tuneable linearly polarized, frequency-doubled pulsed dye laser (Sirah Cobra Stretch,
7 ns pulse, laser energy ~0.4 - 2 mJ/pulse in a 1x1 mm? spot size in interaction region,
AV ~ 0.3 cm™ ) is pumped by the third harmonic of a Nd:YAG laser (Continuum Surelite
I, 200 mJ per 7 ns pulse). Coumarin 450 and Coumarin 503 laser dyes were used to
generate the fundamental wavelengths (450 nm - 540 nm) required for the work presented
in this thesis. A BBO crystal is employed to frequency double the fundamental radiation
generated by the dye laser. In this way the desired wavelength, in the range from around
225 nm to 270 nm, could be achieved. The frequency doubled laser light is then directed
through a vertical periscope set-up consisting of two right-angle prisms. A dichroic mirror,
M1, (High Reflectivity (HR) at 248 nm, High Transmittance (HT) > 300 nm) is used to
direct the laser beam toward the experimental apparatus. When the laser beam initially
exits the frequency doubling unit the laser polarisation is horizontal, i.e. perpendicular to
the plane of the imaging detector. However, when the beam enters the chamber, as a result
of passing through the vertical periscope, the laser polarisation is parallel to the plane of

the detector.

The 193 nm light is generated by a Neweks Excimer laser (PSX-100). This wavelength
is produced from ArF excimer fluorescence. The ArF excimer is generated in an electric
discharge from a premix of 0.2% F;; 3.75% Ar; 96.05% He at a total pressure of 8 bar. On
exiting the laser cavity the initially unpolarised 193 nm light is linearly polarised by a Glan-
Taylor polariser. The 193 nm laser polarisation is set parallel to the plane of the imaging
detector. A dichroic mirror, M2, (HR > 95% at 193 nm, HT > 90% at 355 nm), which
is removed when the dye laser is in use, directs the laser beam toward the experimental
apparatus. At the interaction region, the 193 nm laser energy per 5 ns pulse was in the

range of ~ 0.15 - 0.5 mJ in a 1x1 mm? spot.

Before entering the imaging chamber, the dye or excimer laser beam travels through a
fused silica lens, L1, with a focal length, f; of either f = 1000 mm or f = 300 mm. The
1000 mm focal-length lens, which is positioned ~600 mm before the interaction region,
has the effect of collimating the beam as it passes through the interaction region, and is
used in the instances when single photon conditions are desirable for the photolysis laser.
Depending on the laser wavelength, the 300 mm focal length lens tightly focuses the laser
at a point approximately 20 mm after the interaction region. These focusing conditions
ensure that the beam is coming to a focus as it passes through the interaction region and

avoids refocusing on other optics within the laser system. The 300 mm focal length lens
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Chapter 2. Velocity-map imaging experiment

is employed in the case when higher photon densities are required than those that can be
attained with the f = 1000 mm lens. On exiting the imaging chamber, the dye or excimer
laser beam is reflected into a beam dump, BD1, using a dichroic mirror, M3, (HR > 95%
at 193 nm, HT > 90% at 355 nm).

2.4.2 Photoionization laser

The technique of third-harmonic generation is employed in order to produce VUV light of
wavelength 118.2 nm. By frequency tripling 354.7 nm radiation in a mixture of inert gases,
photons with an energy of ~10.49 eV are generated. This photon energy is above the
ionization energy of many species, both parent molecules and fragments. The generated
beam is therefore ideal for use as a photoionization laser since single photon ionization
can be achieved. Since the process of frequency tripling in gases is fundamental to the
generation of the 118 nm radiation, the underlying principles of this phenomenon will be
now be laid out. After this, the testing of the setup for production of VUV light and its use

as the photoionization laser will be discussed.

2.4.2.1 Frequency tripling in gases: general principles

The way in which matter interacts with light can be described by the polarisation, P, which
under low light intensities is directly proportional to the electric field, £. Under these

conditions, it is possible to express this relationship by a linear equation,
p=yx"VE 2.1)

where x(l) is the linear susceptibility. However, in the case of high photon densities, e.g.
within a tight focus of a laser beam, nonlinear effects come into play, and P is expressed

as

In this case, ¥® and x(®) are the second and third order nonlinear susceptibilities, respec-

tively, which affect the magnitude of the nonlinear response of the material.

Here, we consider third harmonic generation (THG) (also referred to as ‘frequency tripling’),

which is a third-order effect.” THG involves the absorption of three photons of frequency

2Within an isotropic medium, as is the case considered here, for symmetry reasons, which will not be
discussed here, all X(z) effects are reduced to zero.
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2.4. Laser system

@, from a driving beam, followed by the emission of one photon of frequency s, so that

a second beam is generated (see Figure 2.5 (a)).

The energy of a photon is the product of its frequency, @ and the reduced Planck constant,
h. That is
E=ho (2.3)

In the case of THG, three photons, each of energy (i ), are destroyed and a single photon
with an energy of 7(3®;) is generated. Since energy is conserved, the frequency of the

emitted photon must be three times that of the absorbed light, w3 = 3;.

For the method described here, xenon is employed in order to produced 118.2 nm light
from a driving beam of wavelength 354.7 nm. Xenon is ideal for this process as it has
a high third order nonlinear susceptibility, ¥®). Following absorption of three photons
from the driving beam, a xenon atom is excited to a virtual state, see Figure 2.5 (b). In
this case, the virtual state lies very close in energy to the 5p°7s 2P /2 electronic excited
state of xenon [4]. The closer, in energy, that a virtual state lies to a real state the more
favourable the excitation process [5]. Furthermore, it is preferable to generate harmonics
via a non-resonant process, as is the case here, rather than via a resonant process. Photons
produced via a resonant process will have an energy equivalent to that of a resonance within
the non-linear medium, and therefore, they would be readily reabsorbed by the medium.
So, although excitation to a resonant state would increase the efficiency of the process, the
reabsorption of the emitted photons would work to decrease the overall efficiency of the

process.

Another factor that affects the overall efficiency of the tripling process relates to conserva-

tion of momentum. The momentum of a photon is given by
p =7k (2.4)

where Kk is the wave vector, which points along the direction of propagation of the light.
The magnitude of k is dependent on the frequency of the light, @, the refractive index, n,
of the medium through which the light passes, and the speed of light, ¢, in a relationship
given by

k=no/c (2.5)

In order to optimise the efficiency of harmonic generation the wave vector mismatch, AKk,
between the generated light and driving laser beam must be minimised. In the case of third
harmonic generation, the wave vector mismatch is given by Ak = K, —3Kg,. When Ak =0

the driving and generated beams are phase matched. Since the magnitude of k is dependent
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Figure 2.5: Schematic energy level diagrams displaying the absorption and emission
of photons for (a) the general case of non-resonant third-harmonic generation and (b)
118 nm generation in xenon.

on the refractive index, Ak can be influenced by varying the refractive index n of the tripling
medium. The refractive index is dependent on the frequency of the light that passes through
the medium. The dispersion of a medium indicates the way in which n varies with @. For
a positively dispersive medium, n increases with increasing @. Whereas, for a negatively
dispersive medium, n decreases with increasing ®. Therefore, if two media of opposite
dispersion are mixed together it is possible to manipulate the parameters that influence
phase matching. By varying the mixing ratio of the two media, the overall refractive index

can be influenced.

For the work described here, three photons of 355 nm light generate an outgoing photon of

118 nm light. Therefore,

Ak = Kj18 — 3Kass (2.6)

where K3 and k355 are the wave vectors for the 118 nm and 355 nm light, respectively.
Xenon, which is used to generate the 118 nm light, is negatively dispersive. By mixing
Xe with argon, which is positively dispersive, we can obtain an optimum ‘phase matching

ratio’, which ensures that the efficiency of the tripling process is maximised.

The details of the laser setup employed for generation of the VUV light will be laid out in
Section 2.4.2.2. A description of the initial experiments, which were undertaken in order to

obtain the necessary mixing ratio of xenon and argon, will follow in Section 2.4.2.3.
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2.4.2.2 118 nm radiation: for use as the photoionization laser

VUV light, of wavelength 118.2 nm, is produced by tripling the 354.7 nm third harmonic
of a Continuum Surelite I Nd:YAG laser in a rare gas mixture of xenon and argon [5-8].
Typically, this process was achieved using pulse energies of 10 - 20 mJ per 7 ns pulse at
355 nm. The Continuum Surelite I Nd: YAG laser gives ~ 70 mJ per pulse at 355 nm. A
beamsplitter, labelled BS in Figure 2.4, is employed in order to select the desired 15 - 20%
of the beam and to reflect it towards the experimental apparatus. The remainder of the beam
passes through the beamsplitter and is blocked by a beam dump, BD2. The 355 nm laser
beam then travels through a zero-order tuneable waveplate, TW, which rotates the direction
of the polarisation of the beam by 90°. After this step, the 355 nm laser is polarised parallel
to the plane of the detector. The laser beam is then steered through a lens, L2, (f = 200
mm) and travels through the entry window of a tripling gas cell, before coming to a tight
focus in the center of this cell. By tightly focusing the 355 nm laser beam into the gas cell
(see the inset at the bottom left of Figure 2.4) the high photon densities that are required
for the non-resonant non-linear THG process are achieved. By using an inert gas mixture
of Xe (BOC, > 99.9%) and Ar (BOC, > 99.9%), in a ratio of 1:11 (see Section 2.4.2.3), at

a total pressure of 325 mbuar, relatively efficient frequency tripling is achieved.

The gas cell, which contained the tripling medium, was mounted directly onto the experi-
mental apparatus (see the inset in Figure 2.4). At the exit of the gas cell, the 355 nm and
118 nm light travel through a lithium fluoride lens, L3. The two laser beams are not sepa-
rated before passing through the interaction region. The 355 nm beam, which is diverging
as it passes through L3, is refocused at a distance of 10 cm after the interaction region. The
118 nm beam comes to a focus 50 mm after the interaction region. In this way, within the
interaction region, the 355 nm beam is relatively broad and diffuse compared to the 118
nm beam. Since the two beams travel along the same trajectory it is not straightforward to
measure the 118 nm energy separately from that of the 355 nm beam. Kung et al. achieved
a conversion efficiency of ~ 0.1% for this tripling process using xenon and argon [6, 7].
From this, we estimate an upper limit of ~ 10 - 20 uJ per pulse for the energy of the
generated 118 nm pulse. On exiting the experimental apparatus the 118 nm beam travels
less than 20 cm through air (although O; has a dip in its absorption spectrum around 118
nm, this wavelength is still readily absorbed), and, in addition, would not pass through any
optical elements that are not composed of MgF; or LiF. The 355 nm beam is dumped at
the earliest possible stage, depending on which UV wavelength is being employed at the
time, e.g. in the case where the dye laser is employed, the 355 nm laser passes through the
dichroic mirror (HR at 248 nm, HT > 300 nm) and enters a beam dump, BD3.
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Chapter 2. Velocity-map imaging experiment

2.4.2.3 Generation of VUV light: testing and setup

As discussed in Section 2.4.2.1, the particular focusing conditions of the driving beam
affects the phase matching conditions necessary for frequency tripling and, therefore, in-
fluences the ratio of xenon to argon required to achieve phase matching. As a result of this,
the phase matching ratio is unique for a particular experimental setup. Therefore, before
the VUV beam could be used for experimental purposes, it was necessary to establish the
optimal phase matching ratio of xenon to argon. In order to determine this, nitric oxide
(NO) was used as a test molecule in the molecular beam. NO has an ionization potential
of 9.26 eV [9], which is below the 10.49 eV available from one photon of 118.2 nm light.
Therefore, NO is a good system with which to test the current VUV setup, since absorption
of a single photon of wavelength 118 nm will lead to ionization of the parent molecule,

which can be detected with the current experimental apparatus.

In order to undertake the necessary calibration experiments, a pulsed molecular beam con-
sisting of ~ 5% NO seeded in Ar, with a backing pressure of 2 bar, was generated. Initially,
the tripling gas cell was evacuated using a turbomolecular pump (Pfeiffer Vacuum HiPace
10) backed by a diaphragm pump (Pfeiffer Vacuum MVPO15-2), in order to ensure that
there were no contaminating species (e.g. HoO) present within the cell. The 355 nm beam
was then tightly focused into the center of the gas cell. As the gas cell was initially empty,
no 118 nm radiation was generated and therefore, no NO™ signal was observed. In addi-
tion, since no ion signal was observed, it was clear that the 355 nm beam was not intense
enough to achieve multiphoton ionization, eliminating a potential complicating factor. The
cell was slowly filled with xenon, and some production of 118 nm radiation was achieved.
The 118 nm light passed through to the interaction region where single photon absorption
resulted in ionization of NO to form NO™, which was detected by the experimental ap-
paratus. The cell was continually filled with xenon until a maximum signal intensity was
observed, at which point argon was slowly added to the gas cell. The phase matching ratio
of the two gases was found when the NO™ signal was at a maximum. The ideal phase
matching ratio of xenon to argon was found to be 1:11 for the experimental setup described
here. This compares well with the phase matching ratio of 1:10.5 published by Kung et al.,
who have previously investigated the details of the process of frequency tripling 355 nm to

yield 118 nm [7].
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2.5. Detection

2.5 Detection

A 2D position sensitive detector is employed to detect the photoionized parent and product
molecules. Following photoionization, the velocity-mapping field accelerates the parent
molecule and nascent fragments through the apertures in the extractor and ground elec-
trodes and into the field free flight tube. After a total flight distance of 482 mm from the
laser interaction region the ions impinge upon the 2D position sensitive detector. The de-
tector assembly (Photek VID240) consists of 40 mm diameter Chevron multichannel plates
(MCPs) coupled to a P47 phosphor screen. The ions arrive at the detector in order of their
mass-to-charge ratio, with the lightest ions arriving at earlier times, and heavier masses at
later times (see Section 2.6). The ion lens system velocity-maps the ions such that all ions
that have the same velocity component in the image plane arrive at the same point on the
detector, regardless of their initial positions. The ion lens also has the effect of ‘pancak-
ing’ the Newton spheres (see Section 1.1.3), minimising the arrival time spread At for each
mass and hence optimising the resolution of the arrival time of the ions at the detector.
By integrating the total signal recorded by the detector as a function of time, laser power
or laser wavelength a number of different types of information can be obtained, namely
time-of-flight mass spectra, laser power dependence and REMPI spectra. These will be
discussed in Sections 2.6 to 2.8. When the signal across the detector is position-resolved,
the velocity-map images are obtained. The details of image acquisition and processing will

be discussed in Section 2.9.

2.6 Time-of-flight mass spectra

By recording the signal, integrated across the 2D imaging detector, as a function of time,
the imaging apparatus can be used to carry out conventional time-of-flight mass spectrom-
etry (TOF-MS) studies. These studies yield the identities and relative intensities of the
fragmentation products that are detected. The TOF spectra can be obtained in two ways.
In the first instance, a liquid light guide is used to direct light from the phosphor screen to
a photomultiplier tube (PMT). The PMT signal is visualised on an oscilloscope (Tektonix
TDS 2024B, four channel digital oscilloscope) and the TOF spectra may be read from the
oscilloscope to a computer using Tektronix waveform data capture software. The mass
resolution of the spectra acquired via this method is dependent on the decay time of the
phosphor screen, and is therefore relatively low. With the current phosphor it is not possi-

ble to distinguish clearly between fragment peaks separated by 1 amu. When a higher mass
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resolution is required, which is generally the case, then an alternative method is employed.
This method involves time-gating the MCP, using a pulsed high voltage switch (Photek
GM-MCP-2), and recording the total number of ions that arrive at the detector within the
gated time period. The process is controlled by a custom built LabVIEW program. A
pulse/delay generator (BNC Model 575) applies a gate of 20 ns to the MCP, and the gate is
then stepped through the range of flight times of interest. At each step, the total number of
ions detected by the camera at the flight time of interest is recorded over a user-specified

number of TOF cycles, typically ten.

The recorded flight times of the ions correlate with the mass-to-charge ratios (m/z). Each

ion of mass m and charge ze is accelerated through a potential V to a final velocity v,

v=1/2z¢V/m 2.7)

Therefore, the time required to traverse a flight distance of length d is,

t=d/v=d\/m/2zeV (2.8)

The mass-to-charge ratio can therefore be determined from

where

m/z=2eVt*/d* (2.9)

This can be simplified to
m/z = at* (2.10)

where a is a constant of proportionality given by
a=2V/d? (2.11)

From Equation (2.11) it is clear that this constant is dependent on two things. The first is
the potential V through which the ions are accelerated, and therefore the potentials applied
to the repeller and extractor plates, Vr and VE, respectively. The second is the distance d
that the ions travel before reaching the detector. This distance is dependent on the location
of the interaction region, which is influenced by the physical alignment of the ionization
laser relative to the detector. Therefore, ideally, the constant should be obtained for each
TOF spectrum (or set of TOF spectra) acquired. For the studies discussed here, the parent

ion was easily identified from the velocity-map images.? Using the measured 7 and known

3Since the ionization of molecules in the molecular beam has an almost negligible effect on their veloc-
ities, the velocity-map image reflects the distribution of velocities within the translationally cold molecular
beam, i.e. approximately a Maxwell-Boltzmann distribution at a temperature of ~10 K. Therefore the parent
ion appears as a small dot in the center of the image.
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m/z values for the parent ion, the mass calibration factor for each TOF spectrum was cal-
culated and the TOF spectra were converted to mass spectra. The calibration factors found
for each repeller potential applied were found to be reproducible over the course of the
studies presented in this thesis. Therefore, d remained constant over this period, which
implies that the laser alignment relative to the repeller and extractor plates did not vary

significantly.

A background spectrum, recorded with the molecular beam off, was taken in succession of
each TOF spectrum, and subtracted from the ‘beam on’ data. This ensured that the data to
be analysed only contained TOF peaks originating from the molecular beam and not from
background gas in the vacuum chamber. For the two-colour studies, the TOF spectra from
the individual laser contributions, acquired using only the pump or only the probe laser,
were subtracted from the two-laser signal, which results when both lasers pass through to
interaction region, to obtain the two-colour TOF-MS. The two-colour mass spectra show
only those mass peaks that have a two-colour contribution, i.e. production of the ions in

the spectrum requires the involvement of both UV and VUV lasers.

2.7 Laser power dependence studies

By measuring the photofragment signal intensities as a function of laser energy it is possible
to determine the number of photons involved in the production of each of the observed
fragmentation products. For a one-photon process the ion signal / is directly proportional
to the laser pulse energy E. For a two-photon process the signal is proportional to the square

of the laser pulse energy. In general for an n-photon process,
I =bE" (2.12)
Where b is a constant of proportionality. Taking logs gives,

log(1) = nlog(E) + logh (2.13)

Log-log plots of signal intensity / versus laser energy E will therefore have slopes n which
provide information on the number of photons involved in the fragmentation and ionization
processes leading to formation of each ion. In order to obtain the signal intensities of the
individual fragmentation products as a function of laser energy, TOF-MS are acquired (as
detailed in Section 2.6) at a number of different laser energies. To quantify the total signal

intensity at each mass, the TOF peaks are fitted using Gaussians. Linear fits to the plots of
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Figure 2.6: A schematic diagram of a (2+1) REMPI process.

logl vs logE are performed, these yield the number of photons 7 involved in formation of
the observed ions. The laser-power-dependence studies that have been undertaken for the
work included in this thesis have investigated the effect of the 355 nm and 118 nm laser
energies on photofragment production. There are a number of ways in which the 355 nm
laser energy can be varied. These include irising of the laser beam at a distance from the
experimental apparatus, passing the beam through attenuation optics, and variation of the
delay between the flashlamp and Q-switch trigger within the Nd:YAG laser. The tripling
efficiency for production of 118 nm laser light can be controlled through variation of the
xenon:argon mixing ratio. The details for individual studies will be discussed within the

relevant chapters.

2.8 Resonance-enhanced multiphoton ionization

In addition to VUV photoionization, neutral photofragments were also detected using resonance-
enhanced multiphoton ionization (REMPI). In contrast to VUV photoionization, which al-
lows detection of all nascent photofragments with an ionization energy lower than the VUV
photon energy, REMPI enables the state-specific detection of a single fragmentation prod-
uct. The REMPI process involves single or multiple photon absorption to an intermediate
electronic state, followed by additional photon absorption to an energy which surpasses
the ionization potential. Figure 2.6 illustrates a (2+1) REMPI scheme, which involves an
initial two-photon absorption to the electronically excited state M*, from which absorption
of an additional photon leads to ionization. Since the REMPI process involves multiphoton

absorption, a greater photon density is required within the interaction region than in the
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case of a single photon process. To achieve this, the laser beam is tightly focused at a point
approximately 20 mm after the interaction region. For a particular atom or molecule, there
may be a number of intermediate states that will facilitate resonant detection. To determine
the energies of these states, a tuneable, linearly polarized, frequency-doubled pulsed dye
laser (see Section 2.4.1) can be scanned over a wavelength region. This is carried out via
a custom built LabVIEW interface which steps the laser through the wavelength range of
interest and acquires the time-of-flight signal from the oscilloscope at each step. In order
to obtain the REMPI spectrum for a neutral species of interest, the total signal intensity of
an individual mass peak, which results from REMPI detection of the neutral, is integrated
as a function of wavelength. The peaks in the REMPI spectra indicate the wavelengths at

which resonance-enhanced multiphoton ionization can be achieved.

2.9 Image acquisition, processing and analysis

In order to acquire an image of a specific ion of interest, the detector is gated at the arrival
time of that ion by pulsing the rear MCP from +1000 V to +1500 V. The forward-backward
spread of arrival times for each photofragment ion cloud was about 40 - 50 ns. The light
from the phosphor screen is imaged by an intensified charge-coupled device (CCD) cam-
era (Photonic Science Mini IDI), controlled via a LabVIEW interface. The data acquisition
software captures a 691 x 691 pixel subarray of the CCD array on each TOF cycle. Images
are acquired over thousands of laser shots, with more or less shots included depending on
the signal-to-noise ratio. Background images, recorded with the molecular beam turned off,
are subtracted from the ‘beam on’ images in order to remove any unwanted contributions
from background gas in the imaging chamber. Background-subtracted images for the rel-
evant two-laser and individual laser contributions are obtained. For the cases in which the
two-colour signal is of interest, the individual one-colour images are subtracted from the
overall (two-laser) image. The velocity-map images are subsequently processed using Lab-
VIEW software employing the Polar Onion Peeling (POP) algorithm [10]. From the im-
ages of each photofragment the POP algorithm returns the radial distribution of the central
slice through the 3D velocity distribution, integrated over angle, as well as the anisotropy
parameter, 3, which characterises the angular distribution of the photofragments (see Sec-
tion 1.2.4. For the studies included in this thesis the 3, values that are presented are a

weighted average obtained over a translational energy range of interest.

Calibration is necessary in order to convert from pixel coordinates to photofragment veloc-

ities and therefore translational energies. In principle, we can obtain the transverse velocity
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v of the fragment directly from the radial coordinate r of the image, using our knowledge

of the time-of-flight ¢ of the fragment.
v/t (2.14)

However, as discussed in Section 1.3, the velocity-mapping optics introduce a magnifica-

tion factor, M, which must be taken into account.
v=Mr/t (2.15)

Suitable calibration factors, which account for this magnification have been determined

using the O" image from UV photodissociation of the O, molecule.

When the momentum-matched co-fragment is known, the measured translational energy,
E;, distribution of a particular photofragment is converted into the total translational energy

distribution, ET, using linear momentum conservation, as discussed in Section 1.2.3.

2.10 VMI calibration

2.10.1 Obtaining a calibration factor

Calibration of the radial or velocity coordinate of the velocity-map images is achieved
by imaging the products of a molecular fragmentation process with a known translational
energy release. As discussed in Section 1.2.3, following fragmentation of a bond within a
molecule A-B, momentum is conserved, and therefore mava = —mpvg, where m and v are
the mass and velocity of the fragments, respectively. From this an expression for the total
translational energy release ET can be derived.

Er=E(A) <@) g (@) (2.16)

mp 2 mp

where E((A) is the translational energy of fragment A.

The radial coordinate » (measured in pixels) is proportional to the velocity of the fragment

va (see Equation (2.15)). It follows therefore, since Et o< va (Equation (2.16)), that
Er =Cr? (2.17)

where C is a mass-dependent conversion factor, which has a dependence on the time-of-

flight of fragment A, to, and on the VMI magnification factor, M, in a relationship given

by ,
1M
C=-ma— (@) (2.18)
2 tA mp
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2.10. VMI calibration

As was discussed in Section 2.6 (and shown in Equation (2.8)), the time-of-flight 75 is
dependent on the mass of the fragment my, the acceleration potential V, and the length
of the flight tube d. Therefore, as C has a dependence on ¢ it is also affected by these

factors.

The calibration factor, as discussed here, is one in which the mass dependency is removed.
An individual factor is obtained for each pair of repeller and extractor electrode potentials,
as each of these results in a different effective potential V through which the ions are ac-
celerated. No physical changes have been made to the length of the flight tube over the
course of the experimental work carried out for this thesis, and in addition to this the re-
sults from the TOF-MS calibration show that the alignment of the lasers was unchanged.
Therefore d is a constant that has been incorporated into the calibration factors that have

been determined here.

Following a straightforward line of thought, it is possible to see how the mass dependency
can be accounted for and a calibration factor obtained. By substituting in the expression

for 5 from Equation (2.8) into Equation (2.18) we obtain

1 M2 MAB
C=~- 2.19
2" P J22eV < ) =19

mp
Which simplifies to
M?zeV
( ’"B_) c=M=V _, (2.20)
MAB d
where C,, is the calibration factor. In terms of C,, ET may be expressed as
Er=C, (@) 2 2.21)
mp

Therefore, from Equation (2.16), which relates Et to E¢(A), we obtain

Er = E(A) (@) —C, <@) 2 (2.22)
mp mp
And so it is clear that
E(A) = C,r? (2.23)

This result can be applied to any mass (A or B etc), and therefore Equation (2.23) is a
general expression for converting the velocity axis in pixels to translational energy release.*
It is clear from Equation (2.20) that in addition to incorporating the effect of the potential,

V, and flight tube length, d, the calibration factor obtained accounts for the magnification

“The conversion from velocity in pixels to an energy scale involves a quadratic transformation. A Jacobian
correction factor is used to account for the resultant mapping of the intensities of the distribution.
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M which is a result of the velocity-map imaging conditions. As shown in Equation (2.16),
the E; of the detected fragment can be converted to Et and photofragment velocity using

mass-dependent conversion factors.

2.10.2 UV photodissociation of a diatomic molecule

As discussed in Section 1.1.2, following a dissociation event the energy available to the
fragments, Eyy, is released into translation, E1, and internal excitation, Ej,, of the frag-
ments. In the case of photofragmentation of a diatomic molecule, the nascent atoms have
no rotational or vibrational degrees of freedom. Therefore, E,, is distributed between prod-

uct translational energy and any electronic excitation, Egjectronic, Of the atoms.

E. = ErT+ Eelectronic (2-24)

If the electronic energy is known then the product translational energy can be predicted
very accurately. Therefore, a diatomic molecule is the ideal species with which to per-
form the photofragmentation experiments necessary to calibrate a velocity-map imaging

apparatus.

In this case, molecular oxygen, O, is the diatomic molecule of choice. Absorption of
a single ~225 nm UV photon excites O, from its electronic ground state X3Zg_ into the
Herzberg continuum [11]. This continuum consists of three states: A X}, ¢ 'Z, and
A’ 3A,. At the dissociation limit these states correlate adiabatically with two ground-state

oxygen atoms, with one atom having j = 2 and the other having j = 0,1 0r2.
02 +hv — O(3P2) + O(3Pj:07172) (ET =0.38 CV) (225)

Absorption of two photons excites the O, molecule above the Schumann-Runge continuum
to low lying Rydberg-valence complexes [12—14]. At this excitation energy, in addition to
various bound states, there are a number of dissociative states present within the Frank-
Condon region. The B*%L;, and II3Hg states are both dissociative and lead to formation of
O(*P,) with a O('D,) co-fragment, whereas the Ilﬂg and I3H§ states dissociate to form

two ground-state oxygen atoms.’

Oy +2hv — OCP) +0('Dy)  (Er=391¢eV) (2.26)

SThe energy of two photons of ~225 nm radiation is in excess of 11 eV. This energy is well above the
dissociation thresholds to produce both O(*P) + O(' D) and O(' D) +O(' D) photofragment pairs. Since, for
the calibration work discussed here, the O(3P,) species is detected using (2+1) REMPI, only the dissociative
states leading to production of the former of these photofragmentation products are detailed here.
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Figure 2.7: (a) A velocity-map image of the O(CP,) atoms detected using (2+1)
REMPI, the laser polarisation direction, indicated, was parallel to the plane of the
detector. (b) the radial velocity distribution as a function of pixels from the image
in (a), and (c) the total translational energy distribution which is obtained from the
velocity distribution in (b) using a calibtration factor.

or
Oy +2hv — OCP) +O(CP))  (Er=5.87eV) (2.27)

For the channels producing only ground state oxygen atoms, OCP,), (Equations (2.25)
and (2.27)) following the dissociation event all of the energy available to the fragments Ejy
is released into translation Et. In the case of O(*P) + O(!D) production, part of E,y is
consumed as electronic energy of the O('D) fragment. The energy available for transla-
tion following ~225 nm photodissociation of O; is shown in parenthesis for each of the
individual channels in Equations (2.25) to (2.27).

As has been observed in previous studies on molecular oxygen dissociation at ~225 nm
[11], (2+1) REMPI detection (see Section 2.8) of O(3P2) generally yields a velocity-map
image with three distinct rings. These result from the well-defined product translational
energies in each of the three dissociation channels. Since Et for each of these features
is well known, the measured radial distribution of the image can be used to obtain the

pixel-to-velocity calibration factor.

Calibration factors have been obtained for the experimental apparatus discussed here at a
number of different repeller potentials Vgr. An image of the O™ ions resulting from UV
photodissociation of O, followed by (2+1) REMPI of the nascent oxygen atoms, acquired
with VR =4 kV, is shown in Figure 2.7 (a). The velocity distribution extracted from this
image is plotted in Figure 2.7 (b) as a function of pixel number. The total translational
energy (ET) distribution, which is obtained following conversion of the velocity axis to

energy, is shown in Figure 2.7 (c). With the repeller potential that was employed in this
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Chapter 2. Velocity-map imaging experiment

case, we have ‘zoomed in’ to the lower translational energy region. Two components are
observed in the Et distribution. The first, at 0.38 eV, corresponds to O(3P2) formed with a
ground state oxygen co-fragment having j = 0,1or2. The peak at higher Et results from
the OCP,) ground state atoms which are produced with an 0o('D,) co-fragment following
two-photon absorption at 225 nm. The translational energy of the fragments produced by
the third photodissociation channel, which has been discussed above, and is represented by
Equation (2.27), falls outside of the translational energy region that has been recorded in

this case.

It should be noted that, as in the case of Figure 2.7 (a), for all of the ion images that will be
presented in this thesis the raw data will be displayed, i.e. the velocity-map image which is
the 2D projection of the 3D Newton sphere of ions. The images have been symmetrized for
display purposes only, and are shown on an arbitrary colour scale from red (high intensity)
to blue (low intensity). The intensity in the Et distribution shown in fig. 2.7 (¢) is displayed
in arbitrary units. In the chapters that follow, the Et distributions will either be displayed
normalized on the maximum, or with the area under the distribution normalized to unity,

as is most appropriate.
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3.1 Introduction

The work described in this chapter demonstrates the use of universal ionization in com-
bination with the velocity-map imaging technique. The photodissociation of methyl io-
dide and ethyl iodide has been investigated. Chandler and Houston originally employed
the ion imaging technique to investigate the dissociation of methyl iodide (CH3I) at 266
nm [1, 2]. The state-selectively ionized CH3 photofragments were projected onto a two-
dimensional detector. The beauty of ion imaging is that the speed and angular distributions

of the photofragments could be determined directly from the spatial distribution recorded.



Chapter 3. UV Photodissociation of Alkyl Iodides

Since then, methyl iodide has become the benchmark molecule for ion imaging studies of

photodissociation processes.

However, well before the ground-breaking ion imaging studies of Chandler and Houston,
and the prominence of CH3lI studies among the ion imaging community, this molecule
was already of interest to the wider scientific community. In 1935, Mulliken presented his
findings on the absorption spectra of CH3I [3]. He suggested that the A-band spectrum
consisted of two or three components which could correlate to two pairs of fragmenta-
tion products. Iodine could be formed in either its ground (*P; /2) or spin-orbit excited
state (°P; /2), with the co-fragment, CH3, in its electronic ground state. Later, Porret and
Goodeve studied the UV absorption of CH3I, and discussed their results in terms of two
dissociation channels, I(*P5 /2) + CH3 (commonly denoted as the I channel), and 1P, /2) +
CHj; (commonly denoted as the I* channel), resulting from fragmentation of the C-I bond
[4], as had been suggested by Mulliken. Hunter and Kristjansson used photoacoustic spec-
troscopy to obtain the I* quantum yield at a number of wavelengths across the A-band,
providing information on the competition between the I and I* dissociation channels as a
function of energy [5]. Their results indicated that the variation of the I* quantum yield as a
function of wavelength was a unimodal function, with the quantum yield peaking at around
d(I*) = 0.75 in the wavelength region around 260 to 270 nm. At this time it was speculated
that an initial excitation followed by curve-crossing to a different state could influence the
I* quantum yield. Photofragment translational spectroscopy (PTS) studies carried out by
Sparks et al. and Barry et al. were able to resolve the translational energy distributions for
the I and I* dissociation channels [6, 7]. In addition, the vibrational population distribution

in the v, umbrella bending mode of the methyl radical was also determined [6, 7].

It was not until the availability of ion imaging techniques, in particular velocity-map imag-
ing, that the anisotropy parameters, along with the I* quantum yields, were determined as
a function of photolysis wavelength. Following their improvements on the ion imaging
technique (see Section 1.3) [8], Eppink and Parker undertook a comprehensive velocity-
map imaging (VMI) study of the photodissociation of CH3I across the A-band [9, 10]. In
agreement with the photoacoustic studies of Hunter and Kristjansson [5] and the PTS stud-
ies of Y.T. Lee and co-workers [6] and Barry and Gorry [7], the iodine photofragment was
observed primarily in the spin-orbit excited state within the photolysis wavelength range
240 to 300 nm. At longer wavelengths, iodine was observed mainly in the ground state.
The angular distributions for the I* dissociation channel showed mainly parallel character

throughout the A-band, quantified by a large positive value of the anisotropy parameter,
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B. This results from direct dissociation following an initial excitation via a parallel tran-
sition. The data for the I channel also exhibited parallel character at shorter photolysis
wavelengths, which is consistent with an initial excitation via a parallel transition, fol-
lowed by curve-crossing before full dissociation. At longer wavelengths the anisotropy
parameter for the I channel was significantly reduced. The details of these dissociation
dynamics and the curve-crossing behaviour of the alkyl halides will be discussed in detail

in Section 3.2.

The work summarised above by no means provides a comprehensive account of the pho-
todissociation studies of CH3I. Following decades of detailed research there exists a myr-
iad of literature discussing the photofragmentation of this molecule. The studies discussed
here merely illustrate some of the earlier work performed on the A-band dissociation. As
spectroscopic techniques have continued to develop, CH3I has continued to be widely stud-
ied. Recently, CH3I photodissociation dynamics have been investigated using cutting-edge

techniques such as time-resolved imaging, and slice imaging [11-13].

At this point it should be noted that CH3I is only one of the many alkyl iodides which
have been studied spectroscopically. The spectroscopic techniques mentioned above have
been applied to many other molecules in this series. For example, the UV photodissoci-
ation of ethyl iodide (C,HsI) has been investigated extensively, with a number of further
studies involving a range of alkyl iodides [14-23]. C,HsI dissociation also leads to pro-
duction of iodine, in either the ground or spin-orbit excited state, partnered by an alkyl
co-fragment, CHs, in its ground electronic state. Laser induced fluorescence (LIF), PTS
and imaging studies have been undertaken to investigate the dissociative states involved
in the two dissociation channels [15-18]. PTS and imaging studies have determined the
angular and speed distributions of the CoHsI fragmentation products [20, 22, 23]. By far
the most comprehensive study on C,HsI photodissociation was undertaken by Tang et al.
[20], who investigated the dissociation dynamics across the A-band, in the wavelength
range from 245 to 283 nm, using the VMI technique. At photolysis wavelengths within
the central region of the A-band, the I* dissociation channel dominates. The variation in
the anisotropy parameter across the A-band for the I channel indicates curve-crossing (see
Section 3.2).

The numerous studies into the photodissociation of CoHsI and CH3l, grant us a wealth of

information that forms the basis for interpretation of the current work.
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3.2 Background: CH;I and C,H;I A-band dissociation

3.2.1 A-band photodissociation of methyl iodide

The A-band of methyl iodide results from a 6* <— n transition from the lone pair on iodine
to the lowest anti-bonding molecular orbital. The band is comprised of five electronically
excited states, which arise from spin-orbit interactions induced by the unpaired electron
remaining on the iodine atom. Figure 3.1 (a) (adapted from reference [17]) depicts the
electronic states in relation to those of the Cs3, point group in the absence of spin-orbit
interactions. From this it can be seen that four of the states within the A-band originate

from the splitting of the 3E state that results from spin-orbit interactions.

Figure 3.1 (b) (adapted from reference [9]) shows the absorption spectrum of CH3I in the
region of the A-band. There are three significant contributions to the total absorption. As
denoted by Mulliken [24], in descending energetic order, these are 1Q1 ,3 Qo and 3Q|. The
strongest absorption is that of 300, with 'Q; and 3Q; (shown here 50 times magnified)
playing minor roles. The equivalent excitations are illustrated in Figure 3.1 (a). The 'E <
A; (1Q)) transition is fully allowed. As a result of spin-orbit interactions, the AS = 0
selection rule is relaxed, and therefore excitations involving changes in spin multiplicity
are observed, as seen for the Qg and 3Q; transitions. The two low lying E symmetry states,
in the strong-field limit, are thought to be essentially degenerate. The A, <— A transition is

symmetry forbidden and therefore does not contribute to the absorption spectrum.

The excited states are dissociative along the C-1 bond axis, leading to formation of methyl
(CH3) in its electronic ground state, and iodine in either its ground (2P /2) or spin-orbit

excited (*P, /2) state.
CH3I +hv — CH3I* — CH3(v) +1(*P; ) (3.1)

CH3I +hv — CH3I* — CH3(v) +1(*P; ) (3.2)

As shown in the correlation diagram in Figure 3.1 (a), the lQl and 3Q1 states, accessed via
perpendicular transitions from ground state CH3I, dissociate to form iodine in its spin-orbit
ground state and methyl in its ground electronic state (see Equation (3.1)). Dissociation of
the 3Qy state, accessed via a parallel transition, leads to production of spin-orbit excited
iodine, with a methyl co-fragment in its ground electronic state (see Equation (3.2)). In the
discussion that follows, and throughout this chapter, the name ‘iodine’ will be used when
discussing the iodine atom in either the ground or spin-orbit excited state. I and I* will be

used to refer to ground and spin orbit excited state iodine atoms, respectively.
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Figure 3.1: (a) correlation diagram, (b) the absorption cross-section, and (c)
schematic potential energy curves for the states involved in the A-band dissociation
of CH3l. These figures have been adapted from references that are identified in the
text.

Figure 3.1 (c) shows a schematic two-dimensional cut through the CH3I potential energy
surfaces, along the C-I coordinate (adapted from reference [9]). Only the 1Q1 , 3Qo and 3Q1
excited states are depicted. Excitation to the lowest lying state, Q1 results in the produc-
tion of CH3 and I (*P; /2), with the angular distributions of the photofragments reflecting
the perpendicular transition, quantified by § = —1. However, the picture becomes more
complex when considering the higher lying states. A curve-crossing is present between the
Y01 and 3Qy states. This crossing plays a key role in the dissociation dynamics follow-
ing excitation within the A-band, influencing the experimentally observed photofragment
angular distributions and the branching into the I and I* dissociation channels. Following

excitation in the middle of the A-band, both I and I* fragments are observed. For the I*
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Figure 3.2: Potential energy curves for the states involved in the A-band exciation of
C,Hs51, from [25].

dissociation channel B = 2, as expected following a parallel transition to the 3Qy state and
direct dissociation on this surface. The anisotropy parameter for the I channel also has a
large positive value. This behaviour may seem unexpected as this channel directly corre-
lates with states accessed via perpendicular transitions from the ground state CH3zI. The
initial excitation to the 3Q0 state dominates in the central region of the A-band, and within
the Frank-Condon region the ! Q; state lies at higher energy. Initial excitation occurs to the
300 state via a parallel transition. Curve-crossing to the 10, state leads to the population
in the I channel. The fragmentation products maintain their original angular distribution
determined by the initial parallel excitation, yielding a large positive value for . At higher
excitation energies, the ! state is accessed. This results in a decrease in the anisotropy

parameter, due to the perpendicular character of this transition.

3.2.2 Potential energy surfaces for ethyl iodide

As in the case of methyl iodide, a 6* < n transition from the lone pair on iodine to the
lowest anti-bonding molecular orbital results in the A-band of ethyl iodide [26]. This con-
sist of numerous excited states, all of which are either A’ or A” symmetry and, therefore,
electronically accessible. This comes about as a result of the reduction in symmetry of
C,Hsl, which is of the Cg point group, as compared to CH3I, which belongs to the C3y

point group. Figure 3.2 shows potential energy curves for states involved in the A-band ex-
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Table 3.1: Ionization energies of methyl iodide, ethyl iodide and their photofrag-

ments.

Name Chemical Formula Ionization Energy / eV Reference
methyl iodide CHsl 9.54 +£0.02 [27]

ethyl iodide CoHsl 9.349 £+ 0.001 [27]

iodine (I) 1(?P /2) 10.45126 [27]

iodine (I*) @ /2) 9.509 Calculated [27-29]
methyl CH; 9.84 +0.01 [27]

ethyl C,Hs 8.117 + 0.008 [30]

citation of C,Hjsl. For clarity, only three of the excited states are shown here. As is the case
of CHsl, the excited states are dissociative along the C-I bond coordinate, and photofrag-
mentation results in production of the ethyl fragment in its ground electronic state, with

iodine in its spin-orbit ground or excited state.

CoHsI+hv — CoHsI* — CoHs(v) +1(°P5 ) (3.3)

CoHsI+hv — CoHsI* — CoHs (V) +1(°Py ) (3.4)

In the case of CoHsl, a curve-crossing is also present along the dissociation coordinate.

3.3 Experiment

The custom-built VMI spectrometer has been described in detail in Chapter 2. The molec-
ular beam was formed by supersonic expansion of a gas mixture comprising ~ 0.1% ethyl
1odide (iodoethane, Sigma Aldrich, 99%), or methyl iodide (iodomethane, Sigma Aldrich,
99%) seeded in 2 bar He (BOC, > 99.9%). Under these seeding conditions no cluster for-
mation was observed. Within the ion optics assembly, the molecular beam was intersected
orthogonally by the UV photolysis and VUV probe laser beams. UV light, in the wave-
length range ~ 230 - 270 nm, photolysed the neutral alkyl iodide. Following a delay of ~20
ns, the VUV light ionized the nascent fragments. The I and I* fragments were additionally
detected at resonance (see Section 3.4.4). In all cases, the laser beams were linearly po-
larised parallel to the plane of the imaging detector. The ionization energies (IE) of CH3I,
C,HsI and their photofragments are shown in Table 3.1. As discussed in Chapter 2, the
VUYV light produced is of wavelength 118.22 nm, which has a photon energy of 10.49 eV.
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Figure 3.3: Two-colour time-of-flight mass spectra for (a) methyl iodide photolysis
at 240 nm and (b) ethyl iodide photolysis at 257.6 nm.

The alkyl iodides studied, and their photofragments have IEs below the available 10.49 eV.
Therefore, single photon ionization was achieved in all cases. The ionized parent molecules

and nascent fragments were then velocity-mapped on to the 2D imaging detector.

Time-of flight mass spectra (TOF-MS) are presented here, along with the data obtained
from the velocity-map images of the fragments. Spectra and images were recorded for
single-laser signals as well as two-laser signal. As discussed in Chapter 2, the single-
laser signals have been subtracted from the overall signal in order to obtain the two-colour

pump-probe signal.

3.4 Results & Discussion

3.4.1 Time-of-flight mass spectra

Figure 3.3 shows representative two-colour time-of-flight mass spectra (TOF-MS) for (a)
methyl iodide and (b) ethyl iodide. Time-of-flight spectra reveal the masses of the frag-
ments produced following a photodissociation event (see Section 2.6), and so it is possible
to identify the photofragments. Figure 3.3 (a) shows the fragments resulting from photol-
ysis of methyl iodide at 240 nm followed by single-photon ionization at 118.22 nm. The
intense peak at m/z = 127 is iodine, and the one at m/z = 15 is methyl (CH3). The TOF-
MS data demonstrates that both of the primary fragmentation products are detected in one

time-of-flight cycle.

60



3.4. Results & Discussion

The TOF-MS in Figure 3.3 (b) shows the fragments produced on photolysis of ethyl iodide
with 257.6 nm light. Again, both primary dissociation products are observed, with the io-
dine fragment at m/z = 127, and the ethyl fragment (C,Hs) at m/z = 29. The inset magnifies
the m/z = 26 - 30 region. Signal is observed at m/z = 27 and 28. m/z = 28 could result from
H-loss from ethyl to produce C,Hy4, but more likely it is a result of under-subtraction of
the individual laser contributions. m/z = 27 (CoH3 ™) results from H,-loss from the ethyl

cation.

C,H;™" production

The C-I bond dissociation energy in CoHsI is 2.353 eV [16]. Using a photolysis energy
of ~ 5 eV, the dissociation leaves the iodine and C,Hs photofragments with more than
2 eV of excess energy. Part of this excess energy will go into internal excitation of the
ethyl fragment. The ionization energy of the C,Hs fragment is 8.117 eV [30]. Therefore,
when ionizing the nascent ethyl fragment with 10.49 eV, the C;Hs™ ion is produced with a
significant amount of internal energy. Only 2.109 eV is required for H; loss from the ethyl
cation [31]. Therefore, a fraction of the CoHs™ will undergo secondary fragmentations to

produce CoH3™.

3.4.2 CH3sl and C,HsI photofragment translational energy distribu-
tions

As discussed in Section 3.2, the UV photolysis of both CH3I and C,Hj5I lead to production
of iodine in its ground or spin-orbit excited state, and the alkyl fragment in its ground
electronic state. By employing VUV ionization it has been possible to simultaneously
detect both I and I* fragments. Non-resonant single-photon ionization ensured that all
vibrationally excited states of the alkyl fragments were detected in a single velocity-map
image. Analysis of the translational energy distributions extracted from the velocity-map
images of the photofragments yields information about the energy partitioning between

internal modes and product translation.

The UV photodissociation of CH3I was investigated with 240 nm and 266 nm light, using
the VMI technique combined with VUV laser ionization. The translational energy distri-
butions of the individual fragments have been extracted from the VMI images, as described
in Chapter 2. The total translation energy (ET) distributions of the nascent fragments are

shown in Figure 3.4 for photolysis with (a) 240 nm and (b) 266 nm light. The green traces
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Figure 3.4: The Et distributions following methyl iodide photolysis with (a) 240 nm
and (b) 266 nm light. Those obtained from the CH3 images are shown in green,
and those from the iodine images in purple. The vertical dashed lines indicate the
maximum translational energy for the non-rotating ground vibrational state CH3 (v =
0) fragment released in the I and I* channels.

were obtained from the CH3 images, and those in purple are from the iodine images. The Et
distributions show three distinct peaks. The peaks appear at the same translational energy
regardless of whether they were obtained from images of the iodine or methyl fragments.
However, there is an apparent difference in the peak intensities of the Et distributions ex-
tracted from the iodine images, compared to those from the CH3 images. This has also been
observed in the iodine images from C,Hjsl dissociation. It is due to the iodine ionization
process with a 118 nm photon, and will be discussed in detail in Section 3.4.3. Only the
distributions obtained from the alkyl images have been taken into account when calculating

the I* quantum yield.

On photolysis with 240 nm light the peak in the Et distribution at 1.8 eV corresponds to
the I* dissociation channel, Equation (3.2). The peak at 2.7 eV corresponds to the I dis-
sociation channel, Equation (3.1). The peak at 2.29 eV was assigned to methyl with one
quantum excited in the symmetric C-H stretch released in the I dissociation channel. The
energy difference between this peak and the vibrationless CH3 (v = 0) released in the I dis-

sociation channel, 0.38 eV, agrees with the CH3(v; = 1) rotationless energy level, which is
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at 0.3725 eV [32]. At 266 nm photolysis, the same three peaks, as previously assigned, are
observed, though these are now shifted to lower translational energy. The additional energy
on photolysis with 240 nm light, relative to photolysis with 266 nm light, is channelled into
photofragment translation. The vertical dashed lines in Figure 3.4 indicate the maximum
translational energy release, ET(max), which would be obtained for the case when all of the
energy available to the fragments in the I and I* dissociation channels is released into trans-
lation. In calculating ET(max), the energy from the photon, hvyy, and the energy required
to break the bond, Dy(C-I) = 2.39 eV [18], have been taken into account. However, the
internal energy of the parent molecule has not be considered. For this reason the tails of the
peaks exceed ET(max). In forming the molecular beam, the supersonic expansion does not
achieve perfect cooling, and therefore a fraction of the parent molecules in the molecular
beam will have some vibrational excitation. Despite this, it is clear that the majority of the
available energy is partitioned into translation of the recoiling fragments. The breadth in
the peaks of the Et distributions corresponding to the I and I* dissociation channels is due
to population of up to two quanta in the v, vibration, the umbrella bending mode of the
methyl fragment. The energy difference between these peaks is ~0.9 eV, i.e. only slightly
less than the iodine spin-orbit splitting of 0.942 eV [33]. The methyl fragment from the
I dissociation channel is formed with slightly more internal energy than in the I* channel;
this comes about due to the sudden change of the reaction coordinate from 3Qp to 'Qy at
the conical intersection, as discussed by Amamatsu et al. [34], which channels more of
the excess energy into the internal energy of the methyl photofragment in the I dissociation

channel.

The A-band photodissociation of CH3lI has been studied in detail by Eppink and Parker
[9, 10]. The single-photon ionization data, presented here, agree with their observations.
In their studies they employed REMPI detection to state-selectively ionize the CH3 and
iodine photofragments. They also observed that the product vibrational energy is mainly
partitioned into v,. In addition, at higher photolysis energies, such as those employed for
this work, they observed that a fraction of molecules is excited with one quantum of vy, the
symmetric C-H stretch [9, 10].

Velocity-map images were acquired for the C,Hs and iodine photofragments following
C,HsI photolysis at a number of wavelengths across the A-band. Figure 3.5 shows the Et
distributions obtained from the images of C,Hjs and iodine fragments detected using single-
photon ionization at 118 nm, following photolysis of CoHsI with (a) 248 nm, and (b) 266
nm light. Two peaks of varying relative intensity are observed in these Et distributions.

The peak at lower ET is assigned to CoHs released in the I* channel, Equation (3.4). The
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Figure 3.5: The ET distributions following ethyl iodide photolysis with (a) 248 nm
and (b) 266 nm light. The distributions obtained from C,Hs images are shown in
green, and those from the iodine images in purple. The vertical dashed lines indi-
cate the maximum translational energy for the non-rotating ground vibrational state
CyHs(v = 0) fragment released in the I and I* channels.

peak at higher Et is assigned to C,Hj released in the I channel, Equation (3.3). Table 3.2
shows the energies of the peaks in the Et distributions, which correspond to the I and I*
dissociation channels, for four photolysis wavelengths: 236 nm, 248 nm, 257 nm, and
266 nm. It appears that as the photon energy increases (from 4.66 eV with 266 nm light
to 5.25 eV with 236 nm light), the fraction of available energy released into translation
remains essentially unchanged. Regardless of the photolysis wavelength, the I dissociation
channel results in a fraction of around 0.68 of the available energy being released into
translation. In the case of the I* dissociation channel, this fraction is significantly higher,
0.78. This indicates that the C,Hs fragment has very different internal energy distributions
in the two dissociation channels. This is reflected in the translational energy difference
between the I and I* photofragments, which for each photolysis wavelength is only ~0.45
eV, significantly less than the iodine spin-orbit splitting of 0.942 eV [33]. As a result of the
change in reaction coordinate during curve-crossing, the nascent ethyl fragments from the
I dissociation channel are formed with significantly more internal energy than those from

the I* dissociation channel.

The work of Tang et al. [20] employed the REMPI technique in combination with VMI
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Table 3.2: The photolysis wavelengths, corresponding photon energies, and the most
probable total translational energies for the I and I* dissociation channels.

Photolysis Wavelength / nm Photon Energy / eV Ichannel /eV I* channel / eV

236 5.25 1.96 1.51
248 5.00 1.80 1.34
257 4.81 1.74 1.20
266 4.66 1.51 1.07

to state-selectively detect and image the I, I*, and C,Hs fragments resulting from A-band
photodissociation of C,Hsl. In their work, for each dissociation channel, the fraction of the
available energy released into translation was also observed to be constant across the wave-
length range investigated, with a larger fraction of the available energy being released as in-
ternal energy in the I dissociation channel. In the previous work, at photolysis wavelengths
shorter than ~260 nm, it was observed that, as a result of the multiphoton conditions re-
quired for REMPI detection, a competing multiphoton dissociative ionization channel came
into play. This process yielded C;Hs ™, via an initial two photon ionization to form CoHsI™.
The peak that resulted essentially obscured the low energy region of the Et distributions
obtained from the images of C;Hs™. In the previous work, it was only with the Et distri-
butions obtained from images of I and I* that it was possible to confirm that the low energy
region was of no particular interest. In the current study, the use of single-photon photolysis
conditions along with VUV photoionization ensure that such multiphoton processes do not
occur. The Et distributions shown here, obtained from the images of VUV photoionized
C,Hs, are able to reveal directly that, even at higher photolysis energies, there is no signifi-

cant population of the photofragments released with very low translational energies.

3.4.3 Ionization of the iodine fragment

As noted in the previous section, the relative intensities of the peaks corresponding to the
I and I* channels in the ET distributions determined from the iodine images differ consid-
erably from those obtained from the alkyl fragment images (see Figure 3.4 in the case of
CH3l, and Figure 3.5 for C,HsI). Analysis of the TOF-MS spectra shown in Figure 3.3
reveals that in both spectra the iodine peak (m/z = 127) is significantly more intense than
the signal from the alkyl fragment. These observations are unexpected, as each fragmen-
tation event results in production of an iodine atom and an alkyl fragment in a one-to-one

ratio. Therefore, either the alkyl fragment is detected less efficiently than the iodine one
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or the iodine fragment is detected preferentially to the alkyl fragment. The relative peak
intensities of the two peaks in the Et distributions are also observed to vary depending on
which fragment is detected. In the following a number of aspects that could be the cause of
these discrepancies will be considered. It should be noted that the relative peak intensities

obtained from the alkyl images agree well with the literature [10, 20].

Space-charge effects result from a high density of charged particles being produced within
a small ionization volume. For a molecular beam experiment this occurs when a large num-
ber of ions are created within the interaction region. The ions then repel one another. For
VMI data this has the effect of blurring the image, decreasing the energy resolution and
broadening the Et peaks. This broadening of the peaks may reduce the apparent intensi-
ties. However, this would affect all ions formed within the interaction region more or less
equally and cannot explain the differences in the relative intensities of the two peaks in the
Et distributions obtained from the alkyl fragment images as compared to those obtained

from the iodine images.

If the probe laser is polarised, alignment effects could influence the efficiency with which
the fragments are detected. The pump-probe experiments described here were performed
with both pump and probe laser polarised in the plane of the detector. To check for possible
alignment of the alkyl or iodine fragments, the polarisation of the probe laser was switched
from parallel to perpendicular to the plane of the detector. Images were acquired for both
the alkyl and iodine fragments. No significant differences were observed in the Et distri-
butions, nor in the angular intensity distributions of the recoiling iodine or alkyl fragments.

Therefore, there was no evidence of rotational or orbital alignment of the products.

Photodissociation studies of alkyl halides have been reported in the literature [35, 36]. In
addition to the fragments from single molecule dissociation, cluster dissociation can lead to
production of other species. For example, dissociation of the van der Waals dimer (CH31);
has been shown to produce I;“ [36]. This behaviour is not observed for CH3I dissociation.
In the case of (CH3I),, Ij is produced via dissociation of the ionized dimer. I; then goes
on to dissociate to form I'". Therefore, with regards to the current work, it was necessary
to rule out any possible contribution from clusters. As described in Section 3.3, these
experiments were performed with both CH3I and C,Hs1 seeded with less than 0.1% in He
buffer gas. The photolysis laser beam intersected with the rising edge of the molecular
beam pulse. This is the region of the molecular pulse where clusters are unlikely to be
formed. Under these conditions no clusters were observed in the time-of-flight spectrum.
However, it is possible that clusters could have been formed but were fully dissociated

before they could be detected. Therefore, to ensure that this was not the case, clusters
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needed to be observed in the TOF. In an attempt to form and observe clusters of the CoHsI
molecule, a gas mixture was made with argon as the carrier gas. When the source backing
pressure is maintained, cluster formation is promoted by use of a heavier carrier gas [37],
in this case Ar instead of He. In addition to this, the plateau of the molecular pulse, the
region where clusters are most likely to form, was probed. Under these conditions the
C,HsI dimer and trimer clusters (and the CoHsI-Ar complex) were observed in the TOF.
A very small signal at the arrival time for I; was also observed. These clusters were not
present in the TOF when probing the early part of the molecular pulse. This gives evidence
that, although under certain conditions clusters could be formed, they were not present in

the experiments presented in this work.

It has been suggested that the photoionization cross-sections of the alkyl fragments could
have an internal energy dependence. This would mean that internally hot fragments were
ionized more or less preferentially than internally cold fragments. However, this would
only explain the results for CoHsI dissociation, where the internal excitation of the C,Hs
fragment varies by ~0.4 eV between the I and I* dissociation channels. In the case of CH3l
dissociation, the internal energy of the CH3 fragment is very similar for both channels and
a variation in the photoionization cross-section as a function of internal energy could not
account for the observed discrepancy. In addition, experiments performed by Fan and Pratt,
in which C,Hj fragments with internal energies ranging from 0.2 to 1.1 eV were produced
and detected, showed no evidence for an internal energy dependence on the photoionization

cross-section of the ethyl fragment [38].

After considering all of these scenarios, and taking into account that the Et distributions
obtained from the alkyl images agree well with the ones seen in the literature [10, 20], we
conclude that the discrepancy must be related to the iodine atom. It is observed that the I
fragment is detected ‘preferentially’ to the I* fragment. The lowest ionization threshold of
the I atom is 10.45 eV, producing I (*P;) [27]. Photoelectron spectroscopy experiments
revealed a broad, intense line at ~10.5 eV which is attributed to formation of this ion [28].
VUV photoionization of iodine at 118.22 nm leads to population of this ionic state. In addi-
tion, Berkowitz et al., in their study of the partial photoionization cross-sections of atomic
iodine, observed a Rydberg feature at 118.276 nm (10.4827 eV). They assigned it to the
n*=4 member of the ns series converging to the 3P, state of I [39]. VUV probe excitation
of I P, /2) could also populate this state. Fano discussed the effect of autoionization as
resulting from the interaction of a discrete state with a continuous spectrum [40]. Since
the populated Rydberg state lies within the ionization continuum, configuration interaction

between the discrete and continuous spectrum could result in autoionization. It is likely
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Figure 3.6: (a) REMPI spectrum for iodine around 266 nm. I and I* resonances are
indicated. The images shown are those obtained for I (top) and I* (bottom) photofrag-
ments produced on dissociation of ethyl iodide and detected using REMPI. The polar-
ization of the laser was vertical in-the-plane of the image. (b) The total translational
energy distributions of I (green) and I* (purple) obtained from the corresponding im-
ages (left). The Et distribution obtained from the image of C,Hs, detected by means
of single-photon non-resonant ionization, is shown as the black dashed line.

that a superposition of direct ionization and excitation followed by autoionization enhance

the I channel signal in the 1odine velocity-map images.

3.4.4 REMPI detection of iodine photofragments

The velocity-map images presented so far have been obtained using universal (non-resonant)
ionization. In order to complement the universal ionization data, in this work the iodine
fragments have also been state-selectively detected. Figure 3.6 (a) shows a REMPI spec-
trum' for iodine, in the wavelength region from 268 nm to 266 nm. The iodine atoms
resulted from the dissociation of C,H;I. The iodine fragments detected using REMPI were
imaged at several wavelengths within the A-band of the CoHsI molecule. Typical images
of the I and I* photofragments are shown in Figure 3.6. By assessing the velocity distribu-
tions of the fragments, shown in Figure 3.6 (¢), the I and I* identities were confirmed. The
Er distribution of the CoHs + I* photofragments (blue trace), obtained from the image of
REMPI detected I*, peaks at 1.06 eV. It can be observed that the CyHs + I photofragments
are born with more translational energy than those resulting from the I* dissociation; the Et
distribution for the I dissociation channel (green trace), obtained from the image of REMPI

detected I, peaks at 1.54 eV. The form of these two distributions agree with those in the

I'See Section 2.8 for details on REMPI spectra data acquisition.
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literature [18, 20]. The wavelengths chosen for resonant detection of the I and I* states of

iodine are labelled in Figure 3.6 (a).

In Figure 3.6 (c) the ET distribution obtained from the image of C,Hs, detected by means of
single-photon non-resonant ionization, is plotted (as the black dashed line) alongside those
obtained from the images of REMPI detected I and I*. The I* image sampled the whole
internal energy distribution for the CoHs + I* channel. The width of the Et distribution
obtained from I* detected via (2+1) REMPI is identical in width to the peak which corre-
sponds to the CoHs + I* channel in the E distribution obtained from the C,Hs image. This
implies that single-photon ionization also samples the entire internal energy distribution for
this channel. The same follows for the I dissociation channel. The Et distribution obtained
from the C,Hs image effectively corresponds to a weighted sum of the individual Et dis-
tributions for the CoHs + I* and C,Hs + I channels obtained from images of the REMPI
detected I* and I atoms, respectively. This is also the case for the Et distribution obtained
from the iodine image detected via single-photon ionization, not shown here. However, in
the latter case, due to the enhanced detection of I, as a result of the 118 nm photoionization
step, this does not reflect the branching into the I and I* dissociation channels, which will

be discussed in Section 3.4.6.

3.4.5 Anisotropy parameters

As discussed in Section 1.2.4, the anisotropy parameter 3 characterises the angular distri-
bution of the photofragments, which reflects the direction of the transition dipole moment
for the initial excitation relative to the fragmenting bond. This parameter is an important
indicator of the states involved in the initial excitation step. The angular distributions of
the alkyl and iodine photofragments resulting from initial alkyl iodide excitation to the A-
band, and the effects of curve-crossings between different electronic states, were discussed

generally in Section 3.2.

Figure 3.7 shows the recoil anisotropy parameter (f3) values for (a) the I* dissociation
channel, and (b) the I dissociation channel, obtained from both methyl and iodine detec-
tion, following CH3I photolysis with 240 nm and 266 nm light. The anisotropy parameter
values obtained from the angular distributions of CH3 and iodine photofragments detected
via single photon ionization are shown in black, and the ones from the angular distribu-
tions of iodine photofragments detected via (2+1) REMPI at ~266 nm are shown in green.
As shown in Figure 3.7 (a), following photolysis of CH3I with 240 nm or 266 nm light
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Figure 3.7: Anisotropy parameters for (a) CH3 + I*, and (b) CH3 + I dissociation
channels following methyl iodide photolysis with 240 nm and 266 nm light.

yields the CHs + I* photofragments with B = 1.99. These values, obtained from the im-
ages of CH3 detected using single-photon ionization, are slightly higher than those obtained
from the images of iodine detected via single-photon ionization, which give f = 1.92 and
B = 1.96 for the CH3 + I* photofragments resulting from 240 nm and 266 nm photolysis
of CH3l, respectively, however, these values agree well within experimental error. The 3Qy
state dominates the region of the absorption band which both of these photolysis wave-
lengths access. The initially excited Q) state correlates diabatically with the CH3 + I*.
Therefore, the anisotropy parameters of these photofragments reflect the initial excitation
via a parallel transition. The observed anisotropy parameters of the CH3 + I photofrag-
ments, shown in Figure 3.7 (b), also have large positive anisotropy parameter values. The
images of CHj detected via single-photon ionization give 3 = 1.78 and = 1.72 for the
CHj3 + I photofragments resulting from CH3I photolysis with 240 nm and 266 nm light,
respectively. The I dissociation channel in this region of the A-band also results from an
initial excitation to the Qy state, via a parallel transition. The non-limiting value of f8
results since the initial excitation is followed by a non-adiabatic curve crossing to the 'Q;
state, which dissociates to form the CH3 + I photofragments. We have compared our mea-
sured anisotropy parameters for the I and I* dissociation channels with the ones obtained
Eppink and Parker at the same wavelengths (blue data points) [9], and found them to agree

within experimental error.

Figure 3.8 shows the anisotropy parameters for (a) the I* dissociation channel, and (b) the I
channel dissociation channels resulting from C,HsI photolysis at a number of wavelengths
across the A-band. The anisotropy parameter values extracted from the ion images of C,Hjs

and 1odine fragments detected via single-photon ionization are shown in black. The green
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Figure 3.8: The anisotropy parameters for (a) CoHs + I*, and (b) CoHs + I dissocia-
tion channels following ethyl iodide dissociation within the A-band.

triangles represent 3 values extracted from the T and T* images recorded using REMPI de-
tection. The B values obtained from the photofragment images of this work have been
compared to those from the work of Tang et al. (blue diamonds) [20]. For the C,Hs + I*
channel, shown in Figure 3.8 (a), B ~ 2 within the 240 nm to 270 nm region investigated,;
for photolysis with 266 nm light, B = 1.98 for the I* dissociation channel obtained from
images of the C,Hs detected via single-photon ionization; with 257 nm light, = 1.98;
and with 248 nm light, B = 2.00. Although 8 = 2 for the I* channel at 248 nm is slightly
higher than previously observed, the anisotropy parameter values for the I* channel ob-
tained from the C,Hs images agree well within experimental uncertainty with those of the
previous study. The images of iodine detected via single-photon ionization, particularly at
the shortest photolysis wavelength, appear to give lower values for the anisotropy parame-
ter than those obtained from the C,Hs images. This is most likely an adverse effect of the
preferential ionization of the I fragments with this detection method, which results in the

I* dissociation channel being partially obscured.

As shown in Figure 3.8 (b), the anisotropy parameter values for the C,Hs + I channel
resulting from C,Hj;1 photolysis within the wavelength range 240 nm to 270 nm are slightly
reduced from those of the I* dissociation channel, but they are still large and positive.
Again, the values compare with those from the work of Tang et al. (blue diamonds) [20].
The anisotropy parameters for the I dissociation channel obtained from the images of CoHs
detected via single-photon ionization are f = 1.67, following photolysis with 266 nm;
B = 1.74, with 257 nm light; and § = 1.73 with 248 nm light. The values obtained from
the images of iodine detected via single-photon ionization appear to exceed these values

by ~0.2 in each case. It is unclear as to whether this is due to the enhanced signal in the I
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dissociation channel as a result of 118 nm photoionization.

Within the 240 nm to 270 nm wavelength range, initial excitation via a parallel transition
dominates. This is reflected in the anisotropy parameter values for the products from both
the I and I* dissociation channels. As was observed for CH3I photofragmentation, I* and
its alkyl co-fragment are formed via direct dissociation from the initial state, whereas the
I channel results from a curve-crossing prior to dissociation. At the shortest photolysis
wavelength, 236 nm, 3 = 1.80 for the I* channel, and for the I channel f = 1.32, are ob-
tained from the images of CoHs detected via single-photon ionization. At this wavelength,
in addition to the state accessed via a parallel transition, a higher lying electronic state,
which correlates directly with the C,Hs + I photofragmentation products, becomes excited,
via a perpendicular transition. Curve-crossing from this higher-lying state can also lead to
production of CoHs + I*. The combination of parallel and perpendicular transitions results

in the observed reduced values of 8 for both the I and I* dissociation channels.

3.4.6 I* quantum yield

In the study of the UV photodissociation of the alkyl iodides, the I* quantum yield, &(1*),
provides experimental insight into the dissociation dynamics of these molecules. ®(I*)
gives a representation of the competition between the I and I* dissociation channels. There-
fore, ®(I*) can be used, together with the ET distributions and angular distributions of the
recoiling photofragments, in order to gain information on the initially accessed state(s), and

on curve crossings that may have occurred during the dissociation process.

In this section, ®(I*) for CH3I and C,HsI photolysis at a number of different wavelengths
will be presented, and the method by which these were obtained will now be described.

The I* quantum yield is calculated as:

N*
N4+ N*

d(I*) (3.5
where N and N* are the number of iodine fragments formed in the ground, I, and spin-
orbit excited state, I*, respectively, following the dissociation of the alkyl iodide. Only
the images obtained for the alkyl fragments have been used to calculate the I* quantum
yield. In the ET spectra, the peaks corresponding to the I and I* dissociation channels were
identified, and fitted with Gaussians. From the fit, the area under the curve was obtained for
each peak. Since single-photon ionization of CH3z samples the whole ET distribution, these

areas are directly proportional to N and N*, and can be used to calculate ®(I*) according
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Figure 3.9: I* quantum yield for methyl iodide within the A-band. The values from
this work are shown in black. Those from previous studies are shown in grey (see
key for details).

to Equation (3.5). The errors displayed in Figure 3.9 and Figure 3.10 are those which

propagate through from the standard deviation errors of the Gaussian fits.

The ®(I*) obtained in this work, following CH3I photolysis with 240 nm and 266 nm
light, are shown in black in Figure 3.9. For photolysis of CH3I with 266 nm light, ®&(I*)
= (.74, which falls within the range of previously published ®(I*) values (plotted in grey)
for CH3I photolysis at this wavelength [9, 19, 41]. For photolysis at 240 nm, ®(I*) =
0.7, which agrees with that obtained by Eppink and Parker (plotted as a grey triangle) [9].
These ®(I*) values indicate that at both photolysis wavelengths the I* dissociation channel
is the major dissociation pathway. Initial excitation in this region of the A-band is to the
3Qy state, which directly correlates this the CH3 + I* products. The observed reduction
in ®(I*), when photolysing with 240 nm light, as compared to 266 nm light, comes about
since the increase in excitation energy now means that a larger fraction of excitations result

in curve-crossing to the lQl state, and dissociate to form CHj3 + 1.

d(I*) for CoHsI photolysis at a number of wavelengths across the A-band are shown as
black squares in Figure 3.10. The value of ®(I*) is observed to reduce with higher exci-
tation energy (shorter wavelength), from ®(I*) = 0.74 at 266 nm, to ®(I*) ~0.65 at 257
nm and 248 nm, and to ®(I*) = 0.57 at 236 nm. This general trend comes about due to

the increase in probability of curve-crossing with an increase in excitation energy. This
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Figure 3.10: I* quantum yield obtained from the ethyl images following A-band
photodissociation of CoHsI. The values from this work are shown in black. Those
from previous studies are shown in grey (see key for details).

curve-crossing occurs from the initially excited state, analogous to the 3Qq state of CH3],
which dissociates to form C,Hs + I*, to the state which yields C,Hs + I photofragments.
At the shortest photolysis wavelength, 236 nm, the highest lying state (analogous to the
1Q1 state of CH3l) is also initially accessed, which dissociates to form C,Hs + I. There-
fore, at this photolysis wavelength, a combination of parallel and perpendicular transitions
occur. In the previous section this was observed to reduce the anisotropy parameter value.
In the case of the I* quantum yield, since direct dissociation can occur to form the C,Hjs
+ I photofragmentation products, the I dissociation channel becomes more significant, and
the value of ®(I*) is reduced compared to that from photolysis of CoHsI at longer wave-
lengths. As well as reflecting the dissociation dynamics across the A-band, the values of
d(I*) obtained for the wavelength range investigated also agree with the results of previous
studies. In Figure 3.10 the values of ®(I*) obtained in this work (black squares) have been
compared with those from the literature (plotted in grey) [15-20]. Generally, our work
appears to give slightly lower values for ®(I*) than those obtained by Tang et al. at a num-
ber of wavelengths across the A-band [20]. However, no experimental uncertainties were
published for their quantum yield values. Several other studies have employed photoly-
sis wavelengths of 248 nm and 266 nm, and the ®(I*) values from the present study are

consistent with these within experimental uncertainty.
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3.5 Conclusion

A comprehensive VMI study has been undertaken, which has investigated the photodis-
sociation of CH3I and CoHsl across their A-bands. Single-photon ionization allows non-
resonant detection of all the photofragments resulting from dissociation of a molecule (pro-
vided their ionization energies are lower than 10.5 eV). Individual photofragments can then
be velocity-map imaged, which allows measurement of the velocity and angular distribu-
tions of the recoiling photofragments, and additionally, provides information about the
branching between different dissociation channels. It has been observed that ionization ef-
fects result in an enhancement of the I signal compared to the I* signal. Therefore, in this
case, the iodine images could not be used to obtain the I* quantum yield. However, ®(I*)
could readily be obtained from the corresponding alkyl fragment image. The anisotropy
parameters obtained from the iodine and alkyl images were found to be self-consistent
(within experimental uncertainty) for the products of the I and I* dissociation channels.
The internal energy distribution of the C,H,,1) photofragments released in the I dissoci-
ation channel is ‘hotter’ than for those released in the I* channel. Following photolysis at
wavelengths within the central region of the A-band, the C,,Hy,. 1 + I* channel is found to
be the major photofragmentation pathway for both CH3I and C,Hsl. An initial excitation
via a parallel transition leads to direct dissociation to form C,H y,, 1) + I*. Curve-crossing
leads to population of the C,H,, 1) + I photofragmentation channel. The anisotropy pa-
rameter values for both C,Hy,, 1) + I and C,H (2, 1) + I photofragment pairs reflect the
initial excitation of the alkyl iodide via a parallel transition. The results obtained from this
VMI study are consistent with the work previously reported in the literature on CH3I and
C,HsI A-band dissociation, and this work demonstrates the effective use of single photon

ionization as a viable photofragment detection method.
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4.1 Introduction

The study presented in this chapter focuses on the UV photodissociation of the ethyl bro-
mide (C,HsBr") and ethyl iodide (C,HsI™) cations, generated through VUV photoioniza-

tion with 118.2 nm light. This work demonstrates a VMI study in which multiple fragmen-

tation pathways have been investigated.

As discussed in Chapter 3, starting with the first demonstration of ion imaging by Chandler

and Houston in 1987 [1], methyl iodide has proven to be a popular molecule for demon-

strating new experimental imaging methods in chemical dynamics, and has been widely

studied by velocity-map imaging (VMI) and related techniques [2-5]. Unsurprisingly, in-

terest has extended to the photodynamics of other methyl halides (CH3X), and there have
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been several studies on CH3Cl, CH3Br, and CH3I in both their neutral (see [6] and ref-
erences therein) and cationic forms [7—13]; these earlier studies provide a valuable point
of reference for the present investigations into the photofragmentation of two ethyl halide
cations, CH3CH,Br"™ and CH3CH,I™". In the case of neutral CH3X, the primary dissocia-
tion channel following excitation at UV wavelengths is C—X bond fission to form a methyl
radical with a ground or spin-orbit excited neutral halogen atom (henceforth represented
as X and X*), CH; + X/X* (see [2, 3, 14-16] and references therein). C—X bond fission
is also the dominant dissociation pathway following photoexcitation of CH3;X™ cations at
low photon energies (< 4 eV), leading to production of a methyl cation with a halide co-
fragment, CH3 ™ + X/X* [9, 17]. The alternative C—X bond fission channel, yielding CH3
+ X fragments, opens at higher excitation energies [8]. The observed fragmentation be-
haviours of both neutral and cationic methyl halide species can be rationalised in terms of
the excited electronic states accessible upon photoexcitation, and the way in which their
respective potential energy surfaces (PESs) correlate with the available dissociation limits.
The ground (2E3 /2) and first excited (2E1 /2) states of CH3X™ correlate with CHz " + X
products. In the case of CH3Br™, the next lowest lying dissociation limit involves CH3 ™ +
Br* products, whereas for CH3I", the CH3 + I limit lies below that for forming CH3 ™ +

I* products [9-11], reflecting the larger spin-orbit splitting of the I atom.

Previous photoexcitation studies involving ethyl halide cations, C;HsX ™, have identified
the analogous C—X bond fission channels and several additional pathways, each of which
results in one singly charged species and one or more neutral fragments. In the cases of
C,H;5Br" and Co,HsI™, photoelectron-photoion coincidence (PEPICO) methods have been
used to study fragmentation processes yielding C;Hs ™ ions following excitation at energies
<3 eV above the respective C—X bond dissociation limits [18, 19]. More recently, these
same CoHsX™ cations have been employed in determinations of the heat of formation of
CoHs™ [20, 21]. Tang et al. [22] have reported images of I fragments formed following
one-colour multiphoton excitation of C,HsI at wavelengths A < 266 nm. These products
were plausibly attributed to one-photon dissociation of CoHsI™ cations that were them-
selves formed by two-photon excitation (via the A band) of C;HsI. Apart from this study,
we are not aware of any other photofragment imaging studies of the ethyl iodide cation. Xu
et al. [23] have reported a detailed photolysis study of CoHsBr™ cations at one wavelength
(355 nm), including data from time-of-flight (TOF) mass spectrometry and velocity-map
imaging of the observed fragment ions. These authors also refute an earlier suggestion
that C;Hs™ formation occurs via an ion-pair mechanism, following 118 nm excitation of
C,oHsBr [24].
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In order to form a more complete picture of the dissociation dynamics of CoHsX™, the
photofragmentation processes of CoHsBr™ and CoHsI™ have been investigated as a func-
tion of UV excitation wavelength (in the range 236 nm - 355 nm) by means of velocity-map
imaging. This study presents (i) a much more detailed analysis of the photofragmentation
of CoHsBr™ cations than reported hitherto, based on measurements with sufficient mass
resolution to allow distinction between channels yielding, for example, CoHs™, CoHy™
and CoH3™" fragment ions, and (ii) the first detailed investigation into the multiple pho-

todissociation pathways available to Co,HsI™ cations.

4.2 Methods

4.2.1 Experimental

The velocity-map imaging experimental setup that was employed for the study presented in
this chapter has been described in detail in Chapter 2. The molecular beam was generated
by supersonic expansion of a gas mixture comprising ~1% ethyl bromide (bromoethane,
Sigma Aldrich, > 99%) or ethyl iodide (iodoethane, Sigma Aldrich, > 99%) seeded in 2
bar He (BOC, > 99.9%). Within the ion optics assembly, the pulsed molecular beam was
intersected orthogonally by the co-propagating 355 nm and 118 nm beams, the 355 nm laser
having been used to generate the 118 nm light. The latter was employed to ionize the parent
molecule, and in some of the experiments (termed ‘one-laser’) the 355 nm light was used to
effect photolysis of the ethyl halide cation of interest. In all other ‘two-laser’ experiments,
the dye laser was employed to produce UV photolysis light in the wavelength range 236
- 266 nm. In these experiments, a short time delay of ~20 ns was employed between the
ionization and photolysis pulses, whereas in the 355 nm photolysis studies, the two pulses
were coincident in time. All laser beams were linearly polarised, with their respective

electric field vectors, €, aligned parallel to the plane of the imaging detector.

C,HsBrt and C,HsI™ photolysis was investigated at 355 nm and 266 nm, with additional
studies at 248 nm and 236 nm for C;HsI™. Given the temporal coincidence of the 355 nm
and 118 nm pulses, we recognise that the ‘one-laser’ images could, in principle, contain
contributions from 355 nm photolysis of the neutral ethyl halide, followed by 118 nm ion-
ization of the resulting fragments. However, no electronic states of either of the neutral par-
ent molecules are accessed by one-photon absorption at 355 nm, and the absorption cross-
sections at 355 nm are therefore negligible compared to those at 118 nm. Given this, and the

evident similarities between the one and two-laser images, we concur with the conclusions
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reached by Xu et al. [23] that the one-laser experiments do indeed probe 355 nm photoly-
sis of CoHsX ™ cations formed by 118 nm photoionization, and include the results of such
studies here along with those from the two-laser experiments. As noted earlier, Co;HsX "
photolysis yields one ionic and at least one neutral fragment. Neutral halogen atoms can be
detected via resonance-enhanced multiphoton ionization (REMPI) [25-28] (see Section 2.8
for details). This method is employed here for detecting Br and Br* fragments, using wave-
lengths of 266.64 nm and 266.70 nm, resonant with the 4p45p(4P‘3’ /2)<— 4p5(2P§’ /2) and
4p45p(4sg /2)<—4p5 (ZP‘I’ /2) two-photon transitions, respectively [28, 29].

The ions were velocity-map imaged onto the position-sensitive ion detector. To identify the
ions formed in a given experiment, time-of-flight mass spectra (TOF-MS) were recorded.
These revealed the arrival times for the fragment and parent ions, and showed no evidence
of cluster formation. Images were then acquired for the arrival times corresponding to ions
of interest. Images from photolysis at wavelengths other than 355 nm were obtained by
successively recording the necessary ‘two-laser’ and ‘one-laser’ images, and subtracting
accordingly. Total translation energies, ET, are obtained by scaling the experimentally
derived translational energy, E;, of the monitored fragment ion (Frag™) by the mass factor
mc,Hsx / (Mc,HsX-MFrag) » Where mc,p,x is the mass of the ethyl halide of interest, and

MEryg 18 the mass of the fragment ion.

4.2.2 Computational Methodology

The computational calculations presented in this chapter were carried out by Tolga Kar-
sili of the Bristol Laser group. Here we give an account of the computational methods

employed.

The Molpro 2010.1 [30] computational package was used to optimise the geometry of
ground state CoHsI™ and CoHsBr™ cations using Mgller-Plesset second order perturba-
tion theory (MP2) with a cc-pVTZ Dunning’s contracted correlation consistent basis set of
triple-{ quality, assigned to all atoms [31]. A 46 electron relativistic effective core potential
[32] along with the larger cc-pVTZ-pp basis of Peterson et al. [33] was used to treat the |

atom.

Rigid-body potential energy curves (PECs) along the RC—I and RC—Br coordinates were
calculated for both cations with the rest of the nuclear framework fixed at the ground
state MP2 equilibrium geometry. Cg symmetry (of the heavy atom chain) was maintained
throughout these rigid-body scans. Spin-orbit (SO) free PECs were calculated using a state-
averaged (SA) CASSCF reference wavefunction involving the first three 2A’ and 2A” states,
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and the first A’ and *A” states. The energies of all states were calculated using a complete
active space with second order perturbation theory (CASPT2) and the SA-CASSCEF refer-
ence wavefunction. An imaginary level shift of 0.5 a.u. was used in all CASPT?2 calcula-
tions to encourage convergence and to eliminate intruder state effects. The same cc-pVTZ
basis set as used for the geometry optimisations was used for both the SA-CASSCF and
CASPT?2 calculations, along with an active space consisting of 8 electrons in 6 orbitals (the
two halogen centred p, out-of-plane and p, in-plane orbitals, the C—X bond centred &
and o* orbitals, an extra I-centred core orbital of a’ symmetry and an additional virtual a’
orbital).

Deriving the corresponding spin-orbit-coupled PECs proved challenging. Calculations us-
ing the above reference wavefunction and active space failed to converge at large RC—X,
but satisfactory convergence at long range could be achieved with a reduced state averaging
(just the three A’ and 2A” states) and the same active space as above. Spin-orbit-coupled
states were then calculated by evaluating Hgo in a basis of Velec; these states are henceforth
labelled using the extended irreducible representation including both spin-orbit-free and
spin parts. CASPT?2 (rather than CASSCF) energies of the spin-orbit-free states were used
in the diagonalization of the SO coupling matrix in order to allow for some treatment of
dynamic correlation. As shown below, such rigid body scans are useful in understanding
the various parent cation to photoproduct correlations, but are of limited energetic value. In
particular, the geometry of the ground state C;Hs™ cation is very different from that of the
ethyl radical or of the ethyl group in the parent cation [34, 35], so the CASPT?2 calculations

substantially overestimate the C—X bond strength in the parent cation.

Possible transition states for HBr elimination from Co;HsBr™ were investigated using den-
sity functional theory (DFT) with the Becke 3-parameter exchange Lee Yang Parr (B3LYP)
functional and the 6-311+(2df,p) Pople basis set within the Gaussian 09 computational
package [36], and optimised using the QST2 algorithm.

4.3 Results & Discussion

The spin-orbit-free PECs for C;HsI™ from the CASPT2 rigid-body scans are shown in Fig-
ure 4.1 (a). These provide a convenient starting point for understanding the various excited
states of the ethyl halide cations, and their likely primary fragmentation mechanisms. In
Cs symmetry, the ‘ground state’ is a 12A’/12A” pair (the analogue of the 2E ground state
of CH3I™"), that asymptotically correlates with the C;Hs ™ + I fragmentation products. The
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Figure 4.1: Calculated potential energy curves plotted as a function of C-X bond
length for (a) CoHsI™ (spin-orbit free), (b) CoHsI™ (spin-orbit coupled), and (c)
CoHsBr™ (spin-orbit coupled). The energies shown are relative to that of the
molecule in its ion ground state. Energies have been calculated every 0.1 A along
the C—X bond coordinate.

first excited (22A’) PEC that correlates to the same limit is attributable to a p, /y ¢ O pro-
motion in the vertical Franck-Condon (VFC) region. All of the various doublet and quartet
spin-orbit-free PECs correlating to the CoHs + I limit appear to be (at best) very weakly
bound. These states involve substantial contribution from 6* <— p, , promotion, and in the
case of the long range part of the 3°A’ PEC, 6* < ¢ promotion. The short range mini-
mum in this 32A’ PEC can be traced to electron excitation from the HOMO-2 orbital, (a
non-bonding core orbital centred on the iodine atom that lies below the bonding ¢ orbital
in energy) to the non-bonding p,/, orbitals. The analogous excitation is responsible for the
reported well in the B?E potential of CH3I" [17].

The corresponding spin-orbit-coupled PECs for Co;HsI" are shown in Figure 4.1 (b), while
the analogous spin-orbit-coupled PECs for C;HsBr™ are shown in Figure 4.1 (c). It should
be noted that both of these figures are hybrids. Spin-orbit-coupled PECs derived using the
smaller SA-CASSCF wavefunction are shown as solid lines. Calculations at short R_C — X
(<27 A) using the same state averaged wavefunction as for the spin-orbit-free PECs (i.e.

including the two quartet spin-orbit-free states) reproduce the energies of these states to
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within 0.1 eV and, in addition, place one extra A’ and A” PEC within the energy range of
interest. These additional spin-orbit-coupled PECs are shown as dashed lines in Figure 4.1
(b) and Figure 4.1 (c).

The spin-orbit-coupled PECs present a number of notable features. For example, the
‘ground state’ is split into 1A” and 1A” PECs, which, by analogy with CH3;X™, have some-
times been termed X;%E and X,2E (see reference [37] and references therein), both of
which asymptotically correlate with the ground state C;Hs™ + X products; the 2A’ PECs
correlate to CoHs™ + X* products; and the degeneracy of the C;Hs + X asymptote in
Figure 4.1 (a) is lifted by the 3Py splitting of the X ion. These various PECs will be

considered as and when required in the subsequent discussion.

4.3.1 Ethyl halide cation formation

Figure 4.2 shows composite energy diagrams for (a) CoHsBr and (b) CoHsI™ up to a total
energy of ~16 eV above the zero-point level of the ground state neutral molecule. The
displayed energies of the ground state cations are from mass-analysed threshold ioniza-
tion spectroscopy: CoHsI: IE(X;A) = 754065 cm™!; IE(X,A”) = 8011045 cm ™1 [37] ;
CoHsBr: IE(XA) = 8309945 cm ™! IE(X,A”) = 8545445 cm ™! [38] (these values have
been converted to eV in Table 4.1). The right hand side of each diagram shows the en-
ergies of the various dissociation products, all of which can be estimated from available
thermochemical data, i.e. ionization energies (IE), appearance energies (AE), dissociation
energies (D) and enthalpies of formation (A/H) using appropriate Hess’s Law cycles. The
energies of the product channels, and the data used to determine these energies, are sum-
marised in Table 4.1. Notwithstanding the rigidity constraints, we note that the present
spin-orbit-coupled calculations succeed in reproducing the relative strengths of the C—X*
bonds in CoHs5I™ and CoH5Br™.

In the present work, the CoHsX ™ cations are formed by single -photon ionization of the cor-
responding neutral molecule. As shown by the horizontal dashed black line in each panel
of Figure 4.2, one photon of 118 nm light provides an energy of 10.487 eV (84582 cm™!),
which comfortably exceeds the first ionization energy of both ethyl halides. Given the non-
bonding nature of the p,/, highest occupied molecular orbital in C;HsX, Franck-Condon
arguments would suggest that 118 nm photoionization of the jet-cooled parent molecule
will favour formation of C;HsX™ ions in the ground (v = 0) vibrational level of the X; A’
(and X,A") states. This is as suggested by Xu et al. [23], and is also consistent with the

reported He I photoelectron spectrum [47, 48]. In the case of direct ionization all of the
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Figure 4.2: Energy level diagrams incorporating the lower lying dissociation path-
ways of (a) C;HsBr" and (b) CoHsI™. The black horizontal levels indicate the elec-
tronic states of the CoHsX™ parent ions. The black horizontal dashed lines indicate
the energy of the 118 nm photon. The grey shaded regions, marked 355 nm and 266
nm, indicate approximately the region of the potential energy landscape to which the
ions are excited on absorption of a UV photon of the wavelength indicated.
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Table 4.1: Energies of the ground state C;HsBr™ and C;HsI™ parent cations and of the
lower lying dissociation limits, referenced to the respective ground state neutral molecule
in its zero-point vibrational level.

AE | eV Source

C2H5BI‘ —

CoHsBrt X A/(X,A”) 10.30 (10.59) IE(C,HsBr) [38, 39]

C,Hs™ + Br(Br*) 11.13 (11.59) AEgk(C,Hs™") [21], S-O splitting [39]

CQH3Jr + H, + Br(Br") 13.24 (13.70) AEOK(C2H5+) [21], DO(C2H3+_H2) [40],
S-O splitting [39]

C,Hs™ + H + Br(Br*) 14.96 (15.41) AEok(C,Hs™) [21], IE(CoHs) [34],
Do(C2Hs—H) [40], IE(C2Hy) [41],
S-O splitting [39]

C,H4™ + HBr 11.21 AEok(C,Hs™) [21], IE(C,H5) [34],
Do(C2Hs—H) [40], IE(C2Hy) [41],
Do(H—Br) [42]

Brt + C,Hs 14.83 ABok(CoHs™) [21], IE(CoHs) [34],
IE(Br) [39]

Brt + CoHy + H 16.26 AEok(CoHs™) [21], IE(C,H5) [34],
IE(Br) [39], Do(Co,H4—H) [40]

CH,Br" + CHj; 12.41 AfHOK(CHzBr+) [43] AsHox (CH3) [44],
AfHOK(C2H5Br)[21]

C2H5I —

CHsI*  XjAGGA")  9.35(9.93)  IE(CoHsD[37, 39]

C2H5+ + I(IT%)
CQH3Jr + Hp + I(I*)

C2H4+ + H + I(I")

C2H4+ + HI

C,H, + HIF

It + CyHs
I + C,Hs + H

CH21+ + CHj3

10.53 (11.48)
12.64 (13.59)

14.36 (15.30)

11.30

11.18

12.87
14.30

12.10

AEOK(C2H5+) [21], S-O splitting [39]
AEok(C2Hs™) [21], Do(C2H3 ™ —Hy) [40],
S-O splitting [39]

AEok(C,Hs™) [21], IE(C,Hs) [34],
Do(CoHs—H) [40], IE(CoHy) [41],

S-O splitting [39]

AEok(C,Hs™) [21], IE(C,Hs) [34],
Do(CoHs—H) [40], IE(CoHy) [41],
Do(H-1) [45]

AEk (CoHs ™) [21], IE(C,Hs) [34],
Do(Co,H4—H) [40], IE(HI) [46],

AEok (C2Hs ™) [21], IE(CoHs) [34], IE(D) [39]
AEok(C2Hs™) [21], IE(C,Hs) [34],

IE(T) [39], Do(C,Hs—H) [40]
ArHox(CH,IY) [43] AfHok (CH3) [44],
ArHok (CoHsD[21]
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excess energy is released as electron kinetic energy, whereas, an autoionization pathway
would result in all of the excess energy being retained as internal excitation of the CoHsX "
cation. The shaded regions under the horizontal dashed black lines in Figure 4.2 indicate
the possible spread of internal energies in the parent cations following VUV photoioniza-
tion. The panels in Figure 4.2 also show two further sets of shaded horizontal regions
that indicate the spread of energies of the CoHsX ™ cations that could be reached by UV

excitation with either 355 nm or 266 nm light.

4.3.2 Photofragmentation pathways of the ethyl halide cations

4.3.2.1 Fragment ion identification

As noted in Section 2, C;HsBr" fragmentation has been investigated following photolysis
at 355 nm and 266 nm, while C,HsI" fragmentation has been studied at 355 nm, 266 nm,
248 nm and 236 nm. As illustrated in Figure 4.3, the time-of-flight mass spectra (TOF-MS)
obtained following UV photoexcitation of the ethyl halide cations reveal the formation of
several different cation fragments, which can be identified by their mass-to-charge (m/z)

ratios.

As shown in Figure 4.3 (a), UV photolysis of CoHsBr™ mainly yields fragments in the mass
range m/z 27 - 29. The ethyl (CoHs™, m/z 29) and vinyl (CoH3 ™, m/z 27) cation signals
are slightly more intense than that of the ethene cation (C,Hy ™, m/z 28) when exciting at
355 nm, at which wavelength we also detect a weak signal at m/z 93/95 attributable to the
CH,”Brt / CH,3' Br" cation (not shown here). These same fragment ions are detected
when photolysing with 266 nm light, but with differing peak intensities. The vinyl cation is
a major fragmentation product at this shorter wavelength, and the ethyl ion appears to be a
minor product. Additional fragment masses are also observed at this wavelength, including
the acetylene (or vinylidene) cation (CoHo ™", m/z 26) and CH,t (m/z 14).

In the TOF-MS obtained following 355 nm photolysis of CoHsI™, Figure 4.3 (b), the
ethyl cation (m/z 29) dominates. Smaller signals are also observed at m/z 26 (Co;Hy™),
27 (CoH3™), 28 (CoHg™), 127 (I7) and 141 (CH,I™, not shown here). CoH3™ and I sig-
nals dominate the TOF mass spectra measured at shorter photolysis wavelengths (e.g. 266
nm), with the ethyl cation (CoHs™) contributing little to the spectrum. The shoulder on the
high mass side of the I peak most likely corresponds to HI™ (m/z 128).

To summarise, the TOF-MS presented here indicate formation of C;H3 ™, CoHs ™, CoHs™
and CH, X products following UV photolysis of both C;HsBr" and Co;HsI™ cations, and,
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Figure 4.3: Time-of-flight mass spectra for the 355 nm and 266 nm photolysis of (a)
C,H;5Br™, and (b) CoHsI™. The 266 nm traces for C;HsBr* and Co,HsI' have been
shifted vertically by 15 and 30 ion hits, respectively.

in the latter case, I is also observed. Energetic considerations indicate that the weak
CoH, " and CH, ™ fragment ion signals must arise from multiphoton excitations involving
at least one further UV photon. In this study, we focus on the one-(UV)-photon pathways
and, while the possible influence of multiphoton fragmentations on the measured primary
ion signals must be considered, we will not attempt to unravel mechanistic details of the
CoH,™ and CH,* formation processes. One-photon fragmentation channels consistent

with the observed fragment ions and energetic considerations will now be considered.

4.3.2.2 Energetically accessible photofragmentation pathways

The following primary fragmentation channels are accessible to both C;HsBr™ and CoHsI™

cations within the range of photolysis wavelengths investigated.

1. carbon-halogen (C—X) bond cleavage
CoHsX™ +hv — CH X (or X¥)
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2. ethene cation production
(a) CoHsX™ + hv — CoHy ™ + HX
(b) CoHsXT +hv — CHy " + H+ X

3. vinyl cation formation

CoHsX" +hv — CHY +H, + X (or X¥)

4. carbon-carbon (C—C) bond cleavage

CoHsX " +hv — CH, X" +CHjs

As shown in Figure 4.2, a fifth dissociation channel, yielding I products, is accessible in
the case of CoHsI™:

5. C—X bond cleavage to produce the X cation

CoHsIT +hv — CoHs +1"

Channel 1, which is observed for both CoHsBr* and CoHsI™, involves C—X bond cleavage
to yield an ethyl cation along with a neutral halogen atom, in either its ground (X) or spin-
orbit excited (X*) state. The spin-orbit excited states lie at energies of 0.457 eV (Br*) and
0.943 eV (I*) above the respective ground states [39]. Channel 5 also involves C—X bond
cleavage, but yields an X cation along with a neutral ethyl radical. The threshold energy
for this process in the case of CoHsBr™ (~4.5 eV above the ground state cation) is too high
for this channel to be observed in the current study. The corresponding C—I bond fission
in CoHsI™ has a lower threshold energy (~3.6 €V/~2.9 eV above the X;A'/X,A” states
of the CoHsI" parent ion). As shown in Figure 4.1, several dissociative states of CoHsI™"
correlate with different spin-orbit components of the CoHs + I (*P;) limit, however in the

present study it is not possible to distinguish between these limits.

There are two possible channels leading to CoHs ™ product formation. The first, Channel
2(a), involves concerted elimination of a neutral HX molecule. This is the lowest thermo-
chemical threshold for forming C,H4 ™, lying between the C;Hs™ + X/X* thresholds for
both C,HsBr* and C,HsI™ (Figure 4.2, and Table 4.1). This product channel is accessible
for both CoHsX™ cations at the energies investigated. Such a process might feasibly oc-
cur from an excited state or, after internal conversion, on the ground state potential energy

surface (PES). An alternative sequential loss of X and H atoms, Channel 2(b), can also be
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envisaged, e.g. primary C—X bond fission, followed by subsequent H atom loss from a
highly internally excited C;Hs™ co-fragment. However, reference to Figure 4.2 suggests
that such a one-photon induced process might only contribute at the very shortest excita-
tion wavelengths. We note that, in addition to the CoH4+ + HX channel, CoHy + HX™
products (with the charge residing on the HX rather than the C,Hy fragment) might also
arise; indeed, Irsa [49] identified an appearance threshold of 11.7 eV for HI™ products in
an electron impact excitation study of CoHsl. As noted previously, the weak shoulder on
the high m/z side of the I peak in the TOF mass spectrum measured following UV pho-
tolysis of C;HsI™ may indicate some contribution from this process, but this channel is not

considered further in this study.

Vinyl cation production, Channel 3, could either arise via a stepwise process or a con-
certed three-body fragmentation mechanism. The former of these, which seems more
likely, would involve loss of H, from highly internally excited CoHs™ cations produced

via Channel 1.

C—C bond cleavage, Channel 4, was not considered in the earlier VMI study of CoHsBr™
photolysis [23], however the present study shows evidence of CH,X ™" ion formation fol-
lowing UV photolysis of both C;HsBr™ and CoHsI™. Such a finding is fully consistent
with the threshold energies of ~2.1 eV and ~2.8 eV (defined relative to the ground state
parent cation) for C—C bond fission in C;HsBrt and C,HsI™, respectively.

The various fragment ion yields, which provide a measure of the branching ratios into each
of the channels listed above, are seen to depend both on the choice of parent ion and on the
photolysis wavelength. In principle, relative branching ratios can be obtained directly from
the TOF-MS, but such analyses are complicated by possible unimolecular decay of inter-
nally excited primary fragments (e.g. CoHs™) and/or unintended multiphoton absorptions.
Such complications will arguably be least problematic when using longer-wavelength (355
nm) photolysis photons, and it is instructive to compare the present findings for CoHsBr™
with those from the earlier VMI study [23]. The present study finds the following relative
ion yields for C;HsBr of CoHst : CoH3™ : CoHs™ @ CHoBr™ =0.41: 0.38 : 0.20 : 0.01,
i.e. the major fragmentation pathways yield C;Hs™ and C,H3™ cations (each accounting
for ~40% of the total fragment ion signal), with C;Hs ™ production accounting for most
of the remainder. These observations agree with those of Xu ef al. [23]. CH,Br™ 4 CHj
products clearly constitute a minor channel, missed in the earlier study [23], but observed
here most probably as a result of the enhanced detection sensitivity available in the present

experiment.
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The relative fragment ion yields arising in the 355 nm photolysis of C;HsI" cations formed
by 118 nm photoionization of C,Hsl are noticeably different from those for C,HsBr, i.e.
C2H5Jr . C2H3Jr . C2H4Jr . CHQIJr It = 0.62:0.19:0.06: 0.02: 0.12. The CzH5+ +
I channel makes a far greater contribution to the total fragment ion yield, and the relative
yield of CoH3™ ions is much reduced in comparison with CoHsBr™. C—C bond fission
(yielding CH,I™ + CH3 fragments) is again a minor process, as is Co;Hy ™ ion formation.
In contrast to CoHsBr™, the CoHs + I Channel 5 is accessible upon 355 nm photolysis of

CoH5I™, and is seen to contribute >10% of the total fragment ion signal.

Velocity-map images were recorded for all of the more abundant fragment ions formed fol-
lowing photolysis of both parent ions at the various UV wavelengths studied. Illustrative
data sets are displayed in Figure 4.4 and Figure 4.5 for CoHsBrt and CoHsI™, respec-
tively. Analysis of the images allows determination of the velocity distribution of each
fragment ion, and thus the distribution of total translational energies, P(ET), associated
with a given fragmentation channel. These Et distributions resulting from photolysis of
CoHsBr™ and C,HsI are shown in Figure 4.4 and Figure 4.5, respectively. The associated
(velocity-dependent) spatial anisotropy parameters, 3, which characterise the angular scat-
tering distribution, can also be determined from the ion images. The data acquired from
velocity-map imaging the nascent fragments is discussed in light of the available electronic

structure calculations.

4.3.2.3 Photodissociation dynamics of CoHsBr™

The P(Et) distributions derived from analysis of the C;Hs™ images from photolysis of
CoHsBr™ with 266 nm and 355 nm light are displayed as blue and green traces, respec-
tively, in Figure 4.4 (a). For each of the photolysis wavelengths studied, Table 4.2 lists:

1. The maximum total translational energy of the fragmentation products, E(max).
This is calculated as the residual energy from the UV photon not consumed in bond
breaking or formation of electronically excited fragments. Two values are quoted
in the table: Et(max), calculated on the basis that the UV photon excites parent
cations from their X; A’(v=0) electronic and vibrational ground state; and Ep(MAX),
where we assume UV excitation of parent cations formed with the maximum possible

internal energy allowed in a 118 nm photoionization process.

2. The mean fraction (fr) of the available energy, Et(max) (or ET(MAX)), released
into translation of the fragmentation products. These values have been quoted to two

decimal places (2 d.p.) in order to reflect the confidence in (fr).
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(a) C,H,* + bromine product channel (b) C,H,* + bromine product channel
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Figure 4.4: Total translational energy (Et) distributions for the accessible product
channels of C,HsBr™ photolysis: (a) CoHs' + Br/Br*, (b) Co,H3™ + H, + Br, (c)
C,H4™ + HBr; and (d) CHBr™ + CHsz. The P(Et) distributions derived from the
velocity-map images of the ions produced following photolysis of CoHsBr™ at 355
nm and 266 nm are displayed in green and blue, respectively. The vertical dashed
lines indicate the maximum translational energy Et(max) of the photofragments fol-
lowing photolysis at 355 nm (green) and 266 nm (blue), assuming that the UV photon
excites parent cations from their X;A’(v=0) electronic and vibrational ground state.
The Et distributions for Br* and Br, detected using (2+1) REMPI, are plotted in black
alongside the CoHs™' and CoH3 ™ data, in (a) and (b), respectively. The velocity-map
images shown have been symmetrized for presentation purposes only.
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Table 4.2: Energetic parameters for the photofragmentation pathways of CoHsBr™: the
maximum total translational energy, ET(max); and the average fraction (ft) of Et(max)
that goes into product translational energy (to 2 d.p.).

Fragmentation products A /nm Er(max) (ET(MAX)) / eV (fr)

Catts* + B 258 36355 014013
wewe W memo e
CaH "+ Ho 1 B et 171 (190 01401
C,Hs" + H, + Br* ;ZZ (1):;2 ?1):4214913 0.150{3.3 1)6)
CoHy* + H + Br 222 ] ('0(._1)8) :

CAHL" 4 Hbr et 74398 007 007
Brt + C,H; ;Zz 0.1 2_ 8 30 not observed
CHaBr + i 258 54278 007 (006

The values in Table 4.2 can be interpreted by considering the various available pathways to
forming the observed dissociation products. 355 nm and 266 nm photoexcitation are likely
to populate the 2A’ excited state (see Figure 4.1 (c)). The available data implies that this

state can decay in (at least) two different ways.

The potential energy curves shown in Figure 4.1 (c) suggest that the 2A” excited state is dis-
sociative along the C—Br stretch coordinate, and correlates to CoHs ™ + Br* products. This
prediction is supported by the measured C,Hs™ images, shown in Figure 4.4 (a), which
reveal an anisotropic Et distribution peaking at ET > 0, consistent with direct dissocia-
tion from an excited state. The near-limiting parallel recoil anisotropy (8 ~ 1.7), which
is consistent with that measured by Xu et al. [23], implies that the C,Hs™ products recoil
along an axis parallel to the € vector of the UV radiation. Given axial recoil, this implies
that the transition dipole moment is directed along the breaking bond. This suggests that,
as in the corresponding neutral C,H;sBr dissociation, the parent excitation gains transition

probability by mixing with the higher energy (3A’) state, which has substantial 6* +— &
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character [50].

As shown in Table 4.2, when photolysing with 355 nm or 266 nm light, whether we assume
that CoHs™ is produced with a Br or Br* co-fragment, the mean translational energy, (Et),
is only ~15 % of Et(max). This implies that the cation fragments must be formed with
substantial internal excitation, as noted also by Xu et al. [23]. The internal excitation
reflects the very different equilibrium geometry of the 2A’ and the X;A’/X,A” states in
coordinates other than the C—Br stretch coordinate plotted in Figure 4.1. This can be
expected to facilitate efficient internal conversion through conical intersections to these
latter states. Such processes are likely to occur on a timescale comparable to that for
excited state C—Br bond fission. Such pathways are expected to yield highly vibrationally
excited C;HsBr™ ions, at least some of which (see Figure 4.1) will evolve towards ground
state C,Hs ™ + Br products.

Additional imaging studies of the Br/Br* atoms formed following photoexcitation of C;HsBr™
at wavelengths ~266.6 nm (chosen to enable (2+1) REMPI detection of these atoms) were
performed in an effort to determine the spin-orbit state of the bromine atoms accompanying
the C;Hs™ products. It should be noted that these experiments are complicated due to the
fact that 118 nm, 355 nm and 266.6 nm photons all pass through the interaction region,
and that both of the latter wavelengths can photolyse CoHsBr™ cations and thus contribute
to the measured signal. The measured images are shown in Figure 4.4. The intense inner
lobes of the Br* image, attributable to 355 nm photolysis of CoHsBr™, display similar re-
coil anisotropy to that of the CoHs™ fragments. The associated P(Et) distribution, derived
assuming C,Hs™ co-fragments, is shown as the black line in Figure 4.4 (a). It is dominated
by a broad peak centred at ET ~0.5 eV, and matches well with the P(ET) distributions ob-
tained from the C,Hs™ images measured at both 355 nm and at 266 nm. We take this to
indicate that the C;Hs ™ fragments are formed with Br* co-products via direct dissociation
from the 2A’ state of CoHsBr.!

The P(ET) distribution obtained from the ground state Br image, shown in black in Fig-
ure 4.4 (b), peaks at ET < 0.1 eV and does not compare well with the P(ET) distribution
of the CoHs™ fragments. Thus, though we cannot totally exclude CoHs™ + Br produc-

tion, comparison of the P(ET) distributions extracted from the C;Hs™ images recorded at

I'The feature centred at Er ~1 eV in Figure 4.4 (a) arises from Br* products formed via photolysis of
neutral (rather than cationic) ethyl bromide, and is not removed completely when subtracting the ‘266 nm
only’ signal. This has been verified through VMI studies of the neutral dissociation products in separate
experiments - as reported also by Tang et al. [26]. This feature is henceforth ignored when discussing the
cation fragmentation.
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355 nm and at 266 nm and from the Br/Br* images measured at the latter wavelength im-
plies that the majority of the detected C,Hs™ ions are formed in conjunction with a Br*

co-fragment.?

The relevant images in Figure 4.4 (b) suggest that the CoH3 ™ products are more likely to be
formed in association with Br than with Br* co-fragments. This view is reinforced by the
evident similarity of the P(Et) distributions derived from the CoH3™ and Br images, also
shown in Figure 4.4 (b). Given the lightness of the H, fragment, this similarity is expected
if the former arise from secondary decay of highly vibrationally excited primary C,Hs"
fragments. This would be consistent with a dynamical mechanism involving rapid radia-
tionless transfer to the ground state PES (from the initially excited state) and dissociation
along the C—X bond to yield CoHs™ + Br, the former of which undergoes Hj loss. Further
support for this interpretation comes from examining the calculated maximum translational
energies for the CoH3* + Hy + Br and CoH3 ™ + H, + Br* products (assuming dissociation
following excitation from the zero-point level of both spin-orbit states of the parent cation)
illustrated in Figure 4.4 (b) by two pairs of dashed vertical lines. The P(ET) distribution
derived from the CoH3™ image clearly extends beyond the maximum translational energy
predicted for the CoH3* + Hy + Br* channel following 355 nm photolysis, but tails off be-
fore the CoH3™ + Hy + Br product limit. Therfore, though we cannot completely exclude
dissociation to CoH3™ + Hj + Br* products, we conclude that most of the C;H3 ™ products
are formed via a sequential three-body dissociation yielding H, and ground state Br atom

co-fragments.

Figure 4.4 (c) shows the images of the CoH4™ fragment ions formed following photolysis
with 355 nm and 266 nm light. These products could also arise via a two or three body
dissociation process (i.e. HBr elimination or loss of H and Br atoms). P(ET) distributions
derived from the images are also shown in Figure 4.4 (c), and the experimentally derived
(fr) values are shown in Table 4.2 along with the Et(max) values calculated for the two
possible CoHs ™ product forming channels. As Figure 4.2 (a) shows, a 355 nm photon pro-
vides insufficient energy for the three-body dissociation (yielding H and Br co-fragments).
Though energetically possible when exciting at 266 nm, the P(ET) distribution derived from
the C,H4 " images measured at this wavelength extends well beyond the maximum trans-
lation energy for the three body dissociation process. Thus the presence of CoHy™ ions
indicates formation of HBr co-fragments, though these have not been directly detected.

The P(ET) distributions derived in the present work both peak at or near zero, implying

2 Again the distribution of interest is contaminated by a ‘266 nm only’ feature at Et ~1.25 eV, which we
have ignored in our analysis.
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high levels of internal excitation in the products, ~90 % of Et(max), and consistent with
unimolecular decay on the ground state PES. The C,H4 " images are anisotropic, with 3
~0.8 for dissociation at 355 nm. This suggests that, as with CoH3 ™ formation, the process
of radiationless transfer to the ground state PES and subsequent HBr elimination occurs
much faster than would be predicted by any purely statistical description of the dissocia-
tion process. While HBr elimination on the ground state PES could potentially occur via
either a three-centre or a four-centre transition state, our DFT calculations have succeeded
in locating a four-centre transition state lying ~1.05 eV above the potential minimum of the
ground state cation. Previous studies of this fragmentation process in the case of selectively
deuterated ethyl bromide cations concluded that the process can occur via a three-centre
and a four-centre species, with the four-centre transition state yielding a faster rate than the

three-centre species as a result of a lower barrier to formation of the former [23].

The final fragmentation channel observed here, Channel 4, involves C—C bond fission and
formation of CH,Brt + CHj products. The CH,Brt images measured following photoly-
sis with 355 nm and 266 nm light, shown in Figure 4.4 (d), are small and mildly anisotropic
(B ~0.5). The P(ET) distributions derived from these images peak at zero, implying that
the CH,Br™ + CHj3 products are also formed with high levels of internal excitation. Once
again, this behaviour is understandable, qualitatively at least, in terms of non-statistical dis-
sociation of internally ‘hot’ ground state molecules formed following radiationless transfer

from the initially excited state after some pre-extension of the C—Br bond.

4.3.2.4 Photodissociation dynamics of CoHsI™

The images of the various fragment ions resulting from C;HsI™ photolysis (Figure 4.5) im-
ply similarities, but also some differences between the fragmentation dynamics of CoHsI™
and CoHsBr™ following photoexcitation at the wavelengths studied. The spin-orbit-coupled
potential energy curves shown in Figure 4.1 (b), and the energy level diagram shown in Fig-
ure 4.2 (b), suggest that excited states correlating not just to CoHs™ but also I'" products
should be energetically accessible at all of the UV wavelengths of present interest. This is
confirmed by the fragment ion TOF-MS shown in Figure 4.3 (b), and by the images shown
in Figure 4.5 (a) and (b). As in the case of CoHsBr™, we consider the various fragmentation
channels in turn. Et(max) (ET(MAX)) and (fr) values for the various photofragmentation

channels are listed in Table 4.3.

The C,Hs™ image obtained when exciting CoHsI with the 118/355 nm photon combination

is obviously very different from that obtained following excitation of C,HsBr in the same
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(a) C,H.* + iodine product channel

(b) I" + C,H, product channel

. images I* images
A=355nm A=266 nm A=248 nm A=236 nm )\ 355 nm A=266 nm A=248 nm A=236 nm
B,=1.14 B,=1.61 B,=1.73 B,=1.65 =0.73 B,=1.74 B,=1.75 B,= 1.67
0.03 .
——355nm 0.020 —— 355 nm
—— 266 nm H ] —— 266 nm
CH*+I* 248 nm 0.015- 5 248 nm
N 0.02 2’5 | ——236 nm ——236 nm
up 0.0101 CHy +1I"
T ‘
0.01 & i
0.005- ® CH I
0.00 , : —_— : 0.000 . , — — .
0.0 0.4 0.8 1.2 1.6 2.0 2.4 0.0 0.4 0.8 1.2 1.6 2.0 2.4
E. /leV E /eV
(c) 355 nm photolysis of C H,I* (d) CH,I* + CH, product channel
CH* CH,I" images
= 0.03 " 0.3
—C,H, ——355nm
+ —— 266 nm
—C,H,
0.02 o + 2
C2H3 0
A=355nm A= 355 nm
B,=0.56 ,=0.24 CH,I" + CH,
C,H,» 0014 0.1 10
0
1
0.00 : : , ; 0.0 ———————
00 02 04 06 08 10| A=266nm 00 02 04 06 08 10 12
E.leV B,=0.39 E . /leV
A=355nm
B,=0.60

Figure 4.5: Total translational energy P(ET) distributions for the accessible product
channels of CoH5I™ photolysis: (a) CoHs™ + I/I* at all four photolysis wavelengths;

(b) CoHs + I at all four photolysis wavelengths; (c) CoHs™
+ H, + I (blue) at 355 nm; and (d) CHoI" 4+ CHj at

+ HI (green) and CoH3™

+ IT* (black), CoHy™

355nm and 266 nm. The maximum translational energy Et(max) (assuming that the
UV photon excites parent cations from their X;A’(v=0) electronic and vibrational
ground state) are indicated by vertical dashed lines in the cases where they fall within
the ET scale shown. The velocity-map images shown have been symmetrized for

presentation purposes only.
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Table 4.3: Energetic parameters for the photofragmentation pathways of CoHsI™: the
maximum total translational energy, ET(max); and the average fraction (fr) of Ep(max)
that goes into product translational energy (to 2 d.p.).

Fragmentation products A /nm Et(max) (ET(MAX)) / eV (fr)
355 2.31 (3.45) 0.09 (0.06)
266 3.47 (4.61) 0.29 (0.21)
+
CoHs™ +1 248 3.82 (4.96) 0.30 (0.23)
236 4.07 (5.21) 0.30 (0.23)
355 1.36 (2.50) 0.15 (0.08)
266 2.52 (3.66) 0.39 (0.27)
+ *
CoHs™ +1 248 2.87 (4.01) 0.39 (0.28)
236 3.12 (4.26) 0.39 (0.29)
355 0.20 (1.34) 0.62 (0.09)
266 1.36 (2.50) 0.13 (0.07)
+
CoHs™ + Hy +1 248 171 (2.85) 0.12 (0.07)
236 1.96 (3.10) 0.11 (0.07)
355 - (0.39) -(0.32)
266 0.41 (1.55) 0.44 (0.12)
+ *
CoH3™ +Hy +1 248 0.76 (1.90) 0.26 (0.11)
236 1.01 (2.15) 0.21 (0.10)
355 () i
266 -(0.78) -(0.26)
+
CoHy" +H+1 248 - (1.13) -(0.23)
236 0.24 (1.38) - (0.20)
355 1.54 (2.68) 0.09 (0.05)
266 2.70 (3.84) 0.08 (0.05
+
CoHe™ + HI 248 3.05 (4.19 0.09 (0.06)
236 3.30 (4.44) 0.08 (0.06)
355 ~(1.11) 1(0.23)
266 1.13 (2.27) 0.30 (0.15)
+
I" + CoHs 248 1.48 (2.62) 0.34 (0.19)
236 1.73 (2.87) 0.35 (0.21)
355 0.74 (1.88) 0.07 (0.03)
266 1.90 (3.04) 0.23 (0.14)
+
cHal e 248 2.25(3.39) not observed
236 2.50 (3.64)
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way. The radius of the image from C,HsI is small, and the associated P(ET) distribution,
shown in Figure 4.5 (a), peaks at zero and extends to ET ~0.8 eV. In the case of CoHsl,
a 118 nm photon alone provides just sufficient energy to cause dissociative ionization to
CoHs™t + I products. This process is assumed to be the source of the central spot in the
C,Hs5 ™ image and the associated spike at Ey= 0 in the P(ET) distribution. 118 nm excitation
also leads to parent ion formation, however, and the tail of the P(ET) distribution extending
to Er ~0.8 eV is attributed to 355 nm photolysis of these C;HsI" ions. An attempt has
been made to separate these two contributions by fitting the radial distribution to a sum of
two Gaussians, and the resulting fitted contributions from 118 nm dissociative ionization
and 355 nm photolysis are shown in purple and orange, respectively, in Figure 4.5 (a). A
translational energy of ET ~0.8 eV is far below the maximum value permitted by energy
conservation, even in the case that all of the C;HsI™ parent ions are formed in the zero-
point level of the ground (1A") state and the atomic co-fragments are formed in the I* state.
In practice, 118 nm ionization can be expected to form parent ions in the 1A” excited state
also, and there is no a priori reason to exclude formation of ground state I atoms, so it is
clear that these CoHs™ ions are formed with high levels of internal excitation, reflected
in the low (ft) values listed for the C,Hs™ formation channels in Table 4.3. Extracting
a reliable -parameter is hampered by the small size of the image, but our best analysis

suggests § ~ 1.2.

This data should be contrasted with the CoHs™ images recorded at 266, 248 and 236
nm, also shown in Figure 4.5 (a), all of which show an anisotropic ring of fast products
(characterised by 8 ~ 1.6-1.7) and P(ET) distributions that peak progressively further from
Et = 0.> Recalling Figure 4.1, the most plausible explanation for the anisotropic CoHs™
product yield is initial excitation to the 3A’ and/or 4A’ (00*) states, followed either by
prompt adiabatic dissociation to C;Hs + I products, or diabatic dissociation via radia-
tionless transfer through a conical intersection to CoHs™ + I* products. The images un-
fortunately do not allow us to identify the spin-orbit state of the iodine co-fragment, and
attempts to use (2+1) REMPI to detect I/I* products from 266 nm photolysis of CoHsI™
were thwarted by the large 266 nm laser induced I yield.

Two other features of these two-laser images merit note. As in the case of CoHsBr™, the
P(ET) distributions peak well below the maximum Et value allowed by energy conserva-
tion, implying substantial internal excitation of the fragment cation. This is consistent with

the large change in equilibrium geometry of the C,Hs moiety on dissociation. Secondly,

3The central spot in some of these images is due to imperfect subtraction of the dissociative ionization
signal from the 118/355 nm laser and is not considered further.
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the P(ET) distribution determined at 266 nm, shown in blue in Figure 4.5 (a), appears bi-
modal. The TOF-MS recorded when exciting at this wavelength (Figure 4.3 (b)) shows a
substantial I yield, implying a major role for the CoHs + I fragmentation channel. Tang
et al. [22] have demonstrated efficient (1+1)REMPI of neutral C,Hs fragments (via the
3s Rydberg state [51]) in this wavelength region, which gives an additional contribution
to the C,Hs™" image. Comparison of the P(Et) distributions derived from the CoHs™ and
I images suggests that the shoulder at Ep ~0.4 €V is attributable to 266 nm two-photon
ionization of neutral ethyl radicals from the C;Hs + I pathway, while the peak at ET ~0.8

eV is associated with C;Hs™ + I product formation.

The I images obtained at all four photolysis wavelengths, shown in Figure 4.5 (b), are
markedly different from those of the Co;Hs™ fragments shown in Figure 4.5 (a). Therefore,
we can confirm that the observed I does not originate from the neutral iodine formed as the
co-fragment to C;Hs ™. The images measured at the three shorter wavelengths are clearly
anisotropic (8~ 1.7) and the derived P(ET) distributions (Figure 4.5 (b)) all peak at Et > 0
and extend to the maximum ET values expected on the basis of energy conservation, i.e.
estimated on the basis of simple C—I bond fission following excitation of spin-orbit excited
C,HsI™ cations, undergoes fragmentation to yield ground state IT(3P,) ions. The observed
energy disposal is very reminiscent of that observed for the CoHs™ product ions at these
wavelengths, and can be explained in the same way, i.e. photoexcitation to the 3A’ and/or
4A" (60*) states followed by prompt dissociation to (in this case) the adiabatic products
CoHs + I, The ‘one laser’ (355 nm photolysis) I data is also reminiscent of that seen
when monitoring C,Hs™ fragment ions. The recoil velocity distribution is more isotropic
(B ~0.7), and the P(ET) distribution peaks near ET = 0 (but shows no additional ‘spike’ as a
118 nm photon provides insufficient energy to access the CoHs + I dissociative ionization
channel). Such behaviour, together with that for the C;Hs™ products observed at the same
wavelength, may be explained by near-threshold excitation to the lowest adiabatic potential
correlating to I'" products, 3A’, which possesses a shallow minimum in the vertical Franck-
Condon region (see Figure 4.1). Excitation is followed by slower dissociation both to C,Hjs

+ I and - following non-adiabatic population transfer - to Co;Hs™ + I products.

We now consider possible mechanisms for formation of Co;H3 " and CoHs ™ fragment ions,
both of which are observed at all four photolysis wavelengths investigated. ‘One laser’
images, corresponding to 355 nm photolysis, are shown in Figure 4.5 (c), along with a
comparison of the P(ET) distributions derived for the CoHs*, C;Hs ™ and CoH; ™ ions. In
the case of CoHsBr", (2+1) REMPI studies of the neutral Br and Br* fragments led us

to conclude that most of the detected C;Hs™ ions are partnered by Br* atoms, and that
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H, elimination from highly internally excited C;Hs™ ions formed together with Br co-
fragments is the main source of the observed CoH3™ ions. Unfortunately, no such insights
are forthcoming in the case of CoHsI™, as we were unable to employ REMPI detection for
the I and I* products. Thus our discussion of possible CoH3™ (and CoH4 ") formation routes
is guided by energetic considerations. As noted above, the energy of a 118 nm photon ex-
ceeds the dissociative ionization threshold for forming C,Hs™ fragments, which must be
formed with little internal or translational energy. Even a 355 nm photon provides more
than enough energy to excite these fragments well above the threshold for H, elimination
and C,H3™ fragment formation (see Figure 4.2 (b)). Photoionization at 118nm also yields
parent cations, which we assume are formed in both the X; A’ and X, A" states. The thresh-
old energy for three-body dissociation to CoHz ™ + Hy + I products lies ~3.3 eV(~2.7 eV)
above the X;A'(X,A”) states of the parent cation and is thus accessible even when excit-
ing at 355 nm (i.e. with a photon of energy 3.49 eV). Notwithstanding the multiplicity of
possible routes to forming C,H3 ™ products, the balance of evidence suggests that, as in the
case of CoHsBr, H; elimination from highly internally excited CoHs ™ fragments formed
by UV photolysis is the major route to the observed C;H3 ™" products.

The C—H bond strength in C,Hs™ is ~3.82 eV (Figure 4.2 (b)), so photolysis of CoHs™
fragments arising from dissociative photoionization could also contribute to the observed
C,H4™ ion yield at 266, 248 and 236 nm. Again, we focus on the data from 355 nm
photolysis. The threshold energy for three-body dissociation to CoHs™ + H + 1 products
(4.94 eV or 4.36 eV when defined relative to the X;A’ and X,A” states of the cation,
respectively) is too high for parent ion photolysis to be a feasible route to CoH4 ™ fragments
at 355 nm, but the alternative HI elimination channel, the analogue of that proposed to
account for HBr formation in the case of C;HsBr™ photolysis, appears eminently plausible.
As was the case for CoHsBr™, the average translational energies, (Et), derived from the
CoH, ™ fragment ion images increase as the excitation wavelength is reduced, and the bulk
of the available energy, ~90 % of Et(max), is partitioned into product internal excitation.
Both of these features are consistent with unimolecular decay of internally ‘hot’ parent

molecules following radiationless transfer to the ground state PES.

Figure 4.5 (d) shows images of the CH,I" products formed via the C—C bond fission
channel following excitation of CoHsI™ at 355 and 266 nm. The P(Et) distribution in the
former case is very narrow (more so than in the case of CoHsBr™) and peaks at Et = 0.
Moving to shorter excitation wavelength (266 nm) results in a CH,I" image with a larger
radius and a P(ET) distribution which peaks a little above zero and extends to higher ET, but
still stops well short of the ET(max) value for CHoI™ + CHj3 products. As in the case of the

104



4.4. Conclusion

C,H4 ™ products, such energy disposal is most readily understood in terms of unimolecular

decay of internally excited ground state CoHsI™ cations.

4.4 Conclusion

We have presented an in-depth velocity-map imaging study of the different photofrag-
mentation pathways that arise following UV photoexcitation of two ethyl halide cations,
CoHsI™ and CoHsBrt. The branching between the fragmentation channels that yield the
various observed ions has been obtained for both ethyl halide cations following photoly-
sis with 355 nm light. For both species C—X bond cleavage to yield CoHs™ is the major
fragmentation pathway. For CoHsBr™ photolysis the ratio for C;Hs™ : CoHy™ : CoHz ™ :
CH,Brt" is 0.41 : 0.38 : 0.20 : 0.01. In the case of C;HsI™ photolysis, the ratio for CoHs™
: CoHy ™ 1 CoH3 ' - CHoI - ITis 0.62: 0.19 : 0.06 : 0.02 : 0.12. The images obtained
for these fragment ions resulting from UV photolysis of CoHsBrt and CoHsI™ suggest
many similarities in the fragmentation dynamics of these ethyl halide cations. The VMI
data has been interpreted alongside potential energy curves for the ground and low-lying
excited states of both cations. Based on the information to hand, five likely fragmentation

pathways have been proposed:
1. Prompt carbon-halogen (C—X) bond cleavage to yield CoHs™ + X*.

2. The ethene cations (C,H4 ") most plausibly arise from unimolecular decay (loss of

HX) from highly vibrationally excited electronic ground state parent cations.

3. The vinyl cation (CoH3 ™) fragment ions arise from unimolecular decay (H; elimina-
tion) of highly internally excited C;Hs™ cations, which in the case of CoHsBr™ are

most likely partnered with Br co-fragments.

4. Carbon-carbon (C—C) bond cleavage resulting in formation of CH, Xt + CHj3 presents

as a minor competing pathway.

5. Prompt C—I bond cleavage to produce CoHs + I has been observed in the case of
CoHsIT.

Channel 1 and Channel 5 both involve direct C—X bond fission following initial photoex-
citation. In contrast, the other three channels are thought to occur following radiationless
transfer from the initial photoexcited state. Data from detailed high-dimensionality ab inito
calculations would be required in order to gain a more detailed mechanistic understanding

of the various fragmentation pathways.
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5.1 Introduction

There is significant interest in the fragmentation dynamics of amide systems, primarily
due to their relevance to peptide bonds within proteins. As well as allowing photodamage
mechanisms to be studied in such systems, photodissociation is increasingly being em-
ployed as an analytical tool to investigate the structures of biological molecules such as
small polypeptides and proteins [1]. Generally, the latter type of investigations have been
carried out on the cationic species. However, as will be seen in Chapter 6, cationic species
are highly fluxional, and undergo many rearrangement reactions; H-transfer reactions are
common, and simple bond cleavages are not often observed. Studies on neutral species

allow us to observe direct bond cleavage processes, without rearrangement of the parent
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trans

H/ \I'\l'/CH3 N,N-dimethylformamide

cis CHs

O=—=0

Figure 5.1: The structure of N,N-dimethylformamide. The methyl substituent groups
(cis and trans) are labelled according to conventional protein nomenclature.

species. Therefore, such studies perhaps give a more representative idea of the dynamics
that occur in processes such as UV photodegradation of polypeptides and other polymers

that contain amide functional groups as building blocks.

N,N-dimethylformamide (DMF), shown in Figure 5.1, is the amide system chosen for this
work, with the N—CO bond linkage providing a model for a peptide bond. DMEF, as is the
general case for amides, has a planar structure. This is due to donation of the lone pair on
nitrogen into the C=0 7 bonding system, which gives partial double bond character to the
N—CO °‘peptide’ bond. This planarity is key to protein structure and polymer formation.
The partial double bond character of the N—CO bond means that there is restricted rota-
tion about this bond, and the methyl groups are not equivalent. As shown in Figure 5.1,
these groups can be labelled cis and trans to the C=0 group. The protein convention for

nomenclature, which is the inverse of the standard convention [2], is taken here.

Here we present an experimental study into the 193 nm photolysis of DMF, which has
primarily employed the velocity-map imaging (VMI) technique. Excitation of DMF with
193 nm (6.41 eV) light results in either promotion of a electron from a oxygen lone pair to
the 7* antibonding orbital localized in the C=0 moiety, referred to as the n— 7* excitation,
or promotion of a lone-pair 2p7 electron on the nitrogen to the antibonding 7* C=0O orbital,
referred to as the £ — #* transition [3—6]. The n— n* and & — #* transitions correspond

to population of the S; and S, electronic states, respectively.

Forde et al. have previously investigated the photofragmentation of DMF at 193 nm us-
ing photofragment translational spectroscopy (PTS) [7, 8]. Since then, Liu et al. [6] and
Eckert-Maksi¢ and Antol [9] have undertaken theoretical studies of DMF photodissocia-
tion. The photodissociation of DMF can be viewed as occurring by one of three initial bond

cleavages, illustrated in Figure 5.2, which give the three radical product channels:

1. N—CO ‘peptide’ bond fission: =~ HCON(CH3), — HCO + NC,Hg
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0]

m/z 29 | ) /CH3
H ‘N

’ | m/z 44
CHj3
O O
)J\ CHs 2 )k .CHy m/z 15
H T/ H N°

m/z 58 |
CHj, CHj,
3 (0]
N,N-dimethylformamide M
: CHg
b N/
miz1 | mz72
CHj,

Figure 5.2: Three fragmentation pathways of DMF, each leading to formation of
radical products. Pathway 1 involves N—CO ‘peptide’ bond fission, Pathway 2 results
from N—CHj3 bond fragmentation, and Pathway 3 results in H loss.

2. N—CHj3 bond fragmentation: HCON(CHj3), — HCONCHj3; + CH3

3. Hloss: HCON(CH3), — H+ CON(CH3)»

As will be discussed in Section 5.3, the photofragments that result from these bond cleavage

channels can be formed in a number of different electronic states.

The experimental study of Forde et al. found that, following 193 nm photolysis of DMF,
fission of the N—CO bond was found to be the dominant product channel [8]. The same
authors found fission of the N—CHj3 bond as a competing dissociation channel. H loss from

DMEF has not previously been experimentally observed.

In the current work, the time-of-flight mass spectra allow identification and quantification
of the fragmentation products, the ion images provide information about the translational
energy and angular distributions of the recoiling photofragments, and H Rydberg atom
photofragment translational spectroscopy has been employed specifically to investigate H
loss from DMF. The information from each of these experimental methods, together with

recent ab initio calculations (detailed in Section 5.2.2), allows further understanding of the
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dissociation dynamics of the DMF molecule. It should be noted that the work presented in
this chapter is a subset of data from a multi-wavelength dynamical study of DMF, the full

analysis of which will present a fuller picture.

5.2 Methods

5.2.1 Experiment

The velocity-map imaging experimental setup has been described in detail in Chapter 2.
The following is a brief description of the experimental conditions. A mixture of ~ 0.2%
N,N-dimethylformamide (Sigma-Aldrich, >99.8%) seeded in 2 bar of He (BOC, > 99.9%)
undergoes a supersonic expansion into vacuum to generate the molecular beam. Within
the interaction region, the molecular beam is intersected, at right angles, by two counter-
propagating linearly polarized laser beams of wavelengths 193 nm and 118.2 nm, separated
in time by about 20 ns. The DMF molecules are photolysed by a 193 nm photon, and the re-
sulting neutral dissociation products are ionized by a VUV photon of wavelength 118.2 nm
(referred to as 118 nm or VUV from now onwards). The nascent ions are velocity-mapped
onto a position sensitive detector. Time-of-flight mass spectra (TOF-MS) and velocity-
map images are recorded as described in Sections 2.6 and 2.9, respectively. We record
TOF-MS spectra (or velocity-map images) with (i) only the VUV laser present in the in-
teraction region, (ii) both the 193 nm and VUV laser beams present, and (iii) only the 193
nm laser present, each with both the molecular beam on and off. The TOF-MS spectra
(or velocity-map images) obtained with only the VUV laser and with only the 193 nm light
are subtracted from the TOF-MS spectrum (or velocity-map image) obtained with both 193
nm and VUYV light to give the final ‘two-colour signal’ TOF-MS spectrum (or velocity-map
image). We do not spatially separate the 355 nm and 118 nm lasers before they enter the
interaction region. In order to check if the 355 nm light makes any contribution to the N,N-
dimethylformamide dissociation, we recorded TOF-MS spectra with only the 355 nm laser
present in the interaction region, and with 193 nm and 355 nm lasers, with both molecular
beam on and off. There was no contribution on the molecular beam signal from the 355 nm

light in either of the spectra.

In order to investigate the hydrogen loss from DMF, H-atom Rydberg Tagging measure-
ments have been performed in collaboration with the Bristol Laser group. The H Rydberg
atom photofragment translational spectroscopy (PTS) experiment has been described previ-

ously [10]. In brief, the apparatus consists of two differentially pumped volumes (a source
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chamber, with base pressure p < 2x 10~ mbar, and an interaction/detection chamber with
p < 6x1078 mbar) separated by a skimmer. A pulsed molecular beam comprising DMF
(Sigma Aldrich, >99%, room temperature vapour pressure) in ~1 bar of Ar was expanded
through a pulsed valve and skimmed prior to photolysis. H atoms formed in this interaction
region were probed by two-photon (121.6 nm + 366 nm) double resonant excitation via the
2p state to a high n Rydberg state. Rydberg atoms that recoil along the axis orthogonal to
the plane containing the molecular beam and the photolysis/probe laser reach a detector,
which is located at a distance d from the interaction region, where their time-of-flight are
recorded. An extraction field of 50 Vem™! applied across the interaction region ensures

prompt removal of any H* ions created in the interaction region.

5.2.2 Computational methodology

The computation calculations were carried out by Tolga Karsili of the Bristol Laser group.
Here we give an account of the computational methods employed. The results of the cal-

culations will be presented in full in a future publication [11].

Using the Gaussian 09 [12] electronic structure package, the ground-state optimized geom-
etry of neutral N,N-dimethylformamide was obtained using the Mgller-Plesset second order
perturbation theory (MP2), in conjunction with a Dunning’s contracted and augmented cor-
relation consistent basis set of triple { quality: aug-cc-pvtz, assigned to all atoms. The ge-
ometry was then reoptimized using density function theory (DFT) calculations, which em-
ployed the Becke-3" parameter Lee, Yang, Parr (B3LYP) functional in conjugation with the
6-311+g(2df,p) basis set, to calculate the product energies for a number of DMF fragmen-
tation pathways. The MOLPRO Version 2010.1 [13] computational package was employed
for all other calculations. Vertical excitation energies and transition dipole moments (1) of
various neutral states of DMF were calculated using a state-averaged complete active space
self-consistent field (SA-CASSCF) method, employing the same aug-cc-pVTZ basis set as
implemented above. These calculations were based on the MP2 optimised geometry. The
choice of active space was motivated by an attempt to describe all significant static correla-
tion effects in the ground and excited electronic states in as even-handed a way as possible
across the potential energy surface, whilst keeping the computational expense as minimal
as possible. The active space comprised 14 electrons arranged in 10 orbitals (14/10). All
valence electrons, except the oxygen 2s, are included within the active space, as well as the
C=0 centered ©* and two ¢ virtual orbitals. Individual potential energy curves (PECs)

along the N—C ‘peptide’, carboxyl C—H, and dimethylamino N—C stretching coordinates
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were calculated for the ground and various excited electronic states of the DMF neutral
molecule. These calculations employed the complete active space with second order per-
turbation (CASPT?2) theory that was based upon the fully SA-CASSCF reference wave-
function, with the remainder of the nuclear framework frozen at the ground-state optimised
geometry. A small imaginary level shift of 0.5 a.u. was applied to encourage convergence
and to circumvent the presence of intruder states for all CASPT?2 calculations. Vertical
excitation energies obtained from the CASPT2 calculations are in good agreement with the
available experimental data [3, 4], while others at the EOM-CCSD/aug-cc-pVTZ level of
theory are not. However, the latter calculations, which were carried out at the MP2/aug-cc-
pVTZ optimised geometry, also provided information about the u, and estimations of the

oscillator strengths (f) accompanying various electronic transitions.

5.3 Results and Discussion

Following absorption of a single 193 nm photon, the N,N-dimethylformamide molecule,
HCON(CH3),, can be expected to fragment via one of three pathways (illustrated in Fig-

ure 5.2), each leading to formation of radical products:

1.  N—CO ‘peptide’ bond fission: ~ HCON(CHj3), — HCO +N(CH3),
2. N—CHj; bond fragmentation: HCON(CHj3), — HCONCHj3; + CH3

3. Hloss: HCON(CH3), — H+ CON(CH3)»

The CASPT?2 rigid-body scans, described in the previous section, provide cuts through the
low lying electronic states of the DMF molecule, and insight into the fragmentation dy-
namics. Figure 5.3 (a) shows a cut along the ‘peptide’ C—N bond coordinate, and panels
(b) and (c) in Figure 5.3 show equivalent cuts along the dimethylamino N—C, and car-
boxyl C—H stretching coordinates, respectively. The asymptotes along the various bond

stretching coordinates have been assigned for each of the electronic states.
Along the C—N bond coordinate:

* the Sp state asymptotically correlates with the formyl radical in its first excited elec-
tronic state, HCO (AzA” ), and the dimethylamidogen radical in its ground state,
N(CH3), (X?B)), labelled as HCO* + N(CH3),.
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(a)

HCO + N(CH,)," |

CON(CH,), + H

Potential Energy / eV
N

HCO + N(CH), | HCONCH, |
+CH,
3] . i
2] i 0 |
| o CHs
> /
14 oo ] i
N----CHjy
1 H CHj3 /
0- ] HsC i
1 2 3 4 1 2 3 4 2 3 4
Rew Ric Rex

Figure 5.3: Cuts through the potential energy surfaces of the low lying electronic
states of DMF, along (a) the ‘peptide’ C—N, (b) the dimethylamino N—C, and (c)
the carboxyl C—H bond stretching coordinates. The electronic ground state (Sp) is
shown in black. The first and second excited singlet states (S; and S;) are shown in
green and blue, respectively. The first excited triplet state (T, shown in orange) is
also included in (c). The asymptotes have been assigned. Illustrations of DMF, with
the stretching bond shown as a dashed line, are included in each panel.

* the S; excited state, which exhibits a significant energy barrier, asymptotically cor-

relates with ground state products, labelled HCO + N(CH3),.

* the S, excited state asymptotically correlates with the formyl radical in its electronic
ground state, HCO (XZA’ ), and dimethylamidogen in its first electronic excited state,
N(CH3), (A%A)), labelled HCO + N(CH3),*.

Figure 5.4 shows the range of photofragments that are energetically accessible following
photoexcitation of DMF with a single 193 nm photon. The product energies, shown relative
to the electronic ground state of DMF, have been obtained from the DFT calculations de-
scribed in Section 5.2.2. The products resulting from N—CO ‘peptide’ bond fragmentation
are highlighted in blue. The first excited electronic states of HCO and N(CH3),, which lie

at energies of 1.15 eV [14] and 1.43 eV above their respective electronic ground states, are

I'This value is an experimental estimate obtained by subtracting from the available energy the maximum
translational energy of the N(CHj3),* fragments (obtained from the Et distribution from the ion image of m/z
43). This value compares with the one estimated by Forde ef al. (1.56 eV) using a similar method [8].
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Figure 5.4: Product energies for the various DMF dissociation channels, shown rela-
tive to the electronic ground state of DMF. The horizontal dashed black line indicates
the 193 nm photon energy. In this figure, X, A and B symbols have been employed
to represent the ground, first, and second electronic excited states of the photofrag-
ments, respectively.

the highest electronic excited states of the photofragments formed here. As in Figure 5.3
(a), in the text that follows, the first electronic excited states of HCO and N(CHj3), will be
referred to as HCO* and N(CH3),*, respectively.

Along the dimethylamino N—C bond stretching coordinate:

* the Sy state asymptotically correlates with the methyl radical (CH3) in its ground
state, and its co-fragment (HCONCH3) in its first electronic excited state, labelled
HCONCH3>|< + CH3

* the S| excited state is bound within the energy region investigated.

* the S, excited state asymptotically correlates over an energy barrier with the ground
state products, labelled HCONCH3 + CH3.

Along the carboxyl C—H stretching coordinate:

* the Sp state asymptotically correlates with the ground state products, labelled as
CON(CH3), + H.
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Figure 5.5: The time-of-flight mass spectra shown in panel (a) illustrate the different
laser contributions to the ion signal observed. The trace in black shows the case
when both lasers (193 nm and VUV) pass through the interaction region. The blue
(VUV-only) and green (193 nm only) traces show the signal that arises when only the
VUV laser or only the 193 nm laser pass through the interaction region. In panel (b)
the two-colour TOF-MS shows the m/z peaks that result from 193 nm photolysis of
DME, followed by VUV photoionization of the nascent fragments.

* both the S; and S, excited states are bound within the investigated energy region.

A great deal of information about the various fragmentation pathways can be extracted
from the time-of-flight mass spectra and velocity-map images, as discussed in the following

sections.

5.3.1 Time-of-Flight Mass Spectra

Figure 5.5 shows the TOF-MS spectra following 193 nm photolysis of DMF, with single-
photon VUV ionization of the resulting fragments. The TOF-MS when both 193 nm and
118 nm photons are present in the interaction region (black), when only the VUV laser is
present (blue) and when only the 193 nm photon is present (green) are shown in Figure 5.5

(a). The two-colour (pump-probe) mass spectrum is presented in Figure 5.5 (b).?

2The IP of DMF is 9.13 eV [15]. The DMF* cation (m/z 73, not shown) is formed following VUV
photoionization of neutral DMF. The peaks observed in the VUV-only mass spectrum (blue) are the result of
dissociative ionization, which is the subject of the study presented in Chapter 6.
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The peaks can be identified based on their mass-to-charge (m/z) ratios, and the assignment
is shown in Figure 5.5 (b) with the exception of m/z 28 (see section 5.3.3.2). The photofrag-
ment identification presented here has taken into account the potential contributions to the
same peak in the mass spectrum from ions with identical m/z ratios. For example, the HCO
fragment (from N—CO bond fission) and a NCH;3 " fragment (from possible secondary
fragmentation processes) both appear at m/z 29. Furthermore, m/z 18, 28, 29, 42, and 43
could have potential contributions from NH4"/H,O", CO*/NCH, ", CON/NC,H,4 ", and
CON/NC,H4 ™, respectively. In order to resolve these issues, TOF-MS spectra have been
recorded for 193 nm dissociation of deuterated DMF (DCON(CD3),, DMF-dy) with detec-
tion of the nascent photofragments via single-photon VUV ionization. With the deuterated
analogue, the DCO fragment appears at m/z 30, whereas, a NCD3 fragment has m/z 32.
In the two-colour mass spectrum of DMF-d; the peak at m/z 30 is present, but no signal
is observed at m/z 32, confirming the assignment of HCO to the m/z 29 mass peak for the
non-deuterated isotopologue. Further information has been obtained from the photofrag-
ment velocity-map images, through momentum matching of partner fragments, for exam-
ple. We are therefore confident in our assignment of the identities of the various mass peaks
observed in Figure 5.5 (b). As will be discussed at various points throughout this chapter,
the origins of the fragment ions observed in Figure 5.5 (b) have been confirmed primarily

through energetic considerations.

HCO and N(CHj3), fragments

Breaking of the N—CO bond in DMF leads to the formation of HCO, m/z 29, and N(CH3)5,
m/z 44, fragments. The HCO fragment is present in the two colour mass spectrum, Fig-

ure 5.5 (b), whereas m/z 44 is not observed.

Although the ionization potential (IP) of the N(CH3), fragment is still up for debate, ion-
ization energies of 5.17 eV [16] and 9.1+0.2 eV [17] have been reported. We infer an
experimental value maximum IP of 7.88 eV (see Section 5.3.2.1 for details). Both the re-
ported values, and our experimentally inferred one, are below the VUV photoionization
energy employed here. Therefore, this fragment should be detected. However, since the
N(CHj3), fragment is not observed in the two-colour mass spectrum, Figure 5.5 (b), it is
likely that this fragment, either in its neutral or ionized form, undergoes secondary frag-

mentation.

The N—CO bond dissociation energy in DMF is 3.704 eV, therefore, absorption of a 193
nm photon (6.41 eV) leaves about 2.71 eV of available energy to be distributed amongst the
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translational and internal (rotational, vibrational and electronic excitation) degrees of free-
dom of the HCO and N(CH3), photofragments. The bond dissociation energies, obtained
from the DFT calculations, for N(CHj3), neutral to form NC,Hs + H, and NC,H4 + Hj are
1.51 eV and 1.21 eV, respectively. Although the ionization potentials for both the H-atom
and H; molecule are above the VUV photon energy employed here, the ionization potential
for the NC,Hj5 fragment, 9.14 eV [17], and for the NC,H,4 fragment, 9.8 eV [17], are ac-
cessible with one 118 nm photon. These two secondary dissociation channels are possible;
however, as will be discussed further in Section 5.3.2.2, the observed maximum transla-
tional energies of these fragments exceeds the maximum energy available to the fragments

following neutral secondary dissociation.

Close inspection of the 193 nm only TOF-MS shown in Figure 5.5 (a) reveals that the m/z
44 ion is observed in a one-laser experiment. Following 193 nm photodissociation of the
DMF molecule, the resultant N(CH3), fragment can be ionized on absorption of a second
193 nm photon, without significant dissociative ionization occurring. This allows us to
detect at least some of the N(CHj3), primary fragmentation products, and indicates that the

secondary dissociation of this fragment occurs as a result of VUV photoionization.

The three secondary dissociation processes of the N(CH3)§r cation are of great importance
in this study. This ion has been found to be highly unstable, with facile fragmentation to
form NCo,HZ, m/z 43, and NC,H,|, m/z 42, daughter ions by H-atom and H, molecule loss,
respectively [8]. Both NCQH;r and NCzHI fragments are observed in the two-colour mass
spectrum, shown in Figure 5.5 (b). The N(CH3)§r cation also fragments to form the m/z 18

ion, which is assigned to NH; .

CH; and HCONCHj; fragments

Primary N—CHj3 bond fission in DMF yields CHz with an HCONCHj3 co-fragment. As
will be discussed further in Section 5.3.3.1, the TOF-MS measurements, together with
information from the imaging experiment, indicate that the m/z 15 ion is CH3 from primary
N—CHj3 bond fission. The HCONCH3 co-fragment, m/z 58, it is not observed in the mass
spectrum shown in Figure 5.5 (b). Either the ionization potential of this fragment is greater
than the 10.49 eV available from a single VUV photon, or HCONCHj3 undergoes further

fragmentation.
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Branching into the N—CO ‘peptide’ and N—CHj3 fragmentation channels

In the two-colour TOF-MS spectrum, the peak at m/z 29 is assigned to HCO, which results
from primary dissociation of N—CO bond. The peaks at m/z 18, 42 and 43 are assigned to
NH4 ", NCoH4 ™, and NC,Hs ™, respectively, which all derive from secondary dissociation
processes of the N(CHj3), co-fragment, following VUV photoionization. The peak at m/z
15 is assigned to CHj3, and is considered to be the only peak in the TOF-MS to result from
primary dissociation of the N—CH3 bond.

The relative branching into the two observed primary fragmentation channels, HCO +
N(CH3); and HCONCH3 + CHs, has been estimated by integrating the areas under the
peaks corresponding to NH4+, NC,Hs™ and NCoHs ™, and to CH3 ™, respectively. It has
been assumed that the ion detection efficiencies due to the MCP detector are mass inde-
pendent, and that the ionization cross sections are similar for the neutral fragments. The
resulting branching ratio between the two primary fragmentation channels HCO + N(CH3),
: HCONCH3 + CHj3 is 0.76 : 0.24. This ratio qualitatively reflects that obtained by Forde
et al. of 0.64 : 0.36 for HCO + N(CHj3), : HCONCH3 + CH3 [8]. However, we note that
the two studies are not directly comparable, primarily since in the latter the DMF sample
was heated to 235°C, presumably yielding DMF parent molecules with a higher degree
of internal excitation than in the present study. However, in both cases the N—CO bond

cleavage is more prevalent than N—CHj3 bond fission.

Although the HCO fragment has been observed in the two-colour TOF-MS, it has not been
taken into account in this branching calculation due to possible secondary dissociation.
The HCO fragment consistently yields around 20 % less signal that that observed for the
fragments resulting from N(CH3), dissociative ionization. Dissociative ionization of HCO
following VUV photoionization has been ruled out. Although the IP of the HCO fragment
(8.12 eV [15]) lies well below the VUV photon energy, the lowest dissociative ionization
threshold of the HCO™ cation, which yields H" + CO, lies 14.207 eV above the neutral
ground state of HCO [18]. In contrast, the bond dissociation energy of neutral HCO to form
H + CO is relatively low (0.609 eV [19]). If a sufficient amount of the available energy is
released as internal energy of the HCO fragment, secondary dissociation of this fragment
is possible. If this secondary dissociation does occur, then the VMI experiment is blind to
it, since, the IPs of both H-atom (13.60 eV [15]) and CO (14.01 eV [15]) exceed the 10.49
eV available from a single VUV photon. Though there could be a number of explanations

for the observed discrepancy in signal intensity, information from imaging, which will be
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discussed in detail in Section 5.3.2, indicates that the principal reason is this secondary

dissociation of neutral HCO.

To summarise, the TOF-MS acquired following 193 nm photodissociation of DMF, indi-
cate that 76% of fragmentations result with N—CO ‘peptide’ bond fission, whereas only
24% involve N—CHj3 bond fragmentation.? Secondary fragmentation of the neutral HCO
fragment is likely to occur, and VUV photoionization of N(CH3z), results in dissociative
ionization, with loss of H-atom, H, and C,H, from the N(CH3); cation to form NC,H{Y,
NC,H, and NHI fragment ions, respectively. The information obtained from velocity-
map imaging the ions that result from processes involving an initial N—CO ‘peptide’” bond
fission will be discussed in Section 5.3.2. The processes that compete with primary N—CO

bond fission will be considered further in Section 5.3.3.

5.3.2 ‘Peptide’ bond dissociation

Absorption of a 193 nm photon followed by N—CO bond fission leaves about 2.71 eV
available energy, which is distributed as internal and translational energy of the HCO and
N(CH3); photofragments. As shown in Figure 5.3 (a), dissociation along the N—CO coor-
dinate could take place on several low-lying singlet potential energy surfaces. The Sq sin-
glet ground state of DMF correlates asymptotically to the HCO* dissociation channel. The
Sy (nz*) first singlet excited state correlates, over an energy barrier, to electronic ground
state products, while the S; (77*) second singlet excited state correlates asymptotically to
the N(CH3),* channel. Forde et al. found that following absorption of a 193 nm photon,
photofragmentation of DMF occurs through initial excitation of the S; state, and either pro-
ceeds via direct dissociation leading, to the N(CH3),* dissociation channel, or via decay

mechanisms leading to ground state photoproducts [8].

5.3.2.1 Primary Fragmentation

The velocity-map ion imaging technique enables measurement of the translational energy
distribution of the dissociation products, from which the internal state distribution can be
inferred. Figure 5.6 shows the ion images of the HCO and N(CH3), photofragments that
result from DMF photolysis with 193 nm light. Since HCO (m/z 29) and the N(CH3),
(m/z 44) are co-fragments, it it possible to obtain the total translation energy (ET) from the

measured translational energy (E;) of either fragment, due to momentum matching of these

31t has not been possible to consider the H-loss processes here.
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Figure 5.6: Total translational energy distributions obtained from ion images of HCO
(m/z 29, black trace) and N(CH3), (m/z 44, blue trace) following 193 nm photolysis
of DMF. The HCO fragment was ionized with a 118 nm photon, while the N(CH3),
fragment was ionized with another 193 nm photon. The area under each P(ET) distri-
bution is normalized to unity. The vertical dotted black lines indicate the maximum
translational energies for the three energetically accessible dissociation channels that
result from N—CO ‘peptide’ bond fission.

fragments (as discussed in Section 1.2.3).* The Er distributions determined from images
of both fragments are shown in the figure. The HCO fragment was ionized with a 118 nm
photon, while the N(CH3), fragment was ionized with another 193 nm photon. The vertical
dotted lines in the figure indicate the maximum accessible translational energies, i.e. the
expected translational energy when all of the available energy is released into translation,

for the three energetically accessible N—CO dissociation channels.

The single-photon ionization method in this work means that the HCO and N(CH3), photofrag-
ments are not selectively detected in a specific quantum state. The measured translational
energy distributions for the two fragments therefore reflect the electronic, vibrational and
rotational state distributions of the nascent fragments. After fragmentation of the ‘peptide’
bond, the total translational energy distributions determined from the HCO and N(CH3),
ion images should be identical. However, the translational energy distribution obtained

from the N(CH3), ion image is narrower than the one obtained from the HCO ion image.

4The Er distribution labelled HCO was obtained from the measured E, distribution of the HCO fragment
multiplied by the mass factor (73/44). The same procedure was carried out to obtain the total translational
distribution from the N(CH3), measured E; distribution, except that in this case the mass factor is (73/29).
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In this particular situation, as will now be discussed, the difference is mainly due to the

different detection schemes employed in the two cases.

The m/z 44 ion image shown in Figure 5.6 was obtained in a one-laser experiment, in
which the DMF molecule absorbs one 193 nm photon leading to C—N bond cleavage, and
the N(CH3), fragment is then ionized by a second 193 nm photon. Under these conditions,
only a single mass appears in the mass spectrum, at m/z 44, corresponding to the N(CH3), "
ion, with no evidence of any secondary fragmentation processes. The translational energy
distribution obtained from the ion image of N(CHj3), is depleted in the 0.5-1 eV transla-
tional energy region, relative to that obtained from the HCO ion image. The most likely
explanation for this is that N(CH3), products formed with significant internal excitation are
more likely to be ionized by the second 193 nm photon, leading to a fall off in detection

efficiency with increasing translational energy (i.e. decreasing internal energy).

Primarily owing to the fact that the N(CH3)2+ cation is highly unstable, the IP for the
N(CH3), fragment is still open to debate. From the total translational energy distribu-
tion obtained from the N(CHj3), ion image, we attempt to derive the value of its IP. The
measured cut off for the N(CH3), Et distribution is 1.24 eV, therefore, the maximum in-
ternal energy of the highest Et fragments is 1.47 eV. Internal excitation of the N(CHj3),
fragment would have the effect of lowering the photon energy required to exceed the IP
threshold. If the extreme case is considered, in which all the available internal energy is
distributed as internal energy of the N(CH3), fragment, i.e. the HCO fragment is produced
with no rotational, vibration, or electronic excitation, then the observed Et ‘cut off’ for the

N(CH3), fragments suggests a maximum IP for this fragment of 7.88 eV.

Having addressed the discrepancy at high translational energies, the features that are appar-
ent in the ET distribution can be considered. These distributions are fairly broad indicating
that many internal states of the co-fragments are produced. There are a number of regular
steps that appear in the 0.5 to 1 eV energy range in the ET distribution obtained from the
HCO ion image, which are also observed in the Et distribution obtained from the N(CHj3),
ion image. The separation between these steps is about 0.1 eV. The likely superposition
of multiple different vibrational excitations, combined with the achievable velocity reso-
lution of the experiment, means that it is not possible to assign these features definitively.
However, these steps could indicate excitation of one quantum in the v, bending mode of
the HCO fragment, the vibrational energy of which is 0.13 eV or 0.10 eV for ground and
excited states of HCO, respectively. Excitation of such a mode would be consistent with
impulsive dissociation of the N—CO bond. However, there are also a number of N(CH3);

vibrational modes that could be excited, including the vo mode (0.11 eV) that corresponds
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to antisymmetric N—C stretch. The images shown in Figure 5.6 are highly anisotropic,
indicating that dissociation occurs on a timescale much faster than molecular rotation. This
is consistent with an impulsive dissociation that would lead to bending excitations in the
two fragments. The anisotropy paramaters obtained from these images will be discussed in
detail in Section 5.3.2.4.

5.3.2.2 Secondary fragmentation processes

We have seen that intact N(CH3), ions can be detected via 193 nm photoionization. How-
ever, VUV photoionization yields unstable N(CH3),™" ions, which rapidly undergo sec-
ondary dissociation to yield NCoHZ, NCoHj , and NH4*. As will be discussed, the transla-
tional and angular distributions of these secondary fragment ions reflect that of the primary
N(CH3), fragment, and therefore we can gain further insight into the primary N—CO bond
fission process by analysing the velocity-map images of these secondary fragmentation

products.

First we shall consider the NCQHgr and NC2HI fragment ions, which result from H-atom
and Hj losses, respectively. These H and H» co-fragments are so light relative to the ob-
served fragment ions that conservation of momentum means they will carry off essentially
all of the translational energy released in the secondary fragmentation step. Therefore, the
translational energy release distributions of the fragment ions may be assumed to reflect
those of the primary N(CHj3);, product. The ion images of NCZHS+ and NCQHI are shown
in Figure 5.7, along with the Er distributions obtained from these images.> As will be
discussed further in Section 5.3.2.4, the anisotropy in the images presented in this section
is strong evidence that these fragments do indeed result from secondary dissociation of
N(CH3),. The observation of the intact N(CH3), " ion following 193 nm ionization, but
not following 118 nm ionization, implies that N(CH3), undergoes dissociative ionization
on absorption of a high energy VUV photon, rather than neutral dissociation. The Et dis-
tributions, shown in Figure 5.7, of the NCoHs™ and NC,H " fragment ions allow us to
confirm that the neutral dissociation of N(CH3); to form NC,H;5 and NC,Hy does not play
a significant role in the dissociation dynamics considered here. The ‘cut off” for the Et dis-
tribution obtained from the image of NC,H;5™", indicates that around 1.25 eV of the 2.71 eV

available energy is released into translation. If we consider the extreme case in which all of

3In order to obtain the total translational energy distributions from the individual E; distributions, the
two-step, three-body process which yields these fragment ions has been treated as a one-step, two-body
dissociation. The Et distributions shown in Figure 5.7, derived from the NC;Hs " and NC,H4 ™ ion images,
are obtained by multiplying the individual E; distributions with the (73/29) mass factor.
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Figure 5.7: Total translational energy distributions obtained from velocity-map im-
ages of NCZHI (m/z 42, black trace) and NCzHgL (m/z 43, blue trace), which both
result from secondary dissociation of the N(CH3), photofragment. The area under
each P(ET) distribution is normalized to unity, and the maximum translational en-
ergies for the lowest lying fragmentation products that result from N—CO ‘peptide’
bond fission are indicated by the vertical dashed black lines.

the remaining available energy goes into vibrational excitation of the N(CH3), fragment,
which could therefore be channeled into bond breaking, the N(CH3), fragments produced
with high translational energy would only have about 1.46 eV of internal energy. Therefore,
even in the extreme case proposed here, these fragments would not have enough internal
energy to undergo neutral secondary dissociation to yield NC,Hs + H, for which the bond
dissociation energy is 1.51 eV. The case is the same for NC,Hy " production. Although the
neutral bond dissociation energy of N(CH3z), to form NC,H4 + Hj is lower, 1.21 eV, the
Er distributions obtained from the image of NC,H; " extends out to higher translational

energy than in the case of NCoHs ™.

The Er distribution obtained from the NC,H4 " ion image is substantially broader than the
one obtained from the NC,Hs ™ ion image. This comes about since the former contains a
contribution from the ground electronic state of N(CH3),, as proposed by Forde et al. [8]
through means of a complimentary experiment with trimethylamine. Dissociative ioniza-
tion of the excited electronic state of N(CH3),* yields both NCoH4™ and NC,Hs ™. We
regard the Et distribution obtained from the NCZHgL ion image as corresponding to the
ET distribution of the HCO + N(CH3),* dissociation channel. The slow component in the

Et distribution obtained from the NCQHI ion image also corresponds to the N(CHj3),*
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Figure 5.8: Translational energy distribution obtained from the velocity-map im-
age of NHI (m/z 18), which results from secondary dissociation of the N(CHjz),
photofragment following VUV photoionization.

dissociation channel, whereas, the fast component, not observed in the Et distribution
obtained from the NCzHgL ion image, is assigned to the HCO* + N(CH3), dissociation

channel.

As discussed in Section 5.3.1, the NH4 ™ fragment ion also originates from a secondary
fragmentation of N(CH3), following VUV photoionization. The velocity-map image of
NH4 ™, and the translation energy distribution obtained from this image are shown in Fig-
ure 5.8. Note that the energy scale has not yet been converted to total translational energy.
It may at first be thought that the secondary fragmentation event that yields NH4+ will have
a more significant recoil kick than in the case of NCZHI or NC,HZ, which would result in
substantial broadening of the E; of the NH4" ion relative to that of the primary N(CH3),
fragment. However, the excess energy gained in the ionization step is consumed in rear-
rangement and fragmentation of the NC2H8L fragment ion, and, therefore, the velocity kick

that occurs when NC2H6+ loses CoH; to form NHI is negligible.

The m/z 18 fragment ion could at a first glance of the TOF-MS, shown in Figure 5.5 (b),
be assumed to be a water (H,O) impurity in the molecular beam. However, analysis of
the DMF-d; TOF-MS, and further information obtained from imaging, allows us to be
confident with the assignment of NH, " for this mass peak. In the deuterated analog of the
TOF-MS, the peak corresponding to ND4t (m/z 22) is observed, whereas the D,O peak
(m/z 20) is not present. In addition, the ET distribution obtained from the m/z 18 ion image
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has a broad translational energy distribution, and therefore must result from a fragmentation
event. If a water impurity in the molecular beam were ionized,® the resulting ion would
not have any significant transverse velocity, and would be observed as a central dot when

velocity-map imaged.

5.3.2.3 Branching within the ‘peptide’ bond fragmentation channel

From the TOF-MS data we have estimated the branching ratio between the N—CO ‘pep-
tide’ bond fission and N—CHj3 fragmentation channels. Within the ‘peptide’ bond frag-
mentation channel, we can analyse features of the measured translational energy release
distributions to quantify the contributions to the signal from different electronic states of
the nascent fragments. As discussed, and illustrated in Figure 5.3 (a), following 193 nm
photoexcitation of DMF, N—CO bond fission can result in formation of (i) the ground state
products, HCO + N(CH3),, (ii) the formyl radical in its first excited electronic state with
a ground state dimethylamidogen co-fragment, HCO* + N(CH3),, and (iii) a ground state
formyl radical with the dimethylamidogen radical in its first excited electronic state, HCO
+ N(CH3),".

Reconstruction of the Et distribution resulting from N—CO bond fission

As discussed, though 193 nm light does achieve ionization of some of the primary N(CHj3);
fragments, this method does not detect all of the nascent N(CHj3);, fragments. Therefore,
in the following we consider the NH4", NCoHyt, or NC,Hs™ fragment ions which result
from dissociative ionization of N(CH3), following VUV photoionization. The sum of the
scaled individual total translational energy distributions obtained from the velocity-map
images of each of these secondary fragment ions gives the total translational energy dis-
tribution for the ‘peptide’ bond fragmentation channel. The individual contributions to the
overall Et distribution can be determined from the two-colour TOF-MS spectrum, shown
in Figure 5.5 (a). Integrating the areas under the three peaks corresponding to NH4™,
NC,H4 ™", and NC,Hs™ in the TOF-MS spectrum gives the following experimental weight-
ing coefficients: 0.17, 0.49, and 0.34 for m/z 18, 42, and 43, respectively. By multiplying
each total translational energy distribution by its corresponding weighting coefficient, and
then summing the individual contributions, it has been possible to obtain the ‘reconstructed’
ET distribution shown in blue in Figure 5.9. This reconstructed distribution represents the

distribution that would be obtained if it were possible to directly detect all of the primary

It is noted that the ionization of water would have to occur in a multiphoton process since its IP, 12.62
eV [15], exceeds the energy available from one VUV photon.
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Figure 5.9: A scaled P(ET) distribution obtained from the image of HCO (green) is
compared to the reconstructed N(CHz), P(ET) distribution (blue), which takes into
account contributions from all the fragments that result from secondary dissociation
of this species (see text for details). The ‘missing’ HCO trace (black) has been ob-
tained by subtracting the former from the latter. The vertical dashed black lines indi-
cate the maximum translational energies for the lowest lying fragmentation products
that result from N—CO ‘peptide’ bond fission.

N(CH3), photofragments. The low energy region of this reconstructed Et distribution (up
to around 1 eV) has contributions from all three secondary fragmentation products, which
result from secondary dissociation of the N(CH3),* fragment. The main contribution to the
high energy region, which extends to around 1.8 eV, comes from NC,H4 ™" resulting from

ground state N(CH3), secondary dissociation.
Neutral dissociation of the HCO fragment

The reconstructed ET distribution has been compared with that obtained from the image of
the HCO co-fragment, shown in Figure 5.9 in green. This latter P(ET) distribution has been
scaled to account for the discrepancy between the number of observed HCO fragments
and the total number of fragments resulting from secondary dissociation of N(CHj3),, as
mentioned in the discussion of branching ratios in Section 5.3.1. The third distribution
(shown in black in Figure 5.9) has been obtained by subtracting this HCO P(ET) distribu-
tion from the reconstructed P(ET) distribution. Such a distribution gives an idea of which

(and what fraction) of the HCO fragments undergo neutral dissociation, and are therefore

130



5.3. Results and Discussion

not detected (hence, the label of ‘missing” HCO). As discussed, the low energy region of
the reconstructed Et distribution has been assigned to N(CHj3),* production. Since the
channel resulting in formation of both photofragments in their first excited electronically
excited states is not accessed here, the low energy region must correspond to production
of N(CH3)," + HCO. We consider that the low energy region of the ‘missing” HCO Et
distribution corresponds to production of ground state HCO that has sufficient internal en-
ergy to go above the H + CO dissociation threshold. The higher energy region of this Et
distribution, in the range from around 0.6 eV to 1.8 eV, is considered to correspond to for-
mation of electronically excited HCO* (formed with ground state N(CH3);) that undergoes
predissociation to yield H + CO.

Branching between the HCO*, N(CH3),* and CHj; dissociation channels

In summary, analysis of the Et distributions obtained from the ion images of all of the
fragments resulting from N—CO ‘peptide’ bond fission reveals that the high ET fragments
result from the HCO* + N(CHj3), dissociation channel, whereas those at lower Et result
from the HCO + N(CHj3),* dissociation channel. The dissociation channel that produces
ground state products, which is symmetry forbidden within the planar framework of DMF,
is not thought to be active. The channel that yields both fragments in the first electronic
excited state, HCO* + N(CH3),*, is only just accessible with the photon energy available
from 193 nm light. However, this channel is also symmetry forbidden, and is not thought
to play a significant role in the dissociation dynamics resulting from 193 nm photolysis
of DMF.” Therefore, only the HCO* and N(CH3),* channels from N—CO ‘peptide’ bond
dissociation will be considered in the following relative branching. By taking into account
the CH3 elimination channel, which will be discussed in the next section, it is possible to
evaluate the relative branching between the three DMF dissociation channels: the HCO*
channel, the N(CH3),* channel, and methyl elimination channel. HCO* + N(CH3), : HCO
+ N(CH3),* : HCONCH3 + CH3 = 0.06 : 0.74 : 0.24.8

As discussed, there can only be a limited comparison between the work presented here and
the study by Forde et al. [8]. In the previous work, many of the mass peaks observed
were assigned contributions from several different fragments, which resulted from primary
and secondary dissociation. In the current work, from the TOF-MS following 193 nm

photolysis of DMF-d7, in combination with information obtained from imaging, it has been

"Excitation and dissociation of vibrationally excited parent molecules (resulting from inefficient cooling
in the supersonic expansion) to yield these products may account for the intensity occasionally observed in
the central region of the velocity-map images.

8This ratio has been obtained from the relative ratio of the photofragments observed in the TOF-MS, and
the branching into HCO* and N(CHj3),* channels from the Et distribution of m/z 42.
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possible to clarify the identities of these fragments shown in Figure 5.5 (b). In addition,
from the ET distributions of the fragments resulting from primary N—CO bond fission,
the contribution to the DMF dissociation from the HCO* dissociation channel has been
observed for the first time. Forde et al. obtained a branching ratio of 0.15 : 0.49 : 0.36 for
HCO + N(CH3), : HCO + N(CH3),* : HCONCH3 + CHs. As discussed the ground state
product channel is not thought to be active here. The current work has also observed the
dominant channel to be production of HCO + N(CH3),*, which have been assigned to the
asymptote of the S, state.

5.3.2.4 Photofragment angular distributions

As illustrated by the PECs shown in Figure 5.3 (a), initial excitation to the S; electronic
excited state of DMF leads to ground state N(CH3), and HCO, whereas direct dissociation
on S, along the N—CO bond coordinate leads to electronically excited N(CHj3),*, and
ground state HCO. The former dissociation yields fragments with more translational energy

than those that result from the latter dissociation channel.

The angles of the transition dipole moments (ut) relative to the dissociating N—CO bond
have been calculated (as described in Section 5.2.2) for the S¢/S| and Sy/S; transitions as
9° and 14.5°, respectively. Both transitions are nearly ‘parallel’, for which the limiting
anisotropy parameter is 3=2. From the u angles, anisotropy parameters have been calcu-
lated for each of the transitions. For Sg<—S; we obtain $=1.92, and for Sy<S,, f=1.81.
However, such calculations assume a rapid dissociation. As shown in Figure 5.3 (a) the S

state exhibits an energy barrier to dissociation, and S; is partially bound.

The ion image of HCO, shown in Figure 5.6, yields an anisotropy parameter of 0.95 in
the low ET energy range from 0.2 eV to 0.6 eV, corresponding to the HCO + N(CHj3),"
dissociation channel. The value of the anisotropy parameter is observed to increase to 1.6
in the high Et energy range from 0.6 to 1.2 eV, corresponding to the HCO* + N(CH3),
dissociation channel. The ion image of the N(CH3), fragment (detected via 193 nm pho-
toionization) yields an Et distribution that corresponds to HCO + N(CHj3),* production.
The anisotropy parameter obtained from this image has a value of 1.15. These large posi-
tive anisotropy parameters obtained for both the HCO* and N(CHj3),* dissociation channels
indicate an initial ‘parallel’ transition, which is consistent with initial population of both
the S; and S, states.

The images of the NH4™, NC,H;, and NCZH;r fragment ions, shown in Figures 5.7

and 5.8, all display significant and quite similar anisotropy, which assists in confirming
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that these fragment ions do indeed result from an initial N—CO ‘peptide’ bond dissoci-
ation. As will be seen in Section 5.3.3, such anisotropy is not observed for those frag-
ments that result from competing dissociation channels. Anisotropy parameters from the
NC,H4 " image have been obtained for the low Et region, which corresponds to production
of HCO + N(CHj3),*, and for the high ET range, which corresponds to production of HCO*
+ N(CH3),. These are 1.07 and 1.24, respectively. An anisotropy parameter value of 1.28
and 0.9 has been obtained from the NC;Hs™ and NH,; " ion image. These fragments result
from secondary dissociation of N(CHj3),*. Though secondary dissociation may have the
effect of reducing the observed anisotropy, the values obtained will at least qualitatively

reflect the anisotropy resulting from primary fragmentation.

It appears that the images of the fragments resulting from the HCO + N(CHj3),* disso-
ciation channel yield anisotropy parameter values of around 8 = 1. These fragments are
assigned to the asymptotic limit of the S, state. The observed 8 are reduced as compared
to the calculated value for an initial Sg<—S; transition. This reduction in the angular distri-
bution may come about as a result of the partially bound character of the S, state. HCO*
+ N(CH3) photofragments appear to result with larger . These fragments are assigned
to the asymptotic limit of the Sy state, therefore a fast crossing from the initially excited
state to the Sq state must occur as dissociation proceeds along the N—CO bond stretching

coordinate.

5.3.3 Competing fragmentation channels

5.3.3.1 Methyl elimination channel

As shown by the PECs displayed in Figure 5.3 (b), dissociation along the N—CH3 stretch-
ing coordinate on the S, state of DMF proceeds over a barrier to yield the electronic ground
state HCONCH3 + CH3 products. The DFT calculations return a DMF N—CHj3 bond dis-
sociation energy of 3.60 eV to yield these ground state products. The S| excited electronic
state is bound within the energy region accessed here, whereas the Sq state correlates with
the first excited state of HCONCHj3* formed with a ground state CH3 co-fragment. The en-
ergy of this HCONCH3™ fragment lies at an energy of 0.53 eV above its electronic ground
state. The second excited state of HCONCH3 is also energetically accessible following 193
nm photolysis of DMF, since it lies only 1.33 eV above its ground state. In contrast, the
first excited state of the CHj3 radical is 5.73 eV above its ground state [20], and therefore

will not be formed.
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Figure 5.10: Total translational energy distribution obtained from the velocity-map
image of CH3 (m/z 15), which results from primary N—CH3 bond fragmentation.

Of the two primary photofragments that result from N—CH3 bond fragmentation, only
CHj3, with m/z 15, is observed in the TOF-MS. This indicates one of two things: either
the HCONCHj3 fragment, m/z 58, has an IP that exceeds the energy of the 118 nm photon
employed for the photoionization step, or the fragment ion formed as a result of VUV

photoionization is very unstable and undergoes secondary fragmentation.

The total translational energy distribution obtained from the CH3 ion image, shown in Fig-
ure 5.10, exhibits a broad, structureless peak at lower ET than was observed for the frag-
ments resulting from primary ‘peptide’ bond fission. The energy released into translation
in the N—CH3 bond dissociation channel is significantly less than the available energy. The
observed distribution is consistent with initial excitation to a bound region of the excited
state (S; or S;) and a dissociation mechanism that proceeds either over a barrier (such as
that on the S, state), or via internal conversion (IC) followed by fragmentation of internally
‘hot” parent molecules on the Sy state. Such processes result in highly internally excited
fragments, with only a small fraction of the available energy being released into translation.
The CH3 ion image displays an isotropic angular distribution. Such a distribution can be

the result of a slow dissociation (either over a barrier or via IC).
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Figure 5.11: Translational energy distribution obtained from the velocity-map image
of m/z 28, which potentially results from a molecular dissociation channel.

5.3.3.2 m/z 28 production

The fragment observed at m/z 28 in the TOF-MS presents another possible competing frag-
mentation channel. The ion image of m/z 28, shown in Figure 5.11 is fairly isotropic,
and this fragment is not thought to originate from primary N—CO ‘peptide’ bond fis-
sion. m/z 28 could correspond to a number of different fragment ions, including CO™
and NCH, ™.

The production of m/z 28 does not correspond to formation of neutral CO. If the CO frag-
ment was formed as a neutral it would not be possible to detect it, since the IP of this
fragment, 14.01 eV [15], exceeds the photon energy of a single VUV photon. The CO™
ion could potentially be formed from a dissociative ionization of HCONCH3. However,
m/z 28 is not observed in the two-colour TOF-MS of DMF-d;, which could indicate that

this fragment is not CO™.

As will be discussed in Chapter 6, the NCH, " ion has been observed in the dissociation of
the DMF ion, though its structure is unconfirmed. In the case of DMF* ion photolysis this
fragment ion could result from secondary dissociation of either NCZHgr or HCONHCH, .
However, in the case of the neutral dissociation study, it is most likely that m/z 28 cor-
responds to NCH, ™, which results with a neutral OCH, co-fragment from dissociative
ionization of HCONCH3. Considering that a significant fraction of the energy available

to the fragments would be consumed in the rearrangement, and the secondary fragments
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Figure 5.12: Et spectrum derived from the H atom TOF spectra for DMF photolysis
with 193 nm light.

would have little recoil kick, it can be expected that the translational and angular distribu-
tions of the secondary fragments would reflect those of the primary ones, as was observed
for NH4 ™.

5.3.3.3 H elimination

In collaboration with the Bristol laser group, H Rydberg atom photofragment translational
spectroscopy has been employed to investigate H loss from DMF. TOF spectra of H atoms
from photolysis of DMF were acquired at an excitation wavelength of 193 nm. These
were converted to total translational energy release, Et, spectra of the H + CON(CH3);

products, with respective masses my and mg, where R is the radical co-fragment, using the

2
Er— %mH (1 n Z—;’) (g) (5.1)

where d is the length of the flight tube (36.9 cm). A t~3 Jacobian has been applied to re-bin

relationship

the intensities. The co-fragment resulting from primary C—H bond fission in DMF would
have mr = 72.09 u.

The Et spectrum derived from the H atom TOF spectra from DMF photolysis with 193 nm
light is displayed in Figure 5.12. The spectrum displays a peak at low Et (<0.5 eV) that
stretches to ET ~1.5 eV, and a low intensity feature extending to much higher translational

energy. The profile of this signal at low ET, and its relative insensitivity to changes in
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excitation wavelength,” suggests that this component is most likely attributable to H atoms
from the unimolecular decay of highly vibrationally excited ground state parent molecules
formed following internal conversion from the excited electronic state(s) populated in the
initial photon absorption [21]. The fast component extends to an Et that is far greater than
can be accommodated in terms of C—H bond fission within the methyl or aldehydic groups,

but would be consistent with secondary photolysis of HCO radicals.'°

5.4 Conclusions

We have presented our preliminary analysis of the 193 nm photolysis of N,N-dimethylformamide.
This amide presents three fragmentation channels: (i) N—CO ‘peptide’ bond fission, which
yields HCO + N(CHj3);,, (ii)) N—CH3 bond fragmentation, which yields HCONCHj3 + CH3,
and (iii) H-atom loss. A branching ratio has been obtained for the N—CO and N—CHj3
fragmentation channels, HCO + N(CH3), : HCONCH3 + CH3z = 0.76 : 0.24, which agrees
qualitatively with the ratio obtained by Forde et al. [8]. Analysis of the ET distributions ob-
tained from images of the fragments resulting from primary N—CO ‘peptide’ bond fission
reveals the production of the HCO* + N(CH3), and HCO + N(CHj3),* photofragments, with
the latter being significantly more abundant. The non-statistical translational energy distri-
butions and large positive anisotropy parameters obtained from the images of the fragments
resulting from primary N—CO ‘peptide’ bond fission indicate that this is a relatively rapid
process. The Et distributions obtained from the HCO and N(CH3), primary photofrag-
ments show evidence for bending excitations in these products, which is consistent with
an impulsive dissociation. The primary CH3 photofragment, resulting from N—CHj3 bond
fragmentation, has been observed, whereas its co-fragment, HCONCH3, most likely under-
goes secondary dissociation to form m/z 28. N—CHj3 dissociation yields highly internally
excited fragmentation products, which display isotropic angular distributions, in contrast
to those observed for the fragments that result from primary N—CO ‘peptide’ bond fis-
sion. An overall branching ratio for HCO* + N(CHj3), : HCO + N(CH3),* : HCONCH3
+ CH3 of 0.06 : 0.74 : 0.24 has been obtained. H loss from DMF has been investigated
though H Rydberg atom photofragment translational spectroscopy. This has revealed that

H loss most likely results from unimolecular decay of highly vibrationally excited ground

°H loss from DMF has been investigated at a number of different UV wavelengths using the H Rydberg
atom PTS, the results of which will be presented in full in a future publication [11].

10The details of this will be discussed further, in light of the results of H atom production at a range of
photolysis wavelengths, in the future publication [11].
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state parent molecules, which are formed following internal conversion from the excited

electronic state(s) that are populated in the initial photon absorption.
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6.1 Introduction

Peptide bonds link amino acids within polypeptide chains, which form proteins. These
large macromolecules are an essential part of life as we know it. An increasingly important
method for determining the structures of such large biomolecules is through the analysis
of the fragmentations which occur in mass spectrometry (MS) [1-5]. There are a range
of methods used to achieve fragmentation within mass spectrometers. These include in-
frared multiphoton photodissociation (IRMPD), collision induced dissociation (CID), also
known as collision-assisted dissociation (CAD), electron capture dissociation (ECD), and
ultraviolet photodissociation (UVPD) (see [6] and references therein). Different activation
methods achieve different fragmentation patterns. For example, IRMPD involves small

incremental transfer of energy, and the excitation generally occurs on a timescale which
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Figure 6.1: Structure of a generic dipeptide radical cation. Three bond fragmenta-
tions are illustrated, see text for details.

allows for intramolecular vibration redistribution. As a result of this, IRMPD generally
results in statistical dissociation, with the weakest bond being most likely to fragment. In
contrast, UVPD directly transfers a significant amount of energy to the species of interest.
Such a process would be more likely to result in fast direct cleavage of a bond within the

absorbing chromophore, without further vibrational redistribution.

In order to discuss in a clear and concise way the various possible fragment ions, the mass
spectrometry community has developed a succinct nomenclature. The labelling of the frag-
ment ions is illustrated for a generic dipeptide in Figure 6.1. If, following fragmentation,
the amino-termius (left-hand side) retains the charge, the ion is labelled a, b or ¢. How-
ever, if the charge remains on the carboxy-terminus then the ion is labelled x, y or z. The
allocated letter depends on which bond has been broken within the peptide chain. The pri-
mary fragmentation within polypeptides is of the C-N peptide amide bond [5], resulting in

formation of either b or y ions.

At present, there is no fundamental theory to predict the fragmentation patterns of proteins
in mass spectrometry studies. It is often the case that the true structure of the fragment
ions is not known [5]. Though MS obtains the masses of the fragments, it alone is not
able to reveal the connectivity within the parent molecule. Generally, MS studies are com-
bined with techniques such as ion mobility spectrometry [7-10] and hydrogen/deuterium

exchange [11-13] to determine the structure of proteins.

It is neither practical, nor currently possible, to undertake dynamical studies, such as
those presented here, on such large species. However, fragment imaging studies on model
peptide-bond-containing compounds can reveal how the larger biomolecules, which con-

tain such structures, might be expected to dissociate. As discussed in Chapter 5, N,N-
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Figure 6.2: N,N-dimethylformamide cation. Labelling of the bond fragmentations is
consistent with Figure 6.1, see text for details.

dimethylformamide (DMF), shown in Figure 6.2, with its carbonyl-nitrogen bond linkage,

has been chosen as our model for a peptide bond.

MS studies involve fragmentation of the parent ion, generated by means of electrospray
ionization (ESI), matrix-assisted laser desorption/ionization (MALDI), electron impact (EI)
ionization or vacuum-ultra violet (VUV) photoionization [1-5, 14]. Therefore, the work
presented here, which employs time-of-flight mass spectrometry and velocity-map imag-
ing, has investigated the photofragmentation of the DMF cation, DMF", generated by

means of VUV photoionization.

Arimura and Yoshikawa [15] have identified a number of key photofragment ions resulting
from VUV photoionization of DMF in the energy range 9 - 13 eV. They were able to
measure the appearance energies of these fragment ions and of the DMF parent cation
(m/z 72). Three of the fragment ions observed, CON(CH3), " (m/z 72), NC2H6+ (m/z 44),
and HCONCH; ™" (m/z 58), were assigned to unimolecular decomposition processes of the

parent ion:

(A) H loss (from the carbonyl carbon)

HCON(CH3); — H+ CON(CH3);

(B) N—CO ‘peptide’ bond cleavage

HCON(CH3); — HCO + NC,H{

(C) N—CHj3 bond fragmentation

HCON(CH3)3 — HCONCH; + CHj
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The bond cleavages involved in these fragmentation processes are illustrated in Figure 6.2.
Channel (B) involves fragmentation of the ‘peptide’ bond, which is of particular interest in
the current work. The NC2H6+ ion, which results from this apparently simple N—CO bond
cleavage process, was observed to have an appearance energy (AE) of 10.59 eV [15]. How-
ever, a second rise in intensity of the m/z 44 ion, at around 12.2 eV, was also apparent. From
these observations Arimura and Yoshikawa constructed a schematic plan of the potential
energy surfaces of the DMF cation, along the lines of that shown in Figure 6.3 (b). The
first appearance energy was assigned to formation of HCO + NC2H6+ from a vibrationally
excited ground state DMF™ parent ion. Excitation to a bound excited state, at around 12
eV (above the neutral ground state of the DMF parent), followed by internal conversion to
a dissociative state, results in the formation of the same HCO + NCzHgr products, but with

significantly more of the available energy released into product translation.

The AEs of the ions resulting from Channel (A), CON(CHj3), ™, and Channel (C), HCONCH3 ",
were both determined to be 10.77 eV [15]. Since these AEs were so similar to the first AE
of NCzHg, the formation of all three ions was tentatively attributed to fragmentation of the
vibrationally excited parent ion in its electronic ground state. Such an internally excited
parent molecule was considered to result from an ionization step involving the removal of
an electron from the antisymmetric 7 molecular orbital (which if the conjugation between
the carbonyl and nitrogen were removed would exist as a lone pair on N), which reduces
the strength of the N—CO bond and causes significant structural changes within the parent

molecule.

In quick succession to Arimura and Yoshikawa’s study, though apparently without refer-
ence to this previous work, Riley and Baer [16] undertook a photoelectron-photoion co-
incidence (PEPICO) study of the unimolecular decay of low energy DMF cations, in the
photon energy range 11.11 - 11.49 eV. Although the CON(CHj3), ™ ion, Channel (A), is en-
ergetically accessible in the energy region investigated [15], Riley and Baer concluded that
the m/z 72 ion did not result from H loss from the parent cation, but was in fact formed from
fragmentation of a DMF cluster [16]. Therefore, the authors focused their investigation on
Channel (B) and Channel (C). Through RRKM modelling of the PEPICO data, barriers to
dissociation were found at energies of 1.60 eV and 1.68 eV (above the ground state of the

parent ion), for Channel (B) and Channel (C), respectively.

The consistency in the barrier heights for Channel (B) and Channel (C) determined by
Riley and Baer [16] and the AEs of the corresponding ions determined by Arimura and
Yoshikawa [15], serves to strengthen the argument that photoionization results in forma-

tion of internally excited parent ions that have enough energy to surpass the dissociation

146



6.1. Introduction

(a) H loss (b) N—CO bond cleavage (c) N-CH, bond fragmentation
A A Bound excited A
state of the ion
2 , 2
& AE(C,H,N") &
o | \\/. - 12.2eV Lo
AE(C,H,NO") Dissociative ) AE(C_H,NO*)
g state of the ion AE(C,HN") 2.
- 10.77 eV > ”””107,7579767\/7”7 > TS,,,JQ-YZQ\/,,,
<y S >
: 213 1E
L | < w2 CH_(NH)CO*
< + 3
S | lon GS s N7 heo.. CHNHCH," | 51 N\ +CH,
E E Trans::lon State E Transition State
V4 N /2 HZC/\\ 7
Vyuy 1 /N—cHo (CHa)zN—C\
10.49 eV e o
Neutral GS
»
C-H bond length C-N bond length N-CH, bond length

Not to scale

Figure 6.3: Schematic diagrams of the electronic states involved in three different
photofragmentations of DMF". (a), (b) and (c) show cuts through different dimen-
sions of the multidimensional potential energy surfaces of DMF™, along (a) the C—H,
(b) the C—N, and (c) the N—CHj3 bond stretching coordinates. The appearance en-
ergies obtained by Arimura and Yoshikawa [15] are shown in green. The barrier
heights for the transition states (TS, illustrated), calculated by Riley and Baer [16],
are shown in blue.

thresholds for these channels. This can be visualised with the aid of the schematic diagrams
shown in Figure 6.3, which serve to illustrate the various electronic states involved in three
different bond fragmentation channels that result on photolysis of DMF*. The individual
panels show cuts through different dimensions of the multidimensional potential energy
surfaces of DMF™, along (a) the C—H, (b) the C—N, and (c) the N—CH3 bond stretching
coordinates. These diagrams are based on the initial idea from Arimura and Yoshikawa
[15], but also incorporate the tight transition states (TSs) associated with the barriers to
dissociation, identified by Riley and Baer [16]. These tight TSs, which yield low energy
fragmentation products, are characteristic of rearrangement processes, not simple bond
cleavages, as might otherwise be expected when simply considering the molecular mass of
the products of these fragmentation channels. The structures of the TSs have been found
through ab initio calculations [16]. As illustrated in Figure 6.3 these transition states both
involve 1,2 H-shifts. Channel (B) results in formation of CH,NHCHj3 ", following loss of
HCO. Channel (C) produces CH3(NH)CO™, with loss of CHj.
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In recent years, Baumgirtel and co-workers have shown an interest in the fragmentation
processes of gas-phase prebiotic and biotic species (see for example [17-19]). Their VUV
photoionization mass spectrometry study of DMF [17] brought renewed interest to the
fragmentation of the DMF cation. In the study by Baumgirtel and co-workers, the ions
resulting from dissociative photoionization of DMF at 20 eV were identified, and fragment
ion assignments were made. As will become evident from the discussion in Section 6.3,
it was apparent that in a number of cases there were several fragment ions which could
potentially contribute to the signal observed at a particular m/z. Some of the fragment ions
could be assigned unambiguously, and Baumgirtel and co-workers [17] generally agreed
with the ion identities put forward by Arimura and Yoshikawa in their earlier study [15].

However, several ion identities remained ambiguous.

The current work extends the investigation into the photofragmentation processes of the
DMF cation. This work has employed 10.49 eV photoionization with UV dissociation
of the parent cation. The velocity-map imaging experiment used to detect the resulting
ions ensures that not only are the fragment ions identified from time-of-flight mass spec-
tra, but also, the velocity-map images of the ions yield information about the speed and
angular distributions of the products. From the latter, the dissociation dynamics leading
to production of the observed fragment ions can be revealed. In addition, in an attempt to
confirm the identities of the fragment ions resulting from dissociative ionization of DMF,
the current study has also investigated the fragmentation of the deuterated-DMF (DMF-d;)

cation.

6.2 Experiment

The photofragmentation of DMF and DMF-d; cations has been investigated using the
custom-built VMI spectrometer described in Chapter 2. The DMF and DMF-d; sam-
ples, which have a purity of >99.8% and >99.5%, respectively, were sourced from Sigma
Aldrich. For the experiments carried out here, the molecular beam was formed of a gas
mixture comprising ~0.2% DMF or DMF-d7 in 2 bar He (BOC, > 99.9%). Within the ion
optics assembly, the molecular beam was intersected orthogonally by the co-propagating
118 nm and 355 nm beams, the 355 nm laser having been used to generate the 118 nm light.
118 nm light ionized the parent molecule and the 355 nm light photolysed the parent ion.
In order to extend the energy range investigated, UV light in the wavelength range 225 nm
- 258 nm was additionally employed to photolyse the parent ion. In this latter case the UV

laser passed through the interaction region ~20 ns after the 118 nm photoionization pulse.
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All the laser beams were linearly polarised parallel to the plane of the imaging detector.
The parent and nascent fragment ions were velocity-mapped onto the 2D imaging detector.
Time-of-flight mass spectra and ion images were acquired and processed as described in

Section 2.6 and Section 2.9, respectively.

6.3 Results & Discussion

6.3.1 DMF cation formation

The lowest vertical ionization threshold of DMEF, 9.12 eV [20], involves removal of an
electron from an antisymmetric 7 molecular orbital [21]. A second vertical ionization
threshold, at around 9.4 eV, entails removal of an electron from the lone pair on oxygen
[21]. These two ion states lie close in energy and yield a single feature, the A band, in
the photoelectron spectrum [15, 21]. The photon energy of the 118 nm photoionization
laser, which exceeds both of these low lying thresholds, lies within the Frank-Condon gap
between the A and B bands of the DMF cation [21], as was the case in the experiments
of Riley and Baer [16].! Despite this, a significant parent cation signal has been observed
following photoionization of DMF with 118 nm light.> Since the photon energy (10.49
eV) exceeds the ionization thresholds within the A band of the DMF cation, the ejected
electron may originate from a number of locations within the molecule. If the electron
is removed from the lone pair on oxygen (second vertical ionization threshold), then it
can be expected that this would have little influence on the structure of the DMF cation,
since this electron is not involved in the bonding within the molecule. However, removal
of an electron from the antisymmetric 7 molecular orbital, as discussed by Arimura and
Yoshikawa [15], would have a significant effect on the DMF cation structure, and would
potentially yield a highly internally excited parent molecule. Unfortunately, in the present
work it is not possible to determine the internal energy of the parent ion formed following
VUYV photoionization. Therefore, in Section 6.3.4, when considering the energetics of the
photofragmentation processes of DMF", we have considered two limiting cases: (1) the
ejected electron departs with all of the excess energy, and the parent ion is formed in v = 0;
and (2) the electron is emitted with ‘zero’ kinetic energy, i.e. all of the energy in excess of

the first ionization threshold is available to the DMF cation.

! Approximate onsets for the A and B bands are illustrated in Figure 6.3.
>The magnitude of the DMF cation signal can be observed relative to the fragments and clusters in the
TOF-MS (obtained under ‘clustering’ conditions) shown in Figure 6.4.
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Figure 6.4: TOF-MS of DMF, under clustering conditions, following irradiation with
118 nm and 355 nm light.

6.3.2 DMF clusters

Several of the previous studies of DMF (neutral and cation) fragmentation have noted the
formation of clusters within the molecular beam [16, 22]. In the present study it has been
observed that under certain contitions DMF readily forms large clusters, see for example
the time-of-flight mass spectrum (TOF-MS) in Figure 6.4. Such cluster formation is not
unexpected, as DMF, with its carbonyl function group, can form hydrogen bonds. The
formation of DMF dimers and larger clusters has also been discussed with regards to the
liquid-phase behaviour of DMF [23]. Liquid-phase DMF clusters have been modelled with
molecular dynamics simulations [24], though such clusters have not been observed in the
liquid studies of DMF [23].

Hydrogen bonds are commonly found within protein structures. These bonds are extremely
important in determining the secondary structure of proteins. Therefore, investigation of
H-bonded cluster formation could prove interesting. However, the aim of this particular
study is not to investigate clusters, but the photofragmentation of single DMF cation units.
Therefore, these clustering effects have been minimised by reducing the flux of gas passing

through the nozzle.
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The m/z 74, [DMF+1]", signal is strongly dependent on the density of clusters in the beam.
As shown in Figure 6.4, the signal from this ion is almost equivalent in intensity to the
parent ion, [DMF] ™, signal. Under ‘non-clustering’ conditions, the dimer, [DMF,]", and
higher order clusters are absent in the TOF, and the m/z 74 signal is observed only (at most)

as a very small shoulder on the strong parent ion peak at m/z 73.

Riley and Baer concluded that the m/z 72 ion also resulted from dissociation of DMF clus-
ters (larger than the dimer) [16]. In this current work, under ‘non-clustering’ conditions,
the m/z 72 ion signal has been observed as a low mass shoulder on the very intense parent
ion peak, and therefore has not been considered further. However, we can confirm that
under ‘non-clustering’ conditions the ratio of this m/z 72 ion to the m/z 73 parent ion is
significantly reduced as compared to clustering conditions. Therefore, there is at least a

contribution to m/z 72 from cluster fragmentation.

The time-of flight mass spectra (TOF-MS) obtained under ‘non-clustering’ conditions,
along with the data from the velocity-map images of the fragment ions of interest, will

now be presented.

6.3.3 Fragment ion identification from time-of-flight mass spectra

As noted in Section 6.2, photofragmentation of the DMF and DMF-d; cations, formed
by VUV photoionization, has been investigated at a number of UV photon energies. The
time-of-flight mass spectra which result from photolysis of DMF™ using 355 nm, 258 nm,
235 nm, 230 nm and 225 nm light are shown in Figure 6.5. DMF-d; " TOF-MS resulting
from photolysis at the two shortest wavelengths, 355 nm and 258 nm, and one additional
wavelength, 243 nm, are shown in Figure 6.6. The intensities in the TOF-MS have been
normalised to the m/z 44 and m/z 50 base peaks in Figure 6.5 and Figure 6.6, respectively.
The intensities of the significant m/z peaks in the DMF TOF-MS are shown in Table 6.1.
The intensities of a select few peaks in the DMF-d; TOF-MS are shown in Table 6.2. The
values shown in these tables are relative to the intensities of m/z 44 and m/z 50 base peaks
for DMF and DMF-d>, respectively.

The fragment ions resulting from DMF ™" (DMF—d;r ) fragmentation will now be discussed
in turn, with reference to Figure 6.5 (Table 6.1) and Figure 6.6 (Table 6.2).

3The recorded DMF-d; TOF-MS will have contributions from peaks resulting from the dissociation of
DMEF, which cannot be fully eliminated from the DMF-d; sample. These have been highlighted in the TOF-
MS.
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Figure 6.5: TOF-MS of DMF following photoionization with 118 nm light and pho-
tolysis of the cation with (a) 355 nm, (b) 258 nm, (c) 235 nm, (d) 230 nm, and (e)
225 nm light. The signal in each case has been normalized relative to the base peak
(m/z 44).

Table 6.1: The relative intensities of the fragment ion mass peaks resulting from UV
photolysis of DMF. *The ions which are most likely to correspond with the observed
m/z have been included in this table.

UV wavelength / nm

m/z Ton*

118 nm + 355 258 235 230 225
15 CH3* - 2.6 7.9 2.6 18.9
18 NHy ™" 0.7 0.7 4.9 6.5 18.2
28 CNH,* 24 6.0 23.5 17.4 53.4
29 HCO™ - 6.5 4.0 2.5 18.1
30 CH4;N™ 39.1 36.1 37.9 35.0 78.3
42 NCH4t 11.7 20.9 25.7 21.4 57.1
43 NC,H5™ 1.6 1.4 3.2 4.5 8.4
44 CH3NHCH, ™" 100 100 100 100 100
45 NCZH;r 4.8 4.7 3.6 3.9 8.3
58 HCONHCH, " 28.1 - - - -
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Figure 6.6: TOF-MS of DMF-d; following photoionization with 118 nm light and
photolysis of the cation with (a) 355 nm, (b) 258 nm, and (c) 243 nm light. The
signal in each case has been normalized relative to the m/z 50 peak. The significant
peaks which result from non-deuterated DMF are marked with grey asterisks. Orange

asterisks indicate peaks which potentially have contributions from DMF and DMF-
dy.

Table 6.2: The relative intensities of the fragment ion mass peaks resulting from
UV photolysis of DMF-d;. *The ions which are most likely to correspond with the
observed m/z have been included in this table. Those ions that result from photolysis
of non-deuterated DMF are shown in grey.

UV wavelength / nm

m/z Ton*

118 nm + 355 258 243
30 CH4N" /DCO™ 22.1 26.8 36.3
34 CD4NT 25.8 19.7 24.5
42 NC,H,+ 13.7 7.6 9.8
44 CH;NHCH, " 93.0 50.5 78.1
46 NC,D4 ™ 10.8 8.4 14.1
50 CD3;NDCD, " 100 100 100
58 CH3(NH)CO™ 31.3 - -
62 CD3(ND)CO™ 56.8 - -
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Chapter 6. Photofragmentation of the N,N-dimethylformamide cation

m/z 58 (62) Channel (C), as illustrated in Figure 6.3 (c), yields the ¢ ion, CH3(NH)CO™
(m/z 58), with a CH3 co-fragment. The ion structure, proposed by Riley and Baer, is con-
sidered to be formed following a 1,2 H-shift from the carbonyl carbon to the nitrogen
within a tight transition state [16]. Baumgirtel and co-workers [17], without reference to
the work of Riley and Baer [16], suggested an alternative rearrangement, with transfer of
the hydrogen on the carbonyl carbon to the oxygen. However, there was no thermochem-
ical evidence given for this process. The m/z 58 ion is only observed at the lowest photon
energy (A = 355 nm). As will be seen, it is highly likely that this ion undergoes secondary

fragmentations when higher photolysis energies are employed.

m/z 45 This ion has only been reported once before, in the study by Baumgirtel and
co-workers [17], though no detailed discussion of its origin was presented. The ratio of
m/z 45 to m/z 44 is greater than would be expected if the m/z 45 ion results only from
13C isotope contributions. m/z 45 corresponds to NCoHZ", which would be formed with a
CO co-fragment. One possible structure of this ion is HN(CHj3), ™, which would require
a hydrogen transfer step from the carbonyl carbon to the nitrogen. A rearrangement of
this sort, with elimination of a molecular co-fragment, would result in very energetically
favourable products. However, such a rearrangement would have a significant energetic
barrier, as observed for CH3(NH)CO™ production.

m/z 44 (50) The lowest energy fragmentation of the N—CO ‘peptide bond’ yields
the y ion, m/z 44, with a neutral HCO co-fragment. This ion, NC,H/, is the major ionic
fragment across the range of photolysis energies investigated. The measured photon impact
appearance energy for NCzHgr 1s 10.59 eV [15]. As revealed by Riley and Baer [16], and
shown in Figure 6.3 (b), the m/z 44 ion is formed following significant (intra)molecular
rearrangement. Riley and Baer located a barrier resulting from a 1,2 H-shift, which must
be overcome to yield HCO + CH3;NHCH, . Baumgirtel and co-workers [17] noted that
there are a number of isomers of chHg— which have low enough enthalpies of formation
to be possible candidates for m/z 44. However, they concur that from a structural point of
view CH3NHCH, " is the most likely.

m/z 43 This ion, NC,Hs ™, most probably results from a secondary dissociation pro-
cess, which involves H loss from m/z 44. The estimated appearance energy for this ion
through this channel is around 13.2 eV [17]. As shown in Table 6.1, as the photolysis
energy increases so does the intensity of m/z 43 relative to m/z 44. This would correlate
with a mechanism which is dependent on the internal energy of the nascent m/z 44 ion.
Baumgirtel and co-workers [17] also put forward a dissociative ionization mechanism,

with a minimum AE of around 9.4 eV, which involves H transfer from the methyl group to
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the carbonyl carbon to yield NC,Hs " with an H,CO co-fragment. However, if this were the
route to formation of the observed m/z 43 ion, since this appearance energy is lower than
the AE for m/z 44, we would not expect the observed variation in peak intensity (relative to

m/z 44) with increasing photon energy.

m/z 42 (46) H; loss from NCzHg (m/7 44) yields m/z 42, NCoHy ™. D; loss from
DMF—d;r fragmentation is observed to be a fairly minor, but still evident, signal in the TOF-
MS. Such a secondary dissociation process will be dependent on the internal excitation
of the initially formed NC2H6+. As in the case for m/z 43, it can be observed that the
intensity of this secondary fragmentation product relative to m/z 44 generally increases
with increasing photolysis energy (see Table 6.1). From the relative intensities of the m/z
42 and m/z 43 signals it appears that the relatively low internal energies of the nascent
CH3;NHCH, " ions favour H, loss over H loss, which is consistent with the observations of

Baumgirtel and co-workers [17].

m/z 30 (34) This ion was observed in the work of Arimura and Yoshikawa [15] and
Baumgirtel and co-workers [17]. The latter speculated (among other less probable as-
signments) that the m/z 30 ion has the structure CH4;N™ and is formed as a primary frag-
mentation product with a CH3zCO co-fragment. Photofragmentation of DMF—d7+ yields
m/z 34, CD4N™, which is consistent with such an assignment. However, Arimura and
Yoshikawa [15] observed a rise in m/z 30 intensity, which coincided with a drop in m/z 58
intensity. Therefore, they assigned m/z 30 as the CH4N™ ion, which is formed with a CO
co-fragment following secondary fragmentation of m/z 58, CH3(NH)CO™. Such a process
would involve a rearrangement with a 1,2 H-shift from the methyl carbon to the nitrogen,
with fragmentation of the N—CO bond, to yield H,N=CH, .

m/z 29 (30) m/z 29 is only observed at the shorter photolysis wavelengths (<258
nm). The most obvious assignment for this mass is HCO, from ‘peptide’ bond rupture,
as in Channel (B), but with the resultant charge residing on the HCO co-fragment. In MS
terminology, this would be referred to as the b ion. Unfortunately it has not been possible to
cleanly subtract out the non-deuterated DMF contribution from the TOF-MS of DMF-d7+
shown in Figure 6.6. Therefore, the DCO peak at m/z 30 has contamination from non-
deuterated DMF. However, by comparing the relative ratio of the m/z 30 and m/z 34 signals
in the TOF-MS of DMF—d;r with those of m/z 44 and m/z 50, it is possible to gain at least a
qualitative idea of whether there is a contribution to m/z 30 from DMF—d;L . On photolysis
with 355 nm light these ratios are very similar (around 0.25:1), as would be expected for
a specific ratio of DMF™ to DMF—d}L , yielding the non-deuterated and deuterated forms of

these ions, which have been discussed above. However, on photolysis at 258 nm and 243
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nm the ratio of m/z 30 to m/z 34 (0.5:1) is greater than the m/z 44 to m/z 60 ratio (0.25:1).
This implies that there is an additional contribution to m/z 30 from the DCO™ ion. At the
short photolysis wavelengths the DCO™ ion is generated, which confirms that the m/z 29
signal that is observed to result on photolysis of DMF" with higher photolysis energies

comes about due to HCO™ production.

m/z 28 This ion has been observed at all photolysis wavelengths employed, though the
signal is very low following ion photolysis with the longest wavelength, 355 nm. There is a
general increase in intensity relative to m/z 44 with increasing photon energy. Baumgirtel
and co-workers [17] put forward three potential identities for m/z 28: CO*; HCNH™; and
CNH,". In the TOF-MS of DMF—d;r the m/z 28 signal is very low. In fact, the ratio of the
m/z 28 signal to that at m/z 44 reflects that in the DMF TOF-MS. If CO™ were generated
from DMF—d7+ this ratio should increase. Therefore, the more probable assignment of m/z
28 is HCNH or CNH, ™, either of which could result from secondary dissociation of either
NC,H{ (m/z 44) or HCONHCH, " (m/z 58).

m/z 18 This is a very weak signal in the TOF-MS of DMF™, which increases with
increasing photolysis energy. TOF-MS of DMF—d;r show weak signals at m/z 22, which aid
in confirming that this ion is NH4". This ion, which is formed with a C,H, co-fragment,

results from yet another secondary fragmentation of the m/z 44 ion.

m/z 15 CH3 " probably results from a fragmentation of the N-methyl bond, as in
Channel (C), with the positive charge remaining on the methyl fragment. Baumgértel and
co-workers [17] claimed that the much more intense signal observed at m/z 15 as compared
to m/z 58 was, in accordance with Stevenson’s rule, evidence that the ionization energy of
the neutral species corresponding to the m/z 58 fragment, CH3(NH)CO, was much higher
than that of the methyl radical (9.48 eV [25]). However, it is evident from the TOF-MS
of DMF™ that the m/z 58 ion is observed at the lowest photolysis energies, but not at the
higher ones. Our justification for this is that the more internally excited m/z 58 products
undergo secondary fragmentation processes. If we consider only the TOF-MS from 355
nm photolysis, the intensity of the m/z 58 ion is a third of the intensity of m/z 44, whereas
m/z 15 is not observed. This would imply the converse of the claim of Baumgirtel and
co-workers [17]; the IE of CH3(NH)CO is substantially less than that of the methyl radical.
However, for Stevenson’s rule to apply there should be no barrier to the formation of either
of the product ions. Since this is known not to be the case for CH3(NH)CO™ production,
and most likely is not the case for CH3 " formation, we can simply state that the barrier to
formation of the CH3(NH)CO™ + CHj3 products is lower than that to forming the m/z 15

101n.
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In summary, the use of 118 nm light enables us to generate a low energy DMF™ parent
ion, which when photolysed with UV light yields a wide range of fragmentation products.
By employing UV light in the wavelength range from 355 nm to 225nm, it is possible to
access an energy range from around 3.49 eV (min) to 6.88 eV (max) above the ground state
of the DMF™ ion. In contrast, the TOF spectra of Baumgirtel and co-workers [17] were
generated using 20 eV photoionization. The latter generated relative m/z peak intensities
which were comparable to those observed in TOF studies using 70 eV electron impact ion-
ization [17]. The shortest photolysis wavelengths employed in the current study (235 nm
- 225 nm), yield relative peak intensities which are comparable with the previous studies.
However, by reducing the UV photon energy we are able to reduce the extent of secondary
fragmentation processes, and therefore reveal the primary dissociation processes. These in-
volve N-carbonyl ‘peptide’ bond fragmentation, as in Channel (B), and N-methyl cleavage,
as in Channel (C). The fragment ions resulting from secondary fragmentation processes
of the internally excited CH3;NHCH, ™ (m/z 44) and CH3(NH)CO™ (m/z 58) ions become

more apparent when higher photoylsis energies are employed.

6.3.4 Further insight from velocity-map imaging

Velocity-map images have been acquired for the fragment ions resulting from UV photofrag-
mentation of DMF" with 355 nm, 258 nm and 225 nm light. A direct comparison will now

be made between the dynamics of the two main primary dissociation channels.

Characteristic energy redistributions

As noted above, photolysis of DMFT with shorter wavelength light, e.g. 258 nm or 225 nm,
appears to open up a substantial number of secondary fragmentation processes, whereas,
photolysis with lower photon energies (in this case 355 nm light) reveals the main primary
fragmentation channels, Channel (B) and Channel (C). For these two primary fragmen-
tation channels the translational energy, ET, distributions obtained from the velocity-map
images of the fragment ions have been evaluated as a function of ft, the fraction of the
available energy, E,,, which goes into translation. These distributions are shown in Fig-
ure 6.7. The available energy has been determined from the energy provided by the photon

in excess of that required to form the products:
Esy =hv —AE (6.1)
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Figure 6.7: Velocity-map images of the m/z 44 and m/z 58 ions resulting from pho-
tolysis of DMF* with 355 nm light, along with the P(fr) distributions obtained from
these images.

where

AE = Eproducts - EDMF+ (62)

The product energies, Eproducts» have been calculated using the 0 K enthalpies of formation
published by Riley and Baer [16]. For the two primary channels of interest, Table 6.3

lists:
1. The photofragments resulting from the product channel.
2. The energy, in excess of the parent ion energy, required to form the products, AE.
3. The energy available to the products, Eyy .

4. The mean values of fr, (fr).

Table 6.3: Energetic parameters for the two main primary photofragmentation pathways
of DMF™: the product energies relative to the ground state of the DMF™ ion, AE; the
energy available to the fragments, E,,; and the average fraction of E,, which goes into
translational energy, {f1).

355 nm photolysis

Channel Fragments AE | eV E. /eV (fr)
(B) HCO + CH3NHCH, * 0.44 4.49 0.046
©) HCONHCH, " + CHj3 0.79 4.14 0.109
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The primary fragmentation channels proposed here involve 1,2 H-shifts through tight tran-
sition states [16]. The rearrangements yield fragments which are much more energetically
stable than those that would be formed if the processes proceeded with simple bond cleav-
age. Such rearrangement processes require a significant amount of energy redistribution,
which is reflected in the ft distributions shown in Figure 6.7. These distributions, which
have been quantified in terms of (fr) in Table 6.3, indicate that a significant fraction of the
energy available to the products is distributed amongst the internal degrees of the freedom
of the photofragments. The time required for such an energy redistribution process is re-
flected in the isotropic angular distributions, which have been observed in the images of the
photofragment ions resulting from both Channel (B) and Channel (C) (see Figure 6.8 (a)
and Figure 6.9 (a)). However, despite these general similarities, Channel (B) and Channel
(C) do generate different fr distributions. Channel (C), which yields HCONCH, " + CHj,
results in a slightly larger fraction of the available energy being released into translation.
Though the barrier heights to rearrangement for Channel (B) and Channel (C) are very sim-
ilar, 1.60 eV and 1.68 eV, respectively [16], the products from Channel (C) lie ~0.35 eV
higher in energy than those that result from Channel (B). However, this energy difference
is unlikely to be significant enough to be the source of the distinct ft distributions observed

for these channels.

Such distributions could come about as a result of different dissociation mechanisms. As
discussed in Section 6.3.1, initial absorption of the VUV photon produces the DMF™ cation
with a possible internal energy of up to ~1.4 eV. The initially formed DMF* does not have
enough energy to surmount the barriers to dissociation. However, following absorption of
an additional UV photon, DMF™ is excited to a bound state of the ion, as suggested by
Arimura and Yoshikawa [15] and depicted in Figure 6.3. From here we can visualise two

different pathways to dissociation:

1. A predissociation mechanism in which the molecule crosses from the bound state to
a repulsive state and dissociates along the latter to yield either simple bond cleavage
products, or, if the molecule passes through one of the tight transition states, the

rearrangement products.

2. Aninternal conversion mechanism that transfers population from the initially excited
bound state to the electronic ground state of the ion. Following further energy redis-
tribution the molecule is able to traverse the barrier to rearrangement, and dissociates

to yield the energetically favourable fragmentation products.
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Pathway 2 can be expected to allow for significantly more internal energy redistribution
than Pathway 1. This would result in an almost statistical type of dissociation, and would
generate a fr distribution peaking very close to zero. In contrast, a predissociation mech-
anism, as for Pathway 1, would result in a larger fraction of the available energy being

released into translation.

Without the aid of high level ab initio calculations and modelling of the fragmentation
process, it is not possible to assign the mechanisms for Channel (B) and Channel (C).
However, despite this, as a result of the characteristic translational energy distributions
observed for Channel (B) and Channel (C), it is possible to clarify further, and in many
cases confirm, the origins of the secondary dissociation products, which become more
apparent at higher photolysis energies. The processes involving primary N—CO ‘peptide’
bond dissociation will now be discussed, before considering separately the fragmentation

processes that involve initial N—CHj3 cleavage.

Primary N—CO bond fission

As discussed in Section 6.3.3, many of the fragments observed in the TOF spectra of DMF™
result from an initial N—CO bond cleavage. This implies that a significant number of the
fragmentation events which occur on photolysis of DMF*' occur via a photodissociation
mechanism which initially proceeds through Channel (B). In some instances the primary
fragmentation products (m/z 29 and m/z 44) are observed. However, m/z 44 ions in partic-
ular undergo a range of secondary fragmentation processes. It has been possible to obtain
the velocity-map images of all the fragment ions observed, and it is quite straightforward
to convert the measured velocities to translational energy. However, it is not so straightfor-
ward to convert the individual translational energies of secondary fragmentation products
into a total translational energy release, since the mechanism leading to generation of the
observed ion is a multi-step process and more than two fragment bodies result. For the case
when the secondary dissociation process involves loss of a very light fragment it can be as-
sumed that this low-mass co-fragment removes most of the translational energy released in
the secondary dissociation event. Therefore, the translational energy of the observed ion
approximately reflects the initial total translational energy release, with a small amount of
broadening in the translational energy distribution. With this in mind it is possible to com-
pare the translational energy releases of some of the ions which are considered to result

from a primary Channel (B) dissociation.
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(a) 355 nm photolysis (b) 258 nm photolysis (c) 225 nm photolysis
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Figure 6.8: (Top) Velocity-map images of the ions (where observed) with m/z 44,
43, 42, and 29 resulting from photolysis of DMF" with (a) 355 nm, (b) 258 nm, and
(c) 225 nm light. (Bottom) The Et distributions obtained from these images: m/z 44
(black), 43 (orange), 42 (blue), and 29 (green).

Figure 6.8 shows the total translational energy, ET, distributions obtained from the velocity-
map images of the fragment ions with m/z 44 and m/z 42 following photolysis of DMF™
with (a) 355 nm, (b) 258 nm and (c) 225 nm light. In addition, the ET distributions obtained
from the images of the m/z 29 and m/z 43 ions are also shown in the latter two panels, since

these ions are only observed when the shorter photolysis wavelengths are employed.

m/z 29 results from the photodissociation process complementary to Channel (B), i.e. one
in which the resulting positive charge resides on the HCO co-fragment. Since this ion is not
observed for photolysis with 355 nm light, this implies that the energy required to access
this complementary channel is greater than the energy which can be accessed with this

longer wavelength.

In contrast, the m/z 44 ion and (at least) one of its secondary fragmentation products, m/z
42, are observed on photolysis with 355 nm light. As shown in Figure 6.8 (a), following
photolysis of DMF" with 355 nm light the total translational energy, Et, distribution ob-
tained from the velocity-map image of the m/z 42 fragment ion (blue trace) is significantly
narrower than the corresponding distribution for the m/z 44 ion (black trace). This reflects
the fact that at this photolysis wavelength, the NCzHér ions with lower translational en-
ergy, and therefore a greater amount of internal excitation, are more likely to undergo a

secondary fragmentation process with loss of H.

By comparing the ET distributions obtained from the velocity-map images of m/z 44 (black
trace) and m/z 42 (blue trace) in panels (b) and (c) of Figure 6.8, it can be seen that at
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shorter photolysis wavelengths (258 nm and 225 nm) these distributions resemble each
other much more closely. The NCZHgr ions are produced with such high internal excitation
that, regardless of the ET, the primary fragment ion is equally likely to lose H, and pro-
duce NC,H,4 ™. In fact, when shorter wavelength photolysis light is employed, the resultant
NC2H6+ ions have enough energy for simple H loss to yield m/z 43, which is a less ener-
getically favourable process, and is almost negligible following photolysis of DMF* with
355 nm light (see Table 6.1). The m/z 43 signal following 258 nm photolysis is quite weak,
and produces a noisy Et distribution. However, by increasing the photolysis energy it can
be observed that the signal significantly increases. The Et distribution obtained from the
velocity-map image of the m/z 43 ion resulting from 225 nm photolysis of DMF™, shown
as the orange trace in Figure 6.8 (c), appears to have a slightly narrower distribution than
that for m/z 44, which again most probably indicates that the primary fragment ions with
more internal energy are more likely to undergo the secondary fragmentation step to yield
NC,H5 ™.

At the shorter photolysis wavelengths the channel resulting in m/z 29 production can be ac-
cessed. As observed for m/z 44, the process which results in formation of HCO™ produces
an Et distribution that peaks near zero. Such distributions are characteristic of statistical
dissociation processes, i.e the dissociation is slow enough that there is enough time for the
available energy to redistribute itself equally amongst the accessible internal degrees of
freedom of the molecule. The isotropic images observed for all fragments resulting from
an initial N—CO bond cleavage (see Figure 6.8) are consistent with such a slow mecha-

nism.

N-CHj3 bond fragmentation

Channel (B) involves N—CHj3 bond fragmentation to yield CH3(NH)CO™. The comple-
mentary channel will generate CH3 ™. As discussed in Section 6.3.3, the TOF-MS data
gives evidence in favour of a lower barrier to formation of the CH; + CH3(NH)CO™ (m/z
58) products compared to that to formation of CH3(NH)CO + CH3" (m/z 15). m/z 15 is
only observed at the shorter photolysis wavelengths (258 nm and 225 nm). In contrast,
m/z 58 is only observed at the longest photolysis wavelength. The CH3(NH)CO™ fragment
ion is thought to undergo secondary fragmentation processes at higher photolysis energies,
to yield HoN=CH," (m/z 30) and possibly CNH, " (m/z 28). The secondary dissocia-
tion processes involve an additional translational energy ‘kick’, which results in significant
broadening in the translational energy distribution. This has been observed for both m/z 28

and 30, which aids in confirming the origins of these ions.
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Figure 6.9: E distributions obtained from velocity-map images (shown) of the ions
resulting from primary N—CHj3 bond fission of DMF* following photolysis with (a)
355 nm, (b) 258 nm, and (c) 225 nm light.

The Et distribution obtained from the velocity-map image of the m/z 58 fragment ion pro-
duced on photolysis of DMF" with 355 nm light, shown in Figure 6.9 (a), clearly peaks
away from zero. This distribution is quite different from that for the m/z 15 ion resulting
from DMF" photolysis with 258 nm and 225 nm light, shown in Figure 6.9 (b) and (c). In
order to obtain the ET distributions shown in Figure 6.9, it has been assumed that m/z 15
is a primary dissociation fragment, which results from a N—CH3 bond cleavage, in which
the charge remains on the CH3 " fragment. Whether this is the case or not, the translational
energy distribution peaks at zero. From these distributions it would seem unlikely that there
is a contribution to m/z 15 from secondary dissociation of m/z 58, since the process which
yields m/z 58 produces fragments with significantly more translational energy. However, it
1s not possible to rule out a contribution to m/z 15 from a process involving initial N—CO

bond cleavage.

The m/z 58 and m/z 15 images, shown in Figure 6.9, display isotropic distributions. From
these it is not possible to ascertain the initial excitation which leads to fragmentation. How-
ever, it is likely that the processes which yield m/z 58 and m/z 15 both occur on a slow

timescale, as was the case for those involving initial N—CO cleavage.

6.4 Conclusion

The photofragmentation of the DMF™ cation has been investigated across a range of UV
photolysis wavelengths. This study reveals the complexity of the dissociation processes
observed for this relatively simple model for a peptide bond. The ion undergoes a num-

ber of hydrogen transfer rearrangement processes, and a significant amount of secondary
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dissociation also occurs. Performing experiments across a range of photolysis energies
has proved particularly useful, since by employing low photolysis energies it is possible to
ensure that any secondary dissociation processes are minimised, and the primary fragmen-
tation products are observed. The lowest photolysis energy accesses the primary dissoci-
ation channels, which are both thought to involve 1,2 H-shift rearrangement processes to
yield energetically favourable products: Channel (B) HCO + CH3NHCH,* ; and Channel
(C) HCONHCH, " + CHj3. Both of these primary dissociation channels exhibit isotropic
photofragment ion images, implying slow dissociation processes. However, the velocity-
map images reveal characteristic energy distributions. Such distributions, along with the
TOF-MS of the DMF™ and DMF—d7+ photofragments, allow the clarification of the origins
of the observed photofragment ions, especially for those which result from secondary dis-
sociation processes that become particularly evident at higher photolysis energies (A <258

nm).
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7.1 Introduction

A number of exploratory studies will be presented in this chapter and the next. These
have been performed in order to establish potential systems for future investigation using
the imaging mass spectrometry technique. The studies demonstrate the use of the current
velocity-map imaging apparatus for the investigation of gas-phase photochemical processes

of organic compounds.

This chapter will discuss work relating to molecular rearrangements of organic cations. The

rearrangements of interest, which will be discussed in detail in Sections 7.2 and 7.3, are all
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commonly observed in mass spectrometry, in which the ions have typically been generated
via electron impact (EI) ionization. In mass spectrometry, the electron energy is usually set
to 70 eV, as this energy lies near the maximum in the ionization efficiency curve for most
organic molecules [1]. EI ionization with 70 eV electrons generally yields small amounts
of the parent ion and significant quantities of simple bond cleavage products. In contrast,
low energy ionization, closer to threshold (with, for example, 12 eV electrons) results in
fewer fragmentation processes and more rearrangements for certain molecules. With this
in mind, Van Bramer and Johnston examined the use of VUV light as a method of soft
photoionization for mass spectrometry studies [2]. Their study investigated the effects of
10.5 eV radiation on a range of aliphatic compounds. Generally, VUV photoionization was
found to achieve high parent ion abundances and only a few fragment ions, which mainly
resulted from low energy rearrangements. Later, de Vries and co-workers investigated the
use of laser desorption, with jet-cooling and VUV photoionization to achieve fragment-
free mass spectrometric analysis [3]. Their study presents some particularly insightful
comparisons between the spectra acquired in a 70 eV electron impact study, and those
obtained when employing low energy photoionization. The photoionization spectra result
in significantly less fragmentation, and, in their case, when the sample was properly cooled

only the parent ion mass was observed in the spectra.

The studies which will be presented in this chapter combine VUV photoionization mass
spectrometry with velocity-map imaging. The first study focuses on the molecular re-
arrangements of aliphatic aldehyde cations. The rearrangements of interest include the
McLafferty rearrangement and various related processes, which all involve H-atom trans-
fer to the oxygen of the carbonyl constituent through cyclic transition states. The second
study investigates a different type of molecular rearrangement, the retro-Diels-Alder (RDA)
reaction of organic cations. The rearrangement, which will be discussed in detail in Sec-
tion 7.3, is evident in data from mass spectrometry studies of cyclic alkenes. The RDA
reaction has also been observed for neutral molecules. The results of a study of the neutral

RDA reaction will be presented in Chapter 8.

7.2 Rearrangement Reactions of Organic Cations:
(A) Aliphatic Aldehydes

The present study combines velocity-map imaging with time-of-flight mass spectrometry,
which can be performed using the same experimental apparatus, in order to investigate

the molecular rearrangements and resultant fragmentations of aliphatic aldehyde cations
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Figure 7.1: The McLafferty rearrangement, which proceeds with transfer of a y-
hydrogen atom through a six-membered transition state to a double bonded atom and
results in 3-bond cleavage.

in the gas phase. The work focuses on four rearrangement reactions: (i) the McLafferty
rearrangement; (ii) the McLafferty rearrangement with double hydrogen transfer; (iii) the
rearrangement process resulting in loss of H,O from the cationic species; and (iv) the

McLafferty complement rearrangement.

The McLafferty rearrangement, shown (for the general case) in Figure 7.1, occurs in gas-
phase molecular ions containing a double bond. The process involves the transfer of a
Y-hydrogen atom through a six-membered transition state to a double bonded atom and
results in B-bond cleavage. The rearrangement, which is commonly observed in mass
spectrometry studies, takes its name from Professor Fred McLafferty, who discussed the
mechanism of the process and emphasised the value of being able to predict, for a certain
molecular structure, the rearrangements that could potentially occur during mass spectral
analysis [4]. Initially, the name ‘McLafferty rearrangement’ referred to a process involv-
ing a carbonyl functional group, for which the double bond is between a carbon atom and
an oxygen atom. However, over time, this terminology has extended to encompass rear-
rangements involving non-carbonyl systems, such as alkenes, as well as those containing
double-bonded sulphur or nitrogen atoms. Bursey and coworkers have compiled a review
paper that gives a comprehensive overview of the results of early studies of the McLafferty

rearrangement for a wide range of molecules [5].

The McLafferty rearrangement is of particular interest since, in principle, the process can
either proceed via a concerted or a stepwise mechanism. Both mechanisms result in the
formation of the McLafferty ion with loss of an alkene molecule. Since the McLafferty re-
arrangement was first revealed, there has been some contention over its true mechanism [5].
Research by Derrick and co-workers [6, 7] favoured the concerted mechanism, shown in
Figure 7.2 (a), which proceeds via a six-membered transition state. However, there has al-
ways been support for the stepwise process [8—12], shown in Figure 7.2 (b), which involves

an initial 1-5 hydrogen atom transfer followed by cleavage of the bond 8 to the carbonyl
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Figure 7.2: The McLafferty rearrangement, which proceeds with charge retention
either via (a) a concerted mechanism, or (b) a stepwise mechanism, involving 1,5-H
atom transfer and then 3-bond cleavage.

group. The current general consensus is that the majority of molecules undergo the rear-
rangement via a stepwise process, with a select few favouring a concerted mechanism [13,
14].

A recent theoretical study by Norberg et al. investigated the McLafferty rearrangement of
the radical cations of butanal and 3-fluorobutanal [13]. Their results revealed a transition
state for the concerted McLafferty rearrangement of butanal at an energy of 1.635 eV above
the ground state of the parent ion. In addition, three different stepwise dissociation path-
ways were identified. These latter pathways were found to lie at much lower energy, with
the highest transition state only 0.624 eV above the ground state of the parent ion. The step-
wise pathway is therefore expected to dominate at low internal energies of the parent ion.
With the current experimental apparatus we are unable to vary the photon energy across this
range to isolate one or other pathway. However, the products of the concerted and stepwise
mechanisms are expected to be formed with internal energy distributions characteristic of
the two distinct mechanisms, which differ by more than 1 eV in the barrier heights to dis-
sociation. These internal energy distributions will be reflected in the observed translational

energy distribution of the fragments.

The second process of interest is the McLafferty rearrangement with double hydrogen
transfer, shown in Figure 7.3. The ions that result from this process have been observed in

mass spectrometric studies of a range of carbonyl compounds, including esters, aliphatic
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Figure 7.3: The McLafferty rearrangement with double hydrogen transfer. The pro-
cess is shown here with an initial 1,6-H transfer. No assumption is made as to the
ordering of these steps. The final -bond cleavage may, in principle, occur either in
a concerted or a stepwise manner.
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Figure 7.4: Fragmentation of aliphatic aldehydes following hydrogen atom transfer
and B-bond cleavage, with (a) the charge remaining on the enolic fragment or (b)
the charge residing on the alkene co-fragment. R=H, C,Hs5 and C3H7 for butanal,
hexanal and heptanal, respectively.
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carboxylic acids, aldehydes and ketones (see [2, 5, 15, 16] and references therein). The
rearrangement results in the formation of an ion with an additional hydrogen as compared
to the product of the McLafferty rearrangement. The resultant ion is therefore referred to
as the McLafferty+1 ion. The exact mechanism for this process has still not been assigned.
However, for the aliphatic chain lengths considered in this work, the process is thought
to involve an H-atom transfer via a seven-membered transition state, in addition to the -

hydrogen transfer of the McLafferty rearrangement (see [5] and references therein).

A different class of rearrangements, which are also considered in this work, are those which
result in HyO loss from the parent cation. These processes are thought to evolve through
double hydrogen transfer to the oxygen of a carbonyl group via five, six or seven-membered

transition states. HyO loss proceeds with formation of a diene cation [17].

Rearrangement and fragmentation of an aliphatic aldehyde may result in the formation of
an enolic fragment with an alkene co-fragment, as shown in Figure 7.4. Figure 7.4 (a)

shows the McLafferty rearrangement itself, which results in the formation of the enolic
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fragment ion (termed the McLafferty ion). However, generally either of the nascent frag-
ments may retain the positive charge. The alkene ion product, formed as in process (b) in
Figure 7.4, is referred to as the McLafferty complement. The relative abundance of the enol
and alkene ions is determined by their respective ionization energies (IE), with the frag-
ment possessing the lowest IE being the most abundant [18]. The McLafferty complement
rearrangement is in fact a different dissociation process to the McLafferty rearrangement,
and proceeds via its own fragmentation pathway. Therefore, the fragments that result from
these rearrangements will have different translational energy distributions. The fragmen-
tation products that result from the McLafferty complement rearrangement have also been

considered in this study.

The three aldehydes considered in the present work are butanal, hexanal and heptanal. The
McLafferty rearrangement with double hydrogen transfer is not observed for the butanal
cation, and the fragment ions resulting from H;O loss following MS studies of butanal are
not particularly abundant [17]. However, it is the smallest aldehyde that fulfils the structural
requirements that make the McLafferty rearrangement possible, i.e. it has a hydrogen 7y to
the carbonyl group. For this reason, this species has been chosen as the model compound
for theoretical studies of the McLafferty rearrangement on multiple occasions [9, 10, 13].
In addition, a number of mass spectrometry studies have been performed on butanal [2,
17, 19, 20]. Therefore, it was appropriate to select butanal for investigation in the present
study. For the relatively short chain aldehydes, the experimentally observed prevalence of
the McLafferty rearrangement increases with chain length [2, 19, 20], and the McLafferty
rearrangement with double hydrogen transfer and H>O loss are also observed, with this
in mind, hexanal and heptanal have also been investigated in the present study. To our
knowledge, the reaction products of the aldehydic cations chosen have not previously been

investigated by means of VMI.

Some of the rearrangements of interest have previously been observed in the VUV pho-
toionization mass spectrometry study of Van Bramer and Johnston [2]. The current study,
which expands on the previous work, aims to reveal the extent to which VMI can further
our understanding of molecular rearrangements, particularly those of aliphatic aldehydes.
In addition, in order to quantify the observed translational energies of the fragmentation
products, some preliminary ab initio calculations have been carried out to determine the
product energies for those channels for which the structures of the fragments are known.
The mechanism for the McLafferty+1 rearrangement has not been strictly assigned and,
therefore, the co-fragment which accompanies the McLafferty+1 ion may have a number

of different structures. This is also the case for the ion which results from H,O loss. For a
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full treatment of the rearrangements of interest the product energies should be determined
for every possible co-fragment and ion structure for the McLafferty+1 and H,O loss pro-
cesses, respectively. However, for this initial study, the ab initio calculations have been
carried out to determine the energies of the products that result from the McLafferty rear-
rangement and McLafferty complement rearrangement of butanal, hexanal and heptanal.
These proceed with y-hydrogen transfer and, therefore, the structures of the resultant frag-

ments are known, as shown in Figure 7.4.

7.2.1 Methods

Experiment

The photofragmentation of the three cationic species of interest, butanal, hexanal and hep-
tanal, has been investigated experimentally using the VMI spectrometer, which has already
been described in detail in Chapter 2. The molecular masses, vapour pressures, and ion-
ization energies (IE) of the molecules are shown in Table 7.1. All samples were sourced
from Sigma Aldrich and have a purity of >95%. For the experiments carried out here, the
molecular beam comprised a small percentage of the sample seeded in 2 bar He (BOC,
> 99.9%). The seeding ratios employed for each species are also included in Table 7.1.
Under the seeding conditions employed, no cluster formation was observed. Within the ion
optics assembly, the molecular beam was intersected orthogonally by the co-propagating
118 nm and 355 nm beams, the 355 nm laser having been used to generate the 118 nm light.
In all cases, the laser beams were linearly polarised parallel to the plane of the imaging de-
tector. The parent and nascent fragment ions were velocity-mapped on to the 2D imaging

detector.

Table 7.1: Molecular masses, vapour pressures, sample percentages and ionization en-
ergies (IEs) of butanal, hexanal and heptanal.

Chemical Molecular Vapour Pressure Approx. Seeding
Name  Formula Mass/u /mbar (20°C) Ratio / % IE/eV Refs
butanal HC(O)C3H7; 72 120 0.5 9.83 [21]
hexanal HC(O)CsHy; 100 13 0.5 9.62 [22]
heptanal HC(O)CgHj3 114 4 0.1 9.65 [22]
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Computational calculations

All calculations were performed using the Gaussian 09 [23] electronic structure package.
To obtain the ground state optimised geometries of the neutral and cation alkyl aldehyde
molecules, along with those of the products of their McLafferty and McLafferty com-
plement rearrangements, Mgller-Plesset second order perturbation theory (MP2) was em-
ployed, in conjunction with the 6-311+G(d,p) basis set, assigned to all atoms. Energies for
all species in their MP2 optimised geometry were determined using the coupled-cluster
singles and doubles (CCSD) method. Zero-point vibrational energy (ZPE) corrections
have been computed from the unscaled frequencies at the MP2/6-311G+(d,p) level of the-

ory.

7.2.2 Results & Discussion

Computational Results

Table 7.2 shows the calculated adiabatic and vertical ionization energies for butanal, hex-
anal and heptanal and the neutral forms of their McLafferty rearrangement and McLafferty
complement rearrangement products. The adiabatic ionization energy is the energy dif-
ference between the ZPE corrected energies of the optimised geometries of the neutral
ground state and ion ground state. The vertical ionization energy is the energy difference
between the ZPE corrected energies of the neutral ground state and the ion ground state,
both calculated at the optimised geometry of the neutral ground state. These latter val-
ues are comparable with the experimentally measured ionization energies, which have also
been included in Table 7.2.

Figure 7.5 shows the energies of the various neutral and ionic species of interest when con-
sidering the McLafferty and McLafferty complement rearrangements of butanal, hexanal

and heptanal. The product energies are listed in Table 7.3.

The horizontal purple dashed lines in Figure 7.5 indicate the maximum energy to which
the parent molecules are excited on absorption of one photon of 118 nm light, i.e. for the
case when all of the excess energy is released into internal excitation of the ion rather than
into kinetic energy of the departing electron. The horizontal dotted blue lines indicate the
maximum energy accessed on absorption of an additional 355 nm photon. It is clear that
the sum of these two photon energies greatly exceeds the energies of the fragmentation

products of interest. Therefore, unless there are significant barriers to rearrangement, we
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Figure 7.5: Schematic energy diagrams depicting the relationships between the
McLafferty (McL) and McLafferty complement (McL comp) product energies and
the parent neutral and ionic states, as well as the equivalent neutral pair of co-
fragments for (a) butanal, (b) hexanal, and (c) heptanal. The experimental IEs for

the parent ions are shown here. The IEs shown for the fragments are the calculated
adiabatic ionization energies.
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Table 7.2: Calculated and experimental ionization energies (IEs) for butanal, hexanal and hep-
tanal and their McLafferty rearrangement and McLafferty complement rearrangement prod-
ucts: vinyl alcohol, ethene, 1-butene and 1-pentene.

Chemical Molecular Adiabatic  Vertical Experimental
Name Formula Mass / u IE/eV IE/eV IE/eV Refs
butanal HC(O)C3Hy 72 9.61 9.71 9.83 [21]
hexanal HC(O)CsHyy 100 9.52 9.60 9.62 [22]
heptanal HC(O)CgH13 114 9.51 9.59 9.65 [22]
syn-vinyl alcohol HC(OH)CH,» 44 9.00 9.31 9.30 [24]
ethene CoHy 28 10.13 10.31 10.51 [25]
1-butene C4Hg 56 9.34 9.56 9.55 [26]
1-pentene CsHjo 70 9.10 9.17 9.50 [27]

Table 7.3: Energies of the McLafferty (McL) and McLafferty complement (McL comp)
products of butanal, hexanal and heptanal, relative to the neutral ground state of the parent

molecule.
Parent ion Rearrangement Products Product Energy/ eV

McL HC(OH)CH, " + CoHy 10.44
butanal N

McL comp C,H4™ + HC(OH)CH, 11.57

McL HC(OH)CH, " + C4Hg 10.33
hexanal "

McL comp C4Hg + HC(OH)CH; 10.67

McL HC(OH)CH, ™" + CsHy 10.33
heptanal McL comp CsH{, + HC(OH)CH, 10.61

would expect the McLafferty and McLafferty complement ions to result from 118 nm and

355 nm irradiation of butanal, hexanal and heptanal. The time-of-flight mass spectra, which

will now be presented, reveal the ions that are in fact observed.

Time-of-Flight Mass Spectra

The time-of-flight mass spectra of the ions produced from the molecules of interest fol-

lowing irradiation with 118 nm and 355 nm light are shown in Figure 7.6. The parent ion

appears as the most intense (base) peak in each spectrum. It is clear from the multitude

of mass peaks present within the spectra that photofragmentation yields a large number of
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Figure 7.6: Time-of-flight mass spectra for (a) butanal, (b) hexanal, and (c) hep-
tanal following irradiation with 118 nm and 355 nm light. The McLafferty ion,
[M — C,H3R] T, the McLafferty complement ion, [M — OC,Hy4]™, the ion from H,O
loss, [M — H,0] ™, the McLafferty+1 ion, [M — C,H,R]™, and the parent ion, [M]",
are labelled. R = H, C,Hs5 and C3H7 for butanal, hexanal and heptanal, respectively.

fragment ions. The intensities of these peaks, relative to the base peak, have been evalu-
ated, and from these is it possible to obtain an idea of the relative probability of the different
processes which lead to production of the observed ions.! The m/z peaks observed in the

TOF-MS of butanal, hexanal and heptanal are tabulated along with their relative intensities
in Tables 7.4 to 7.6.

In the following, we focus on the masses resulting from the four rearrangement processes
of interest. The McLafferty ion produced from the aliphatic aldehydes (the vinyl alcohol
cation, [M — CoH3R] ™) appears at m/z 44, and its complement appears at m/z = (M — 44),

where M is the mass of the parent ion, [M]". The McLafferty rearrangement with double

I'The relative intensities presented here are not necessarily synonymous with branching ratios. No as-
sumption is made as to the origin of the ions.
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Table 7.4: m/z peaks observed in the TOF-MS of butanal, along with their relative intensities
and chemical formulae of their likely ion identities.

m/z 27 28 29 41 42
Chemical Formula CoH3 CoHy C,H5 /HCO CsH; CsHg
Relative Intensity 0.41 1.45 7.16 3.79 1.95

m/z 43 44 57 72
Chemical Formula HCOCH;/Cs;H; HC(OH)CH, HCOC;H; HCOC3H7;
Relative Intensity 14.37 7.40 3.31 100

Table 7.5: m/z peaks observed in the TOF-MS of hexanal, along with their relative inten-
sities.

m/z 39 41 42 43 44 45 53 54 55
Relative Intensity  1.18  5.12  1.57 1092 144 3.00 152 192 2.59
m/z 56 57 58 67 69 71 72 82 100

Relative Intensity 35.86 16.74 44.68 5.15 1.72 3.56 63.02 98.55 100.00

hydrogen transfer produces the McLafferty+1 ion, [M — CoHoR]™", with m/z 45. H,O loss
from the parent cation results in [M — H>O]" ions with m/z = (M — 18).

Butanal, HC(O)CsH7, produces relatively few fragmentation products (see Figure 7.6 (a)
and Table 7.4), and those fragment ions that are observed have low intensities relative to
the strong parent ion signal, which appears as the base peak at m/z 72. The McLafferty ion
is observed at m/z 44, with a relative intensity of 7.4%. Its complement, C;Hy ™", appears

at m/z 28, with a much reduced relative intensity of 1.45%. Butanal does not undergo

Table 7.6: m/z peaks observed in the TOF-MS of heptanal, along with their rela-
tive intensities.

m/z 25 26 27 28 29 31 40 41
Relative Intensity 1.02 1.55 0.11 096 267 036 0.00 5.03
m/z 42 43 44 45 46 54 55 56
Relative Intensity 5.59 6.81 11.36 325 253 228 855 3.18
m/z 57 58 67 68 69 70 72 74
Relative Intensity 19.36 549 4.12 255 345 1936 34.11 1.96
m/z 75 81 82 86 96 100 103 114

Relative Intensity 0.42 8.86 7.26 19.82 45.56 14.79 5.79 100
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the McLafferty+1 rearrangement, and therefore no ions are observed at m/z 45. The H,O
loss channel is not evident either. The remaining peaks in the spectrum can be assigned
to bond cleavages and secondary fragmentations. There are a number of rearrangements
and secondary fragmentation processes that can come into play. Since these fragment ions
are not the key focus of this study, the identities of the peaks have only been assigned
tentatively. HCOC,Hy " (m/z 57) is the product of y-bond cleavage. CoHs™ (m/z 29) and
HCOCH, " (m/z 43) may result from simple 3-bond cleavage. However, o-bond cleavage
produces fragments of the same m/z: CgH;r (m/743) and HCO™ (m/z 29). Signals at m/z 27
(CaH3), m/z 41 (C3Hs) and m/z 42 (C3Hg) are minor peaks, which most likely result from

secondary fragmentations.

As the chain length increases by two CHj units from butanal to hexanal, a larger number
of photofragmentation channels become available. This is evident in the increased number
of peaks in the TOF-MS (see Figure 7.6 (b)), the relative intensities of which are listed in
Table 7.5. In contrast to butanal, the McLafferty complement (m/z 56) peak is now signifi-
cantly more intense than the McLafferty peak (m/z 44). In addition, the McLafferty+1 ion
is observed at m/z 45. Furthermore, a metastable peak, the area of which is almost equal to
that of the parent, is observed at m/z 82, which corresponds to loss of H,O from the parent

ion.

The TOF-MS of heptanal, Figure 7.6 (c), reflects that of hexanal, with yet more fragment
ions being produced. The observed ions and their intensities relative to the parent ion are
listed in Table 7.6. Again, the McLafferty and McLafferty+1 ions (m/z 44 and 45) are
evident, as is the McLafferty complement, which appears at m/z 70. The peak resulting
from H,O loss appears at m/z 96.

Since both 118 nm and 355 nm photons are present simultaneously within the interaction
region, there are a number of mechanisms by which photofragment ions could be produced.
However, the absorption cross-section at 118 nm is much greater than at 355 nm for the
molecules considered in this study, and so it is more likely that an initial absorption of a
118 nm photon occurs [28, 29]. Therefore, only those pathways that involve initial ab-
sorption of a VUV photon will be considered here. Since the photon energy of 118 nm
light exceeds the IEs of the parent molecules, absorption of a VUV photon results in ion-
ization. This process is evident in the presence of the intense parent ion peaks within the
TOF-MS, shown in Figure 7.6. Absorption of one photon of 118 nm light can also result

in dissociative ionization, since there are a number of fragment ions with appearance ener-
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gies? below the 10.49 eV available from a single photon of VUV light. Fragmentation can
also occur when a parent ion, formed following absorption of a 118 nm photon, absorbs a
photon of 355 nm light. The additional energy provided by the 355 nm photon surpasses
the dissociation limits to a number of fragmentation channels, leading to production of ad-
ditional fragment ions. It would be a lengthy process to confirm the individual dissociation
mechanisms that lead to production of all of the observed fragment ions from each of the
parent molecules. Instead, in the case of hexanal, a qualitative power dependence study has
been undertaken. From the dependence of the various signal intensities on the laser power,
the product ions resulting from one-photon dissociative ionization have been distinguished

from those whose formation requires an additional photon of 355 nm light.

Figure 7.7 displays the TOF-MS of hexanal acquired at two different 355 nm laser powers
(pulse energies). The peaks with known appearance energies (AEs) are indicated. It can be
observed that those peaks with AEs below the 10.49 eV available from the VUV photon
are not as strongly dependent on the pulse energy of the 355nm laser. For example, m/z 82,
which corresponds to loss of H>O from the parent ion, has an AE of 9.80 eV, and the signal
intensity varies significantly less with laser pulse energy than either the McLafferty ion, m/z
44, which has an AE of 11.60 eV, or the McLafferty complement ion, m/z 56, which has
an AE of 10.70 eV. The appearance energies for the ions resulting from the rearrangements
of interest are listed in Table 7.7. Although the AE of the McLafferty+1 ion, m/z 45, is not
known, from the variation in signal intensity with laser energy we predict an AE greater
than 10.49 eV. From the varying dependencies of the signal intensity on laser pulse energy
it is possible to conclude that of the rearrangements of interest, only H>O loss results from
118 nm dissociative ionization of the hexanal parent ion. The formation of the McLafferty,
the McLafferty complement and the McLafferty+1 ions requires that the parent ions absorb

at least one additional 355 nm photon.

The appearance energies of the fragment ions of interest formed from butanal are also listed
in Table 7.7. The AE for the McLafferty complement might be expected to be greater than
that observed for the McLafferty ion, since its ionization energy is higher (10.51 eV as
compared to 9.30 eV [24, 25]). If this is the case, then, as for hexanal, the McLafferty and
McLafferty complement ions both have AEs above the VUV photon energy, and, therefore,

must result from absorption of an additional 355 nm photon by the parent ion.

%In the discussion of the TOF spectra, the fragment ion appearance energies are considered, since these
take into account any barriers to dissociation, which are likely to exist for the rearrangement processes consid-
ered here. The calculated product energies will be called upon when the translational energies of the products
are discussed.
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Figure 7.7: TOF-MS of hexanal acquired with two different 355 nm laser pulse en-
ergies. The known appearance energies for a number of ions are shown in brackets
along with their chemical formula.

Table 7.7: The appearance energies (AE) in eV of the ions produced through the rear-
rangmenets of interest of butanal, hexanal and heptanal. Also shown are the ionization ener-
gies of the parent molecules.

Parent ion
Fragment ion butanal hexanal Refs
AE/eV AE/eV

McLafferty [M — CoH3R] ™ 10.52 11.60 [30]
McLafferty complement M — OCHy]* - 10.70 [30]
McLafferty +1 M — CoHoR| T N/A -
H,O0 loss M —H,0|" N/A 9.80 [30]
Parent molecule IEs M]* 9.83 9.62 [21,22]

In the work of Van Bramer and Johnston, for which the VUV light was generated in a
similar fashion to this work, the experimentalists made every attempt to minimise the effect
of the 355 nm laser [2]. For this reason, in the TOF-MS produced from that work only those
peaks with AEs below 10.49 eV, i.e. those ions which result from dissociative ionization,
appear as major peaks. The peaks resulting from 355 nm involvement are, in that case,

minor. By comparing the TOF-MS for butanal and heptanal from the current work with
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those reported in the previous work, it is possible to confirm the photon dependence of the
mass peaks of interest. In the previous TOF-MS of butanal, the McLafferty and McLafferty
complement ions appear with very low signal intensity, and can only just be observed
above the baseline, whereas in Figure 7.6 (a), these ions are observed at m/z 44 and m/z
28, respectively, with significant intensity. This confirms that, as in the case of hexanal, the
production of these fragment ions involves both a 118 nm photon and a 355 nm photon.
This is also the case for the McLafferty ion and the McLafferty+1 ion in the TOF-MS of
heptanal. However, the McLafferty complement from heptanal results from one-photon

dissociative ionization at 118 nm.

With reference to the previous VUV photoionization study of Van Bramer and Johnston [2]
and our qualitative power dependence study, we can conclude that in each case production
of the McLafferty ion requires that the parent ion absorbs an additional 355 nm photon.
The McLafferty complement ions from butanal and hexanal follow a similar pattern, as do
the McLafferty+1 ions produced from hexanal and heptanal. Generation of the McLafferty
complement from heptanal and H,O loss from hexanal and heptanal are the only processes
of interest which result from dissociative ionization of the parent molecule. These photon
dependencies are summarised in Figure 7.8. Many of the rearrangements of interest require
the parent cation to have a greater energy than that generated from a single VUV photon.
Although the involvement of the 355 nm light presents some complications within the
experiment, absorption of an additional photon of 355 nm enables ions with AEs of up to
14 eV to be generated, therefore revealing fragmentation channels which would otherwise

be inaccessible to the current experiment.

From this discussion of the origins of the ions, as illustrated in Figure 7.8, it is clear that
care must be taken when comparing the relative intensities of the fragment ion signals.
Only those ions with the same photon dependence can truly be compared. Table 7.8 lists
peak intensities for the fragment ions resulting from the rearrangements of interest, rela-
tive to the intensity of the parent ion signal. The relative intensities (RIs) shown in bold
are for the parent ions and those fragment ions that result from single-photon dissociative
ionization mechanisms. The McLafferty rearrangement is the dominant rearrangement for
butanal. However, for this molecule very little fragmentation occurs. As the carbon chain
lengthens, as for hexanal, the McLafferty rearrangement product becomes more prevalent
compared to the parent ion, but it is overshadowed by the McLafferty complement, which
has a lower appearance energy. For heptanal there are significantly more competing frag-
mentation processes, as reflected in the number of fragment ions observed in the TOF-MS
(see Figure 7.6 (c) and Table 7.6). However, despite this, the McLafferty and McLafferty+1
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Table 7.8: The relative intensities of the McLafferty (M — C,H3R]|™) McLafferty
complement ([M — OC,Hy] "), McLafferty+1 (M — C,H,R] ™), [M — HO] " and parent
(IM] ") ions observed in the TOF-Ms of butanal, hexanal and heptanal.

. Intensity relative to parent ion
Fragment ion

butanal hexanal heptanal
M — CoH3R]™ (McL) 7.40 14.4 11.36
[M — OC,Hy|*" (McL complement)  1.45 35.86 19.36
M — CoH,R] T (McL+1) - 3.00 3.25
M —H,0|" - 98.55 45.56
M]* 100 100 100

ions produced from heptanal have similar RIs as compared with those of the ions produced

from hexanal.

The [M — H,0|" fragment ions, which result from single-photon dissociative ionization
with loss of H>O, are observed to be the most intense fragment ion peaks in the TOF-
MS of hexanal and heptanal. These ions are unstable with respect to methyl loss. If the
secondary fragmentation occurs in the time-of-flight tube this will result in a broadening of
the mass peak. This is the case for both hexanal and heptanal, and the fragment ions appear
as metastable peaks in the TOF-MS. Some secondary fragmentation must also occur before
the ions pass out of the ion optics region, since the secondary fragmentation ions are also
observed at their appropriate mass; signal is observed at m/z 67 and m/z 81 in the TOF-MS
of hexanal and heptanal, respectively, which corresponds to CHj3 loss from [M — H,0] ™.
The secondary fragmentation also results in loss of intensity at the primary fragment ion

mass.

In summary, a wide range of dissociation processes occur following irradiation of the
aliphatic aldehydes with 118 nm and 355 nm light. The velocity-map images recorded
for the McLafferty, McLafferty complement, McLafferty+1 and [M — H,O]|" ions (where

observed), will now be presented and discussed.

Velocity-Map Imaging

The velocity-map images and the translational energy distributions extracted from the im-
ages are shown in Figures 7.9, 7.11, 7.13 and 7.14. As shown in Figure 7.9, the ET dis-

tributions for the McLafferty rearrangement products of (a) butanal, (b) hexanal, and (c)
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Figure 7.9: Translational energy distributions for the products of the McLafferty re-
arrangements of (a) butanal, (b) hexanal, and (c) heptanal. In each case, the P(ET)

distribution has been obtained from a velocity-map image of the McLafftery ion, m/z
44 (inset).

heptanal all peak at low translational energy (~0.015 eV) and tail off at around 1 eV. Even
though the appearance energy of the McLafferty ion from hexanal lies more than 1 eV
higher in energy than that of butanal, the Et distributions obtained from the velocity-map

images of these ions appear to be similar.

To obtain a clearer picture of the energy partitioning, the translational energy, ET, can be

expressed as a fraction, fr, of the energy available to the fragments, E,y.

fT:ET/EaV (71)

Figure 7.10 shows the distribution of ft for the products of the McLafferty rearrangement
of butanal, hexanal and heptanal. The available energies, E,y, and the average fraction of
this energy which goes into translation, (ft), are listed in Table 7.9. The products of the
McLafferty rearrangement of the parent ions of interest appear to show a signature ft dis-
tribution, with (ft) of around 0.03. This implies that around 97% of the energy available
to the products is distributed amongst the internal degrees of freedom of the fragmentation
products. The similarities in the distributions reflect the similarities in the dissociation pro-
cesses which yield them. Such ft distributions are characteristic of statistical dissociation
processes. On absorption of a photon of 355 nm light the aliphatic aldehyde parent ion has
enough energy to traverse the transition state barrier for the McLafferty rearrangement. The
mechanism likely involves an initial excitation followed by relaxation back down to the ion
electronic ground state. The slow dissociation process allows for significant internal energy
redistribution. As reflected in the fr distributions, the most internally excited fragments are

the most likely to surmount the activation barrier to reach the transition state.
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Figure 7.10: fr distributions for the products of the McLafferty rearrangements of
butanal (black), hexanal (green), and heptanal (blue). The McLafferty rearrangement
is illustrated, R = H, C,Hs and C3H7 for butanal, hexanal, and heptanal, respectively.

Table 7.9: Energies available to the McLafferty and McLafferty comple-
ment products of butanal, hexanal and heptanal. *Calculated product en-
ergy exceeds energy of single VUV photon.

Parent ion Rearrangement Ea / eV (fr)
butanal McLafferty 3.543 0.032
" McLafferty complement 2413 0.072
hexanal McLafferty 3.653 0.030
McLafferty complement 3.313 0.086
heptanal McLafferty 3.653 0.026
b McLafferty complement . -

The distributions in Figure 7.10 do not display any bimodal structure, as may be expected if
the McLafferty ion were produced via stepwise and concerted mechanisms. As discussed,
the work of Norberg et al. revealed that in the case of butanal, the concerted mechanism has
a barrier height more than 1 eV higher in energy than for any of the three stepwise process
that were identified [13]. It is therefore expected that the stepwise processes dominate here.
However, without a tuneable VUV source it is not possible to distinguish clearly between

these.

Formation of the McLafferty complement ion involves fragmentation of the parent ion
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through a different dissociation channel than for the case when the McLafferty ion is
formed. Therefore, the observed ions cannot be momentum matched, as they are not
formed from the same fragmentation event. This is exemplified in the case of heptanal,
for which the TOF-MS data has revealed that the McLafferty complement ion results from
single-photon dissociative ionization, whereas the formation of the McLafferty ion requires
the energy from a 355 nm photon, in addition to the initially absorbed VUV photon, to pro-

ceed.

The ET distribution obtained from the McLafferty complement ion of heptanal is shown in
Figure 7.11 (c). The distribution peaks at a translational energy of 0.015 eV, and tails off at
around 0.4 eV. This rearrangement yields a much narrower distribution of translational en-
ergies than observed for the McLafferty rearrangement of heptanal. This follows since the
latter process, which involves an additional 355 nm photon, is likely to have significantly

more energy available to the fragmentation products.

Although the TOF-MS data indicate that the McLafferty complement products result from
single-photon dissociative ionization of heptanal, the product energy for this process, ob-
tained from the electronic structure calculations, exceeds the energy available from one
photon of 118 nm. Therefore, the fr distribution could not be assessed for this disso-
ciation channel, as has been done for the McLafferty rearrangement of heptanal. Since
the 1-pentene ion (m/z 70, the McLafferty complement ion of heptanal) is observed, the
dissociation of the heptanal cation must result in a stable 1-pentene cation. A number of
minimum energy geometries have been located for 1-pentene. However, only one struc-
ture, which yields the product energies presented here, formed a stable 1-pentene cation.
This can mean one of two things: either this structure is that which is formed as a result of
the McLafferty complement rearrangement, but the calculations overestimate the product
energy; or there exists a lower energy structure of the 1-pentene cation. Either way, further
electronic structure calculations need to be undertaken in order to form a clearer picture of

this channel.

In the case of butanal and hexanal, in order to form their McLafferty complement ions,
the parent ions absorb an additional photon of 355 nm light. The Et distributions for the
McLafferty complement ions of butanal and hexanal are shown in Figure 7.11 (a) and (b),
respectively. These more closely resemble the McLafferty rearrangement distributions,
which also result from additional absorption of a 355 nm photon. The ft distributions
for McLafferty complement rearrangement products of butanal and hexanal are shown in
Figure 7.12 and their corresponding (fr), along with E,y, are listed in Table 7.9. Just

as the McLafferty rearrangement of the aliphatic aldehyde ions generates a signature fr
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Figure 7.11: Total translational energy releases for the McLafferty complement prod-
ucts (neutral enol and alkene cation) from (a) butanal, (b) hexanal and (c) heptanal,
obtained from the velocity-map images of the McLafferty complement ions shown.
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Figure 7.12: fr distributions for the products of the McLafferty complement rear-
rangements of butanal (black), and hexanal (green). The McLafferty complement
rearrangement is illustrated, R = H, and C,Hj5 for butanal, and hexanal, respectively.

distribution, so does the McLafferty complement rearrangement of the butanal and hexanal
ions. The (fr) of the McLafferty complement rearrangement indicate that this process
results in slightly more of the energy available to the products being released as translation,
compared with the McLafferty rearrangement; however the fragments are still born with a

significant degree of internal excitation.

The McLafferty+1 rearrangements of hexanal and heptanal also result in products with low
translational energy. As shown in Figure 7.13, the product ET distributions peak at 0.010 eV
for (a) hexanal and (b) heptanal. Both distributions tail off at around 0.6 eV. As compared to
the Et distributions from the McLafferty rearrangement, the products of the McLafferty+1
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Figure 7.13: P(ET) distributions for the products of the McLafferty+1 rearrangements
of (a) hexanal and (b) heptanal. The images of the McLafferty+1 ion from which
these distributions have been obtained are shown.
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Figure 7.14: P(Er) distributions of the [M — H,0]" and H,O fragmentation prod-
ucts of (a) hexanal and (b) heptanal, obtained from velocity-map images of the
M — H,0] ™ ion (inset).

rearrangement are formed with a larger percentage of the population possessing very low
translation energy. A considerable amount of internal energy redistribution is required in
order to ensure the energy is in the correct degrees of freedom to surmount the barriers
to the transition states involved in the McLafferty+1 rearrangement; the ion in this case is
quite long lived, and eventually finds its way to the correct region of the potential energy

surface to allow dissociation.

The product ions resulting from H,O loss in hexanal and heptanal yield the ET distributions
shown in Figure 7.14 (a) and (b), respectively. As in the case of the McLafferty complement
process in heptanal, which also results from single-photon dissociative ionization, these ET
distributions appear narrow with peaks at low translational energy, 0.016 eV and 0.028 eV

for hexanal and heptanal, respectively. It should be noted, however, that the translational
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energy distribution resulting from H,O loss from the hexanal and heptanal ions may in fact
peak at lower translational energy than is observed here. As discussed, the [M — H,O|"
ions are unstable with respect to methyl loss. A portion of the most highly internally
excited (lowest ET) fragment ions most probably undergo secondary fragmentations in the
interaction region. Furthermore, the appearance of the metastable [M — H,O]" peaks in
the TOF spectra, Figure 7.6, indicate that the images shown in Figure 7.14 may include
contributions from ions formed in secondary fragmentation of [M — H,O]" that occur in
the flight tube region, which therefore arrive at the same TOF. When undertaking imaging

mass spectrometry studies, metastable peaks should be treated with care.

The velocity-map images presented here all display isotropic angular distributions, with ET
distributions that peak close to zero and resemble exponential decays. Such translational
energy distributions are often characteristic of statistical dissociation processes. These dis-
tributions are typical of two mechanisms: (1) a mechanism involving dissociative ionization
on the electronic ground state of the parent ion, and (2) a mechanism in which an initial
excitation of the parent ion is followed by internal conversion to the ground state with

dissociation resulting from this internally excited ground state parent ion.

Laskin and Lifshitz, who have compiled a review of kinetic (translational) energy release
distributions in mass spectrometry, have discussed a number of different ways in which the
translational energy distributions resulting from statistical distributions can be modelled
[31]. The methods range from Phase Space Theory (PST) to the model free approach
(MFA) (see [31] and references therein). The former method works on the assumption that
the complete phase space of the species is sampled, so that the Et distribution reflects the
density of states. To implement such a model, ab initio calculations generally have to be
performed in order to obtain the vibrational and rotational frequencies of the molecule of
interest. In contrast, no prior knowledge, either of the internal degrees of freedom or of
the potential energy surface of the fragmentation process, is required for the latter method.
For this reason, MFA 1is a very simple method for the analysis of Et distributions. The
experimentally obtained Et distributions are fit to an equation for an exponential decay.
Through this fitting process, it is possible to obtain the binding energy and an estimate of
any centrifugal barrier. However, these statistical models assume that there is no barrier
to dissociation, and only work well for cases in which the reverse activation energy is
negligible. In the case of the McLafferty-type rearrangement processes, the reactions must
proceed over a barrier since they involve tight transition states. From the observed Et

distributions, which peak at very low translational energy, it is clear that these barriers
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Figure 7.15: Schematic examples of two cuts through potential energy surfaces,
showing very different barrier heights. (a) shows the case of a lower transition state
(TS) energy, whereas (b) shows a higher barrier height. Egtat and Epvp are illustrated
for each case. (Adapted from Fig. 1 from reference [32].)

are low. However, a true fitting of the Et distributions requires that they are taken into

account.

Neumark and co-workers have put forward a method to characterise non-statistical uni-
molecular dissociation over a barrier [32]. The statistical adiabatic impulsive (SAI) model
portions the available energy, E,y, into Estar and Envp, as illustrated in Figure 7.15, where
the former is the energy in excess of the barrier to dissociation, and the latter is the equiv-
alent of the reverse activation barrier. These two energy reservoirs are treated separately
in order to model the system. The treatment of Egtar considers direct projections of a
vibrational microcanonical ensemble at the transition state onto product quantum states,
whereas, for Epvp, the sudden dissociation of the transition state is considered. In order to
apply the SAI model, the energy of the reactant, products and transition state (T'S) should be
known, so that the interaction potential for the unimolecular dissociation is well described.
Future ab initio calculations will enable characterisation of the parent ion, fragmentation
products and transition states for the rearrangements of interest. The results of such calcu-
lations and the fitting of the experimental Et distributions with the SAI method will grant
further understanding of the dynamics involved in the dissociation of aliphatic aldehyde

cations.

7.2.3 Conclusion

The McLafferty rearrangement, the McLafferty complement rearrangement, the McLaf-
ferty+1 rearrangement, and H,O loss from the parent ion have been the focus of this pre-

liminary study into the fragmentation processes of the aliphatic aldehyde cations. Butanal,
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hexanal and heptanal have been used as model systems. It has been observed experimen-
tally that the rearrangements of interest result from either one-photon dissociative ioniza-
tion, following absorption of a VUV photon, or following absorption of an additional pho-
ton of 355 nm light. By employing the 355 nm light, it is possible to investigate channels
which would otherwise be inaccessible. The rearrangements all result in translational en-
ergy distributions peaking at very low energies, with a significant portion of the available
energy going into the internal degrees of freedom of the fragment ions, as would be ex-
pected from either a mechanism involving dissociative ionization of the electronic ground
state of the parent ion, or a mechanism in which an initial excitation of the ion is followed
by internal conversion to the electronic ground state of the parent ion and dissociation on

this state.

Ab initio calculations of the product energies have enabled the observed Et distributions to
be quantified as a fraction, ft, of the available energy. The ft plots reveal the signature dis-
tributions of the McLafferty and McLafferty complement rearrangements. Further ab initio
calculations and fitting of the experimentally determined ET distributions would aid in ex-
tending our understanding of the dissociation mechanisms involved in the rearrangements

of the aliphatic aldehyde ions.

Although with the current experimental setup it has not been possible to make a formal
conclusion as to whether the McLafferty rearrangement proceeds in a stepwise or concerted
manner, within the energy range investigated, it is expected that one or more stepwise
processes evolve on the ground state potential energy surface of the parent ion. The use of
tuneable VUV radiation with VMI may allow the concerted and stepwise mechanisms to
be observed independently. Such an investigation would benefit from extensive ab initio
calculations on the McLafferty rearrangements of hexanal and heptanal, along the lines of

those performed for butanal by Norberg et al. [13].
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7.3 Rearrangement Reactions of Organic Cations:
(B) Retro-Diels-Alder Reaction

The work that has been described in this chapter so far has discussed a number of rearrange-
ments of cationic species, specifically those of aliphatic aldehyde cations. The focus now
shifts to a different process, which is also commonly observed in mass spectrometry stud-
ies, namely the retro-Diels-Alder (RDA) reaction of cyclic mono-alkene cations. RDA re-
actions of cyclic mono-alkenes, which yield conjugated di-alkene (diene) and mono-alkene
(ene) products, have also been observed to occur for neutral species, in both the gas and

liquid phase. These neutral reactions will be discussed in Chapter 8.

Mass spectrometry studies of RDA reactions from the period 1965-1982 were reviewed by
Turecek and Hanus [33], and prior to that by Djerassi and co-workers [34]. Since then, in a
number of mass spectrometry studies, substantially larger molecules, than those that have
been investigated here, have been observed to undergo the RDA reaction (see, for example,
[35-38]). Furthermore, a number of gas-phase experimental and theoretical studies have
investigated the Diels-Alder reaction in the forward direction [39—42]. Bouchoux et al.
[43] have undertaken a theoretical investigation into the low energy dissociation processes
of cyclohexene, which is the simplest cyclic alkene which undergoes the retro-Diels-Alder
reaction. However, to our knowledge, the preliminary study presented here constitutes the

first experimental imaging study of a number of cyclic mono-alkenes.

For this velocity-map imaging study, four species, all of which have been observed to un-
dergo the RDA reaction in mass spectrometry studies, have been chosen as the model sys-
tems, namely cyclohexene, and three of its derivatives, 1-methyl and 4-methyl-cyclohexene,
and limonene. In mass spectrometry studies of alkene species, a number of different pro-
cesses compete with the RDA reaction [33]. These include Hj-loss, H-loss, and other
simple bond fragmentation processes. When these competing reactions present themselves
as low energy pathways they often dominate, and the RDA reaction is suppressed [34].
As a consequence, two different cyclohexene derivatives may dissociate via very differ-
ent pathways. For example, 1-acetyl and 4-acetylcyclohexene exhibit both CH3 loss and
cleavage of the ring-COCHj3 bond, but the RDA reaction is not observed; whereas 1- and
4-methylcyclohexene undergo the RDA reaction [34]. Furthermore, it has been observed
that a limited internal energy range of the parent ion will optimise the RDA reaction [44],
which probably comes about since a certain amount of energy is required to surpass any
barrier to dissociation for the RDA pathway, however, at significantly higher energies than

this other dissociation processes might dominate over the RDA reaction. Therefore, one of
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Figure 7.16: The retro-Diels-Alder reaction of the cyclohexene cation to form buta-
diene and ethene.

the aims of this work is to determine whether the model systems undergo the RDA reaction
as a result of either single-photon dissociative ionization, which accesses low energy inter-
nal states of the molecular ion, or following additional UV photoexcitation, which accesses

higher internal states of the parent ion.

The simplest example of an RDA reaction, that of the cyclohexene cation, results in the for-
mation of butadiene and ethene, as shown in Figure 7.16. The RDA reactions of the cyclo-
hexene derivatives are shown in Figure 7.17. The RDA reaction of the 1-methylcyclohexene
cation, Figure 7.17 (a), produces isoprene with an ethene co-fragment. The 4-methyl-
cyclohexene cation yields butadiene and propene, as shown in Figure 7.17 (b). The third
derivative cation of interest, limonene, undergoes an RDA reaction, Figure 7.17 (c), which
yields two isoprene fragments. The RDA reactions may yield products with the charge on
either the diene or the ene fragmentation product (the general case has been shown here),
representing two distinct fragmentation pathways. Both will be considered in this study.
For clarity, in the text that follows, the channel which leads to production of the ene cation

will often be referred to as the ‘complementary RDA reaction’.

As shown in Figure 7.18, the RDA reactions of cyclic alkene cations can either proceed
via (a) concerted or (b) stepwise mechanisms. The effective mechanism is observed to
be dependent on the ring substituents and constituents, in principle, if the energy required
for each process is comparable, both mechanisms could be active [33]. The concerted
mechanism, Figure 7.18 (a), involves a six membered transition state. In contrast, the
stepwise process, Figure 7.18 (b), proceeds initially via a simple bond cleavage step, which
leads to formation of an intermediate species. A second bond cleavage yields the diene
and ene products. Velocity-map imaging experiments have the potential to reveal which

mechanism is active in a particular case.

In the present study, time-of-flight mass-spectra of the cyclic alkene cations, and velocity-

map images of the RDA product ions are analysed in light of the fragment ion appearance
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Figure 7.17: The retro-Diels-Alder reactions for the cationic forms of (a) 1-
methylcyclohexene, (b) 4-methylcyclohexene and (c) limonene.
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Figure 7.18: (a) concerted RDA reaction mechanism; (b) stepwise mechanism, which
proceeds via two alpha bond cleavage steps. Only the RDA reactions that yield the
diene cation with a neutral ene co-fragment are illustrated.
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Table 7.10: Vapour pressures, sample percentages and ionization energies (IEs) of the cyclic
alkenes of interest. "Under these seeding conditions no cluster formation was observed.

Chemical Vapour Pressure Approx. Seeding

Name Formula  /mbar (20°C) Ratio / % T IE/eV Refs
cyclohexene CeHio 100 0.25 8.95 [45]
I-methyl-1-cyclohexene ~ C7H» 40 0.25 8.67 [30]
4-methyl-1-cyclohexene ~ C;Hj» 36 0.25 8.91 [30]
limonene CioHisg 2 0.1 8.3 [46]

energies available from the literature, and product energies obtained from ab initio calcula-

tions.

7.3.1 Methods
Experiment

The VMI spectrometer was described in Chapter 2. The compounds of interest were ob-
tained from Sigma Aldrich, and all have purities > 97%. The molecular beam was formed
of a gas mixture comprising a small percentage of sample seeded in 2 bar He (BOC,
> 99.9%). The seeding ratios employed are shown in Table 7.10, along with the vapour
pressures of the molecules of interest. Within the ion optics assembly, the molecular beam
was intersected orthogonally by the co-propagating 118 nm and 355 nm laser beams. In all
cases, the laser beams were linearly polarised parallel to the plane of the imaging detector.
The parent ions and nascent fragment ions were velocity-mapped on to the 2D imaging

detector.

Calculations

All calculations were performed using the Gaussian 09 [23] electronic structure package.
The calculations which have been undertaken for this work are similar to those described
in Section 7.2.1. The ground state optimised geometries of the neutral and cationic forms
of cyclohexene, the cyclohexene derivatives of interest, and the relevant retro-Diels-Alder
reaction products, were calculated using Mgller-Plesset second order perturbation theory
(MP2) in conjunction with the 6-311+G(d,p) basis set, assigned to all atoms. Energies for

all species in their MP2 optimised geometry were determined using the coupled-cluster
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Table 7.11: Calculated and experimental ionization energies (IEs) of cyclohexene,
I-methylcyclohexene, 4-methylcyclohexene and limonene.

Chemical Adiabatic Vertical Experimental

Name Formula IE/eV IE/ eV IE/eV Refs
cyclohexene CeHio 8.71 8.94 8.95 [45]
I-methyl-1-cyclohexene =~ C;Hp» 8.31 8.55 8.67 [30]
4-methyl-1-cyclohexene  C7;Hj; 8.67 8.91 8.91 [30]
limonene CioHig 8.29 8.54 8.3 [46]

singles and doubles (CCSD) method. Zero-point vibrational energy (ZPE) corrections
have been computed from the unscaled frequencies at the MP2/6-311G+(d,p) level of the-

ory.

7.3.2 Results & Discussion

Computational Results

Table 7.11 lists the calculated adiabatic and vertical ionization energies, together with the
experimentally determined values, for cyclohexene and the three derivatives of interest.
The energies of the retro-Diels-Alder products relative to the ground state of the parent ion
are listed in Table 7.12, and illustrated on an energy level diagram in Figure 7.19. Relevant
ionization energies (IEs) [30, 45, 46] and appearance energies [46, 47] are also shown in
the figure. The product energies, calculated here with ab initio methods, compare with the
values of the heats of formation of the products obtained from thermochemical data, 1Es
and AEs [33, 34]. In the case of cyclohexene, and 1-methyl and 4-methylcyclohexene,
the diene cation and neutral ene products lie lower in energy than the products from the
complementary RDA reaction, i.e. the ene cation and neutral diene co-fragment. This

reflects the relative ionization energies of the neutral forms of the RDA products.

Whether the RDA reaction proceeds via a concerted mechanism or a stepwise mechanism,
we do not expect to observe a direct dissociation process, since in the former the system
passes through a single transition state, and the latter involves more than one transition
state, and one or more intermediate species. The measured AEs of the diene cations support
this well established idea that the the RDA reaction pathways involve one or more barriers

to dissociation.
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Figure 7.19: The energies of the species involved in the retro-Diels-Alder reac-

tions of the cationic forms of (a) cyclohexene, (b) 1-methylcyclohexene, (c) 4-
methylcyclohexene and (d) limonene. See text for details.
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Table 7.12: Calculated product energies relative to the parent ion ground state, AE, for the
retro-Diels-Alder reaction products of cyclohexene and cyclohexene derivative cations.

Ion Neutral

Parent Name Formula  Name Formula AE/eV
cvelohexene ethene CoH4t butadiene C4Hg 3.22
y butadiene C4He™ ethene C,Hy 1.90
ethene CoHyt isoprene CsHg 3.65
I-methyl-1-cyclohexene isoprene CsHgt  ethene CoHy 2.06
) N propene Cs3Hg™ butadiene C4Hg 2.62
4-methyl-1-cyclohexene butadiene =~ C4Hg"  propene C;3Hg 2.01
limonene isoprene CsHg™ isoprene CsHg 2.04

Time-of-flight mass spectra

Time-of-flight mass-spectra (TOF-MS) resulting from 118nm and 355 nm irradiation of
the four molecules of interest are shown in Figure 7.20. In each of the TOF-MS a large
number of fragment ion peaks can be observed, indicating that a wide range of fragmenta-
tion processes have occurred. As in the case of the aliphatic aldehyde cation study, for the
experiments described here, both 118 nm and 355 nm are present simultaneously within the
interaction region. The absorption cross-sections of the molecules investigated are much
greater at 118 nm than at 355 nm [48, 49]. In addition, as shown in Table 7.10, all of the
parent molecules have ionization energies below the 10.49 eV available from the VUV pho-
ton. Therefore, for the fragment ions observed here, the initial step to formation involves
VUV photoionization. Single-photon dissociative ionization could yield some of the frag-
ment ions observed. However, as shown in Table 7.13, the appearance energies of the RDA
products, which are of particular interest here, are above the 10.49 eV available from the
VUV photon [46, 47]. Therefore, we conclude that the RDA reactions of the parent species

considered here occur following absorption of an additional 355 nm photon.

The masses corresponding to both ene and diene cationic products, which result from the
complementary retro-Diels-Alder reactions, have been observed in the TOF-MS of cyclo-
hexene and each of its derivatives. The relative intensities (RIs) of the complementary RDA
fragment ions, listed in Table 7.14, indicate that the RDA channel to diene cation produc-
tion is dominant, and that the appearance energies of the ene cations lie higher in energy

than those of the butadiene cations, given in Table 7.13.
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Table 7.13: The appearance energies of the RDA reaction products of cyclohexene
and three of its derivatives. The AEs of the ene cations, from the complementary RDA
reactions, are expected to be higher than those for the butadiene cations, shown here.

Parent ion Fragmention = Chemical Formula AE/eV  Refs
cyclohexene butadiene C4Hg 10.67 [47]
I-methyl-1-cyclohexene  isoprene CsHg 10.56 [47]
4-methyl-1-cyclohexene  butadiene C4Hg 10.82 [47]
limonene isoprene CsHg 11.6 [46]
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Table 7.14: The relative intensities (RI) of the RDA products obtained from
the TOF-MS. The limonene RDA product RI is shown relative to the parent
ion. The ionization energies (IE) of the products are displayed for reference,
these have been obtained from [45].

Parent ion Fragmention m/z Relative Intensity IE/eV
cvelohexene ethene 28 0.44 10.51
Y butadiene 54 1 9.07
ethene 28 0.07 10.51
I-methyl-1-cyclohexene isoprene 63 ) 3 36
propene 42 0.11 9.73
4-methyl-1-cyclohexene butadiene 54 1 9.07
limonene 136 1
isoprene 68 0.13 8.86

The observed RI data are in line with Stevenson’s rule.®> However, in this case, this is
only because the relative AEs of the fragment ions from the complementary RDA reactions
reflect their relative ionization energies. Stevenson’s rule assumes that the processes in-
volved do not proceed over a barrier, and, as shown in Figure 7.19, this is not the case for

the reactions considered here.

In the following, the RDA reactions of the cyclic alkene cations that result in production of
the diene cation with neutral ene co-fragment, will be considered. The diene ions formed
from these reactions are less likely to have contributions from secondary fragmentation

processes.

Velocity-map imaging

The velocity-map images acquired for the four diene product ions are shown in Figure 7.21,
along with the fractional translational distributions, P( ft). The P(fr) distributions all peak
close to zero, which may be an indication that parent ions formed with a high degree of
internal excitation are most likely to undergo the RDA reaction, with the internal excitation

being retained in the products.

All of the images in Figure 7.21 display isotropic angular distributions, indicating that the

RDA reaction proceeds over a relatively long timescale. The images and P( ft) distributions

3Stevenson’s rule states that the product pair that maintains the charge on the species with the lowest
ionization energy will be more stable, and therefore the more abundant in the TOF-MS [50].
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Figure 7.21: Top: images of the diene cations formed in the RDA reactions of (a) cy-
clohexene (butadiene cation, m/z 54), (b) 1-methylcyclohexene (isoprene cation, m/z
68), (c) 4-methylcyclohexene (butadiene cation, m/z 54), and (d) limonene (isoprene
cation, m/z 68). Bottom: P(fr) distributions obtained from the images shown.

are reminiscent of those seen for the rearrangement reactions of the aliphatic aldehydes
(see Section 7.2.2). Obviously the dissociation pathways of the aliphatic aldehydes and the
cyclic alkenes are different; however, the observed ft distributions indicate similarities in
the dissociation dynamics. As in the case of the aliphatic aldehydes, the isotropic images
most likely indicate a dissociation process occurring on a timescale that is slow compared to
the rotational time period of the parent ion. This is consistent with a mechanism requiring
sufficient time for substantial energy redistribution within the parent ion before the reaction
proceeds. Such P( fr) distributions most probably indicate a mechanism involving internal
conversion from an initially excited state of the parent ion back down to the ground state (or
lower-lying state) of the ion. Dissociation proceeds on the lower-lying state if the system

has sufficient energy to overcome the transition state barrier(s).

Comparing the four P(fr) distributions in Figure 7.21, we note that the distribution for the
RDA reaction of 1-methylcyclohexene, which yields the isoprene ion, CsHg * (m/z 68),
and a neutral ethene co-fragment, tails off at noticeably higher ft than the other distribu-

tions, with up to 60% of the available energy being released as translation. In contrast, the
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distributions for 4-methylcyclohexene and limonene tail off at around ft = 0.4. From this
preliminary analysis of the data it appears that cyclohexene derivatives substituted at the C;
position perhaps result in a broader distribution of translational energies when compared
with those substituted at the C4 carbon. Further investigation of cyclohexene derivatives
would reveal whether this is a general trend. In addition, a more complete understanding of
this observation could be aided by modelling of the photodissociation process, with such
methods as the statistical adiabatic impulsive (SAI) model put forward by Neumark and
co-workers for non-statistical dissociation over a barrier [32] (Section 7.2.2). High-level
ab initio calculations of these cyclic alkene systems would enable characterisation of their
interaction potentials, and, therefore, allow the experimentally determined P( fr) distribu-

tions to be modelled in such a way.

7.3.3 Conclusion

In summary, VUV photoionization of the four precursor molecules yields the cyclic alkene
cations. The RDA reactions of these species result from further excitation of the nascent
cations with 355 nm light. The velocity-map images of the diene product ions display
isotropic angular distributions. This, along with the P( f1) distributions, which reveal highly
internally excited fragmentation products, likely indicate that the RDA reaction in each case
involves a mechanism in which, following an initial electronic excitation, the molecule
relaxes back down to a lower-lying state, and dissociates over one or more barrier(s). The
work presented here only pricks the surface of the complicated dissociation dynamics of
these cyclohexene derivatives. As will be discussed in Section 7.3.4, imaging studies have

the potential to reveal much more about the photofragmentation of such species.

7.3.4 Futher investigations

The investigation of the rearrangement reactions, and also various other photodissociation
processes, of the cyclic alkene cations would benefit from a study of the photon depen-
dence. Any discussion based on relative intensities of TOF peaks without an understanding
of the photon dependence of the processes that yield these peaks is only qualitative. For a
quantitative assessment it is also necessary to fully understand the behaviour of metastable
peaks, and the contribution to any of the masses of interest from secondary fragmentation
processes. For example, low mass peaks, such as m/z 28, could be produced from sec-
ondary fragmentation of larger masses. For this, at least a qualitative understanding of

the photon dependencies of the peaks, as we have for the aliphatic aldehyde cation study,
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would be beneficial. From this, the identity of the fragment masses could most likely be
assigned with more certainty, and the VMI study could be extended to investigate not only

the RDA reaction of these species but also their other fragmentation processes.

Imaging has the potential to discern whether particular RDA reactions proceed via a step-
wise or a concerted mechanism. Fragments resulting from such different mechanisms
would be expected to display differing distributions of internal and translational energy.
For example, the ene product resulting from a stepwise mechanism may be expected to
have significantly more rotational energy than if it were produced via a concerted mecha-
nism, due to the considerable torque likely to be imparted to the fragments on cleavage of
the second bond. Therefore, in principle, VMI could distinguish between the products of

these mechanisms.

Another channel of investigation lies in the fact that the 1-methyl-cyclohexene and 4-
methyl-cyclohexene ions can potentially interconvert through movement of the double-
bond as a result of hydrogen transfer processes, which commonly occur within organic
ions. For this reason the masses corresponding to the RDA fragmentation products from
both 1-methyl- and 4-methyl-cyclohexene may appear in the mass spectra of 1-methyl- or
4-methyl-cyclohexene [34, 51]. However, from this observation it is not possible to con-
clude that the structures do interconvert, since the ‘unexpected RDA products’, i.e. those
masses which correspond to the RDA products following structural interconversion from
I-methyl-cyclohexene to 4-methyl-cyclohexene (or vice versa), may result from pathways

other than an RDA reaction.

For practical reasons, in the current study, images have been acquired for the fragment
ions resulting from the ‘expected” RDA reactions of the parent ions, i.e. those reactions
shown in Figures 7.16 and 7.17, which occur without any structural interconversion. An
extension of this study would be to velocity-map image all of the fragment ions resulting
from 1-methylcyclohexene, then to do the same for 4-methylcyclohexene. By comparing
the energy distributions of fragmentation products of the same mass (from the different
parent ions) it may be possible to determine whether the ‘unexpected RDA products’ do in
fact result from an RDA reaction following structural interconversion. Attempts have been
made to confirm the origins of the ‘unexpected RDA products’ using mass spectrometry, by
comparing the relative intensities of the RDA masses for all the methyl-substituted cyclo-
hexene parent ions [34]. However, such studies could not account for potentially metastable
ions or secondary fragmentation contributions to the masses of interest. Imaging, however,

has access to another dimension of information. Furthermore, such an imaging study, one
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in which all the fragment ions are imaged, would give insight into the dynamics of the

dissociation channels which compete with the RDA reactions.

High-level ab initio calculations would allow the RDA reactions and other photodissocia-
tion processes of the cyclic alkenes to be modelled, which would assist in the data interpre-

tation of the future imaging studies described here.
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7.4 Rearrangement Reactions of Organic Cations:
a summary

Two preliminary gas-phase organic photochemistry studies have been presented in this
chapter. The first has investigated the McLafferty-type rearrangement reactions of aliphatic
aldehyde cations. The second study has focused on the retro-Diels-Alder reactions of a
number of cyclic mono-alkene cations. From both of these studies it is clear that even
molecules of the relatively modest size investigated (10+ atoms) can have very complex
dissociation dynamics. However, imaging has the potential to unravel the photofragmenta-

tion processes.

As discussed, such studies would benefit greatly from high-level ab initio calculations and
modelling of the photodissociation processes. In addition, a few experimental enhance-
ments could considerably improve the scope of such studies. In the current work, the 355
nm and 118 nm laser beams have not been separated. The 355 nm light has often been
required to dissociate the cations resulting from VUV photoionization. However, if these
two laser beams were separated before entering the interaction region, the technique could
become much more flexible. Separation of the 355 nm laser beam would allow for a more
straightforward use of a separate tuneable UV light source to achieve dissociation following
VUYV photoionization. One of the strengths of the 118 nm light as the VUV photoioniza-
tion source is it simplicity. However, ideally, for the study of ion dissociation, a tuneable
VUV light source would be employed [52].

As mentioned in Section 1.5, the work included in this thesis is part of a much larger imag-
ing mass spectrometry study. In the work presented here, only a select few dissociation
processes of the aliphatic aldehydes, and only the retro-Diels-Alder reaction of the cyclo-
hexene derivatives, have been considered. The photofragmentation studies of these species
could well be extended, particularly with the use of a multi-mass detection technique, such
as Pixel-Imaging Mass Spectrometry (PImMS), which will be discussed further in Chap-
ter 9. Multi-mass imaging, in which multiple fragments are imaged in one time-of-flight
cycle, would increase the rate of data collection, and therefore make it viable to investigate
all the dissociation processes of a particular system, since the photofragment ion images

could be acquired on a relatively short timescale.
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8.1 Introduction

This final gas-phase organic photochemistry study, which may be of greater interest to the
wider chemistry community than the cation studies that were presented in the previous
chapter, explores the retro-Diels-Alder (RDA) reactions of neutral organic compounds.
The neutral RDA reaction is formally the reverse of the Diels-Alder (DA) reaction, which
is commonly employed in solution-phase synthetic organic chemistry to form C—C bonds
and to generate six-membered ring structures [1]. The neutral DA and RDA reactions
are often presented as prototypical examples of pericyclic reactions, governed by frontier
molecular orbital theory, set out by the Woodward-Hoffmann (WH) rules [1]. The WH
rules are orbital symmetry selection rules, which summarise whether pericyclic reactions
are thermally or photochemically ‘allowed’ or ‘forbidden’. The WH rules predict different
outcomes for thermal and photochemical reactions since the former occur on the ground

electronic state, whereas latter occur on an electronically excited PES, with a different
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Figure 8.1: (a) concerted RDA reactions vs (b) stepwise RDA reaction, which goes
via a diradical intermediate.

symmetry. In reality, the WH rules predict the barrier heights of these reactions, those
reactions with low barriers are termed ‘allowed’, and those with high barrier heights, ‘for-
bidden’. However, even ‘forbidden’ processes may proceed given enough energy in the
system [2]. Furthermore, the WH rules only apply in the case of concerted reaction mech-
anisms. However, the RDA reactions can also proceed in a stepwise fashion. In the case of
the RDA reaction of a cyclic mono-alkene, the concerted mechanism, shown in Figure 8.1
(a), proceeds via a six membered transition state, whereas the stepwise process, as shown
in Figure 8.1 (b), involves a diradical intermediate. Both mechanisms yield diene and ene

products.

In 1987, Collins and Maré compiled a review of experimental investigations into fragmenta-
tion and ring contraction of cyclic mono-alkenes, with the aim of identifying the particular
electronic states involved in such processes [3]. Direct photolysis studies of cyclohexene
and cyclohexene derivatives were observed to result in a concerted RDA mechanism pro-
ceeding on the electronic ground state, populated following internal conversion from the
initially generated excited state (see [3, 4] and references therein). In contrast, stepwise
mechanisms were observed to proceed via triplet excited states, formed by Hg(*P;) pho-
tosensitization. In quick succession of this review, Zhao et al. published a study on the
193 nm photolysis and infrared multiphoton dissociation (IRMPD) of cyclohexene, which
employed the photofragment translation spectroscopy (PTS) technique [5]. The measured
translational energy releases of the RDA products formed following 193 nm photolysis
and IRMPD were extremely similar. This indicated that following absorption of a 193 nm
photon the excited cyclohexene relaxes back down to the ground state through internal con-
version and undergoes dissociation along the ground electronic state, as is known to be the
case for IRMPD. This study favoured a concerted mechanism, as had been observed for

previous direct photolysis experiments [4, 6].
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Following this work, a number of femtosecond time-resolved (FTR) mass spectrometry
studies of the RDA reaction were undertaken by Zewail and co-workers [2, 7, 8]. These
studies suggested that both a concerted and a stepwise mechanism, which take place on
a sub-picosecond timescale, were involved in the production of the RDA fragments from
mono-alkenes. However, later work by Fuss et al. concluded that the products detected
in the previous FTR-MS studies were not in fact the final RDA fragmentation products
[9]. In this later work, the fragments that were formed on the sub-picosecond timescale
were observed to have short lifetimes, indicating that they underwent additional fragmen-
tation processes. The RDA products themselves were only observed on a nanosecond
timescale, indicating that these fragments take significantly longer to form than previously

suggested.

A number of theoretical studies have examined the Diels-Alder reaction of ethene and
butadiene to form cyclohexene, and have also considered the reverse process (RDA), which
is of key interest here (see for example [10—13] and [14] for a review of earlier work). These
studies have aided in developing our understanding of the dynamics of the (retro-) Diels-
Alder reaction. The energetics of the reaction are summarised in Figure 8.2. Two different
reaction paths can be observed; the concerted pathway is shown in blue, and the stepwise
one in green. In the case of the concerted mechanism, cyclohexene must traverse a single
transition state (TS-1) with aromatic character [11], which lies 2.73 eV above the ground
state of the cyclohexene parent molecule [10]. In contrast, the stepwise mechanism involves
two barriers. The first transition state, TS-3, which lies 3.37 eV above the cyclohexene
ground state, corresponds to fragmentation of the C,-C3 bond. Unfavourable steric effects
then arise between C3-C4 and C5-C4-C;-C, (the two sections of the molecule which will
form the ‘ene’ and ‘diene’ fragments). The energy of the system is lowered as the C3-C4
section rotates around the C4-Cs bond, and out of the plane of the ‘diene’ section, forming
the diradical intermediate [11].! The next transition state, TS-2, lies 0.16 eV above TS-
3 and corresponds to lengthening of the C4-C5 bond [11]. Fragmentation results in the
production of the butadiene and ethene fragments, which lie 1.72 eV above the parent

cyclohexene [10].2

'Here we have considered a relatively simple picture for the stepwise mechanism. However, there are a
number of additional transition states and intermediates related to rotation around the C4-Cs bond. These
have been located in the ab initio investigation undertaken by Lischka ef al. [13].

2The enthalpy of reaction, AH.xp, illustrated in Figure 8.2, is that recommended by Houk and co-workers,
who have established a standard set of reference data for a number of pericyclic reactions, including the Diels-
Alder reaction [10]. The barrier height of TS-1 has also been calculated from their recommended values (it
is the sum of AH,y, and AH(i)K, since they have considered the concerted reaction from diene and ene to form
cyclohexene). The energies of TS-3 and TS-2 (notation consistent with [11]) are the sum of AHx, and the
transition state energies obtained by Sakai, which were given relative to the RDA products in reference [11].
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Figure 8.2: Schematic potential energy profiles for the concerted (blue) and stepwise
(green) reaction pathways of the retro-Diels-Alder reaction of cyclohexene to form
butadiene and ethene. See text for details of transitions states (TS). TS-1 energy has
been taken from [10]. TS-2 and TS-3 energies are the sum of AH,, (taken from [10])
and the energies obtain by Sakai [11].
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Figure 8.3: The retro-Diels-Alder reactions for (a) cyclohexene, (b) 1-
methylcyclohexene, (c) 4-methylcyclohexene, and (d) limonene.

From the discussion above it is clear that cyclohexene has often been employed as the
model system for experimental and theoretical studies of RDA reactions, with larger sys-
tems being investigated in order to complement the cyclohexene results and to extend the
study. In the current work we have followed the same approach, with investigations into
the RDA reactions of cyclohexene and three derivatives, namely, 1-methylcyclohexene,
4-methylcyclohexene and limonene. The products of the neutral RDA reactions of these
molecules are similar to those resulting from the RDA reactions of the cationic species,
discussed in Section 7.3. The RDA reaction of neutral cyclohexene, which forms neu-
tral butadiene and ethene fragments, is shown in Figure 8.3 (a). The RDA reaction of
I-methylcyclohexene, shown in Figure 8.3 (b), generates isoprene with an ethene co-
fragment. 4-methylcyclohexene produces butadiene and propene, as shown in Figure 8.3
(c). Limonene, as in the cationic case, undergoes the RDA reaction, Figure 8.3 (d), to yield

two isoprene fragments.
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This work aims to demonstrate further the use of the VMI apparatus for the study of
photofragmentation of larger molecules, this time with a particular focus on the RDA re-
action as we attempt to address the question of the concerted vs stepwise mechanism for
this process. Since, as discussed, the RDA reaction occurs on a nanosecond timescale our
pump-probe experiment is ideal for investigating such a process. In the pump-probe VMI
study presented here, a pump pulse of wavelength 193 nm is employed to initiate the rear-
rangement, then after a period of a few tens of nanoseconds the VUV pump pulse passes
through the interaction region, with the aim of universal detection of the parent and all
nascent molecules, including the RDA products. Velocity-map images of the RDA prod-
ucts should exhibit distinct differences depending on whether they are produced through a
concerted or stepwise process, since the two mechanisms are expected to result in markedly

different energy distributions within the fragmentation products.

8.2 Experiment

The sample preparation and experimental details follow those described in Section 7.3.1.
The study was carried out on the VMI apparatus described in Chapter 2. For this pump-
probe study, the molecular beam was intersected orthogonally by the counter-propagating
UV pump and VUV probe laser beams within the ion optics assembly. UV light of wave-
length 193 nm photolysed the neutral molecule. Following a delay of 20 ns, VUV light ion-
ized the parent molecule and nascent fragments. For each parent molecule, time-of-flight
mass spectra (TOF-MS) were acquired in order to identify the fragmentation products, and

velocity-map images were acquired for the fragment ions of interest.

8.3 Results & Discussion

8.3.1 Fragmentation product identification

TOF spectra were recorded following illumination of the sample with the pump laser only,
the probe laser only and with both pump and probe lasers. Figure 8.4 (a) shows the TOF
spectra recorded for cyclohexene when both the pump and probe lasers passed through the
interaction region. From Figure 8.4 (b), which shows the signal from the VUV photoion-
ization (probe) laser only, it is clear that there is significant one-laser dissociative ionization
of cyclohexene, leading to the production of fragment ions, which also contributes to the

two-laser signal observed in Figure 8.4 (a). The pump-only signal, which has not been
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Figure 8.4: Time-of-flight mass spectrum produced following radiation of cyclohex-
ene with (a) 193 nm and 118 nm light (both lasers) and (b) 118 nm light only (single
laser contribution). The single laser contribution from 193 nm displays insignificant
signal and has not bee display here. (c) is the two-colour TOF-MS which is obtained
from subtracting the individual laser contributions from (a).

displayed here, exhibits little to no fragment ion signal. The single-laser signals have been
subtracted from the overall signal in order to reveal the two-colour pump-probe signal,
which is displayed in Figure 8.4 (c). As discussed in Chapter 2, the TOF spectra are ob-
tained by summing the total number of ion hits as a function of the time-of-flight. Since
there may be some fluctuation in the signal intensity over the course of the experimental pe-
riod, the two-colour TOF-MS, which results from subtracting the individual contributions,
may have a significant amount of baseline noise. In these cases, by gating the detector
for a certain fragment mass and using the camera in combination with the oscilloscope, it
is generally possible to confirm (by eye) whether there is a two-colour contribution to the
mass peak of interest. Since the products of the RDA reactions, which result from UV pho-
tolysis of cyclohexene and its derivatives, are central to the current study, it was necessary

to confirm a two-colour signal for these fragment ions.

Butadiene and ethene result from the RDA reaction of cyclohexene. Signal intensity has
been observed at m/z 54 and m/z 28 in Figure 8.4 (c), which correspond to the molecular
masses for butadiene and ethene, respectively. The TOF-MS of the cyclohexene derivatives
are displayed in Figure 8.5. As illustrated in Figure 8.5 (a), 1-methylcyclohexene undergoes
the RDA reaction to form isoprene (m/z 68) and ethene (m/z 28). The signal intensities for
the m/z of the products of the RDA reaction of 4-methylcyclohexene, butadiene (m/z 54)
and propene (m/z 42), both appear to be relatively low in the TOF-MS in Figure 8.5 (b). The
products of the RDA reaction of limonene are identical and can be identified as isoprene
(m/z 68). The signal at m/z 68 lies within the baseline noise of the TOF-MS displayed
in Figure 8.5 (c), but two-colour signal has been confirmed for this mass. In the case of

cyclohexene, and also 1-methylcyclohexene, the m/z peak intensities of the RDA products
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Figure 8.5: Two-colour time-of-flight mass spectra for (a) 1-methyl cyclohexene,
(b) 4-methylcyclohexene and (c) limonene following UV photolysis at 193 nm with
VUYV photoionization of the nascent fragments.

are different. The peak which corresponds to the ene fragment (m/z 28) is more intense.
This is perhaps surprising, since if the m/z peaks, which have been identified as the RDA
products, do result from the RDA reaction, it would be expected that they would have
equal intensities, as the RDA products should be detected in equal amounts. Such variation
could come about to due to fluctuations in signal intensity, or, more likely, as will now be
discussed, secondary fragmentation processes could have an effect on the observed signal

intensities.

For reference, Table 8.1 lists the four parent molecules of interest and their RDA frag-
mentation products, along with their chemical formulae, molecular masses and ionization
energies (IEs). The ionization energies of the nascent fragments are a key consideration,
since these often determine whether a fragment is observed in the TOF spectrum at the cor-
responding m/z. If the IE of a fragment lies higher in energy than the VUV photon energy,
then it will not be possible to achieve single-photon ionization and, therefore, the fragment
may not be detected at all. Conversely, if the IE of a fragment lies significantly lower in en-
ergy than that available from the VUV photon, then it is possible that absorption of such a
photon could result in dissociative ionization. This secondary fragmentation process would

reduce the signal at the m/z corresponding to the primary fragmentation product.

The published value for the IE of ethene is 10.51 eV. This is slightly higher than the 10.49
eV available from the VUV photon. Despite this, for each of the cases where ethene is
produced as an RDA product, i.e. for cyclohexene and 1-methylcyclohexene, it has been
observed in the TOF-MS. Assuming that the published IE is correct, this may indicate that
the ethene fragment is born with some internal energy. However, we should also consider
a possible alternative origin for this signal intensity at m/z 28. This is a low mass, and

the signal may have contributions from secondary fragmentation products of dissociative
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Table 8.1: Chemical formulae, molecular masses and ionization energies (IEs)
of cyclohexene, and the cyclohexene derivatives, along with their RDA frag-
mentation products. (a),(b),(¢),(d) implies RDA product of (a) cyclohexene, (b)
I-methylcyclohexene, (c) 4-methylcyclohexene or (d) limonene.

Chemical Molecular

Formula Mass / u IE/eV  Refs

(a) cyclohexene CeHio 82 8.95 [15]

‘g (b)  1-methyl-1-cyclohexene  C7H)» 96 8.67  [16]

& (c) 4-methyl-l1-cyclohexene  C7Hja 96 891  [16]

(d) limonene CioHjse 136 8.3 [17]

s butadiene (@)-(¢) C4Hg 54 9.07  [15]
=)

2 ethene (@)-(?) CoHy 28 10.51  [15]
en

E propene (c) CsHg 42 9.73 [15]

isoprene (6),(d) CsHg 68 8.86 [15]

ionization of larger species. If this is the case, then it would complicate the analysis of
the TOF spectra considerably. However, as discussed in Chapter 1, when a dissociation
event occurs, momentum is conserved. If the co-fragment is known (or assumed) then
the measured translational energy of a fragment can be related directly to the total energy
released into translation. For two fragments generated in the same dissociation event, e.g.
the RDA reaction, the distributions of total translation energy obtained from the individual
fragment translational energies should match. In these instances, VMI can play a key role,
as ‘momentum matching’ of fragment ions aids in confirming the origins of the fragment

ions observed.

The IEs of the other RDA products, shown in Table 8.1, are all lower than the 10.49 eV
photon energy of the VUV probe laser. Dissociative ionization could result in cases where
the VUV photon energy is sufficient both to ionize the primary RDA fragmentation prod-
uct, and to break a bond in the resulting ion. Though the bond dissociation energies for
neutral molecules are on the order of ~3-4 eV, the RDA fragments will be formed with
some internal energy, and ionization is liable to weaken the bonds within the ion as com-
pared to those of the precursor neutral [18]. Therefore, dissociative ionization processes are
not unlikely. Complementary ab initio calculations would enable the modelling of the ion-
ization processes, and these could be useful for making predictions about the dissociative

ionization behaviour of the RDA fragmentation products.

221



Chapter 8. Retro-Diels-Alder Reactions of Neutral Organic Species

It is evident from the TOF-MS presented here that the molecular fragmentations and re-
arrangements of cyclohexene and its derivatives, which result from photolysis with 193
nm light, lead to the production of numerous fragmentation products. In a more extended
study of the fragmentation processes of these molecules each of the fragmentation products
would be identified and quantified from the TOF-MS. Ideally, velocity-map images of all of
the fragmentation ions observed would be analysed with the aid of ab initio calculations in
order to form a complete picture of the photofragmentation process. However, in this pre-
liminary study we keep the focus to the RDA reaction products. For each of the molecules
of interest, the RDA products have been identified, and, as shown in Figures 8.4 and 8.5,
two-colour signal has been observed in the TOF-MS at the corresponding m/z. However,
as will be discussed further in Section 8.3.2, secondary fragmentation processes, which re-
sult from VUV photoionization, may have an effect on the observed signal intensities. The
velocity-map images of the primary RDA fragmentation products will now be presented

and discussed.

8.3.2 Imaging the products of the RDA reaction

The total translation energy, Et, distributions obtained for the RDA products of cyclohex-
ene from the velocity-map images of m/z 28 and m/z 54 are displayed in Figure 8.6 (a) and
Figure 8.6 (b), respectively. These distributions were obtained by multiplying the individ-
ual translational energy, E, distributions of the photofragments by the appropriate mass
factor, (82/54) for m/z 28, and (82/28) for m/z 54. The distributions shown are those ob-
tained from subtraction of the one-laser images from the two-laser image, to obtain the
two-colour image, i.e. the Et distribution of those fragments that result from single photon
dissociation of the parent molecule with 193 nm light, and are ionized on absorption of a
single VUV photon. However, a significant portion of the m/z 28 Et distribution in Fig-
ure 8.6 (a) derives from under-subtraction of the VUV one-laser signal; the ET distribution
plotted in purple in Figure 8.6 (a) gives an idea of the “VUYV contribution’ as compared to
the ET distribution extracted from the image of the two-colour signal shown in green. The
portion of interest of the Et distribution of m/z 28 is that which results from the ethene
fragments produced following UV photolysis of cyclohexene, the envelope of which peaks
at around 0.95 eV in Figure 8.6 (a). Fortuitously, the “VUYV contribution’ lies at low trans-
lational energy, and overlaps very little with the region of the Et distribution which results

from the true pump-probe signal.’

31t should be noted that effects from both under-subtraction and over-subtraction have been observed in
the low ET range in a number of the Et distributions that will be discussed here. This comes about since
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The two-colour Et distribution of m/z 54, shown in blue in Figure 8.6 (b), has a low signal-
to-noise ratio. As was observed by Zhao et al. [5], a significant portion of the m/z 54
fragments lose a hydrogen to form m/z 53. For this reason the Et distribution of m/z 53 has
been included (displayed in orange) with that of m/z 54 in Figure 8.6 (b).* The m/z 53 Et

distribution gives a clearer picture of the butadiene distribution.

The total translational energy distributions of the RDA products and the m/z 53 daughter
fragment of butadiene have been overlaid in Figure 8.6 (c). By doing so the distributions
can be directly compared. Since ethene (m/z 28) and butadiene (m/z 54) result from the
same fragmentation process, these fragments should have the same translational energy dis-
tribution. In the ET distributions for each of the fragments, the low Et rise of the envelopes
of interest are obscured by the one-laser contribution from the probe laser. However, the
envelopes all peak at around 0.95 eV and, in addition, the distributions all tail off at around
2.2 eV.> The observed Et distribution is comparable with the distribution that Zhao et. al
used to fit their PTS data, which peaked at ~0.95 eV and tailed off at around 2.1 eV [5].
The consistency in this region of the Et distributions, around 1 eV, which results from UV
photolysis of cyclohexene, provides strong evidence that the observed m/z 28 and m/z 54
are indeed the RDA co-fragments, with a significant fraction of the butadiene fragments un-
dergoing H-loss to yield m/z 53. Due to fluctuations in signal intensity in the TOF-MS it is
not possible to make a quantitative assessment. However, the formation of m/z 53 accounts,
at least in part, to the discrepancy in signal intensities observed for the RDA product peaks
in the TOF-MS, shown in Figure 8.4.

Absorption of a UV photon of wavelength 193 nm primarily involves a & — m* transition
in cyclohexene [5, 9]. The photon imparts 6.41 eV of energy to the cyclohexene molecule,
while AH,x, for the RDA reaction is 1.72 eV [10]. This leaves 4.69 eV available to be
distributed amongst the translational and internal degrees of freedom of the RDA frag-
ments. As observed from the Et distributions (Figure 8.6) the maximum energy released in
translation is around 2.2 eV. Therefore, even in the case of some of the fastest ethene and
butadiene fragment pairs more than 50% of the available energy is released into product

internal energy. In the case of the photofragments released with the most probable Et (0.95

the two-colour signal is much weaker than the one-colour VUV-only signal. For the sake of fluidity in the
discussion, and clarity in the figures, the “VUV contribution’ has only been discussed in detail for m/z 28,
and illustrated for this one distribution in Figure 8.6 (a).

4Since the H atom which is lost has a significantly lower mass than the resultant m/z 53 fragment, the H
removes the majority of the translational energy released in this secondary fragmentation. Such a process
would only result in a slight broadening of the distribution. Therefore, the pixel-to-Et conversion for m/z 53
follows that of m/z 54.

The estimate of the cut off has been taken from where the distributions flatten off to a plateau.
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Figure 8.6: Total translational energy distribution obtained from the images (shown)
of (a) m/z 28 (green), and (b) m/z 54 (blue) and m/z 53 (orange) ions, which result
from the 193 nm photolysis of cyclohexene, followed by VUV photoionization. The
‘VUV contribution’ to the observed distribution is shown in purple in (a). The Et
distributions have been overlaid in (c).

eV), only ~20% of the available energy is released into translation, with 3.75 eV being dis-
tribution amongst the internal degrees of freedom of the fragmentation products. It is clear
that the RDA reaction of cyclohexene results in highly internally excited products. As dis-
cussed earlier, this is consistent with the observation of ethene in the TOF spectrum, even
though its IE is above the 10.49 eV available from the VUV photoionization photon.

In addition to providing the translation energy distribution of the of the RDA products, from
which we can determine the extent of their internal excitation, the velocity-map images also
reveal information about the angular distribution of the fragments. The images of the m/z
28, 53 and 54 ions, shown in Figure 8.6, all display isotropic angular distributions. This,
together with the observation of exceedingly internally excited fragmentation products,
is consistent with the generally agreed-upon dynamical processes involved in the RDA
reaction [5, 9]: (1) population of the IB, electronic excited state of cyclohexene following
initial absorption of a 193 nm photon; (2) the molecule then relaxes back down to the
ground state through a process of internal conversion, yielding a vibrationally hot parent
molecule; (3) the RDA reaction then proceeds, either in a concerted or stepwise fashion,

on the ground electronic state.

The Et distributions obtained from the images of the RDA fragments produced follow-
ing 193 nm photolysis of 1-methylcyclohexene and 4-methylcyclohexene are shown in
Figure 8.7 (a) and Figure 8.7 (b), respectively. As observed for cyclohexene, there is a
significant contribution to many of the distributions from the VUV one-laser signal. How-
ever, again, the region of most interest lies at higher E1. By overlaying the ET distributions

obtained from the ene and diene fragments, as has been done for 1-methycyclohexene and
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Figure 8.7: Total translational energy distributions obtained from the images (shown)
of (a) the m/z 28 (blue) and m/z 68 (green) ions, and (b) the m/z 42 (blue) and m/z
54 (green) ion, which result from the 193 nm photolysis of (a) 1-methylcyclohexene,
and (b) 4-methylcyclohexene, followed by VUV photoionization.

4-methylcyclohexene in Figure 8.7 (a) and Figure 8.7 (b), respectively, the regions of inter-
est can readily be compared. It can bee seen that the diene Et distributions, particularly in
the case of 4-methylcyclohexene, have poor signal-to-noise (note the raised baseline at high
ET). Despite this, for the portions of the Et distributions that result from those fragments
produced following 193 nm photolysis of the parent molecules, the distibutions are compa-
rable. In the case of 1-methylcyclohexene, the ethene (m/z 28) and isoprene (m/z 68) distri-
butions both peak at around 0.85 eV and tail off at around 2.1 eV. For 4-methylcyclohexene,
the propene (m/z 42) and butadiene (m/z 54) distributions peak at around 0.87 eV and tail
off at around 2.25 eV.

I-methylcyclohexene and 4-methylcyclohexene are derivatives of cyclohexene, with only
an additional methyl group at the C; position for the former and at the C4 position for the
latter. Therefore, it is expected that the AH,x, and dynamical processes for these molecules
are very similar to that of cyclohexene. This would explain the remarkable similarity be-
tween the Et distributions observed from the RDA products of the two cyclohexene deriva-
tives, shown in Figure 8.7 (a) and (b), and that observed in the case of cyclohexene itself,
shown in Figure 8.6. In contrast, the ET distribution of the isoprene (m/z 68) RDA products
of limonene shown in Figure 8.8 (a), appears to be significantly different from those of

cyclohexene and the methyl derivatives.
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Figure 8.8: (a) Total translational energy distribution obtained from the image of the
m/z 68 ion (inset), which results from 193 nm photolysis of limonene followed by
VUV photoionization. (b) The black line shows same ET distribution as in (a), but
without the Jacobian correction applied to the intensities. This has been fit by the
sum of two Gaussians, the purple curve corresponds to the VUV ‘contribution’ to the
signal, the green to the two-colour signal.

From the Et distribution shown in Figure 8.8 (a), it is difficult to resolve the true pump-
probe signal, since this lies at low Et, and there is significant VUV one-laser signal con-
tamination in this region. However, it has been possible to fit the contributions from the
VUV signal and the two-colour signal, each as a Gaussian, and these are shown in Fig-
ure 8.8 (b). It is clearest to show this distribution in its form before the Jacobian correction
is applied to correct for the re-binning of intensities. The black line shows Et distribution
obtained from the image of m/z 68. The VUV and two-colour contributions are shown in
purple and green, respectively, with the cumulative fit peak shown in purple. The RDA
fragment Et distribution peaks at 0.18 eV and tails off at around 0.49 eV. As compared to
the distributions of cyclohexene and the other derivatives discussed here this distribution
is significantly narrower, and shifted to much lower Et. Limonene, compared to the other
cyclohexene derivatives investigated here, is a larger molecule with many more internal
degrees of freedom. It can be expected that a mechanism involving internal redistribu-
tion of the available energy would result in less energy being released into translation for

limonene, than for the other cyclohexenes.
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8.4 Conclusion

This study, as with those presented in Chapter 7, has been performed primarily to assess
the VMI and VUV photoionization techniques as applied to ‘larger’ systems. The TOF-MS
spectra allowed the identification of the primary fragment ions of interest, but also brought
awareness to the possible occurrence of secondary fragmentation processes. The Et dis-
tributions obtained from the velocity-map images confirm that the masses identified are
indeed the co-fragments that result from the RDA reactions of the parent molecules of in-
terest. The images also yield the energy distributions of the fragments, and photofragment
angular distributions. The highly internally excited fragments, which are produced with
isotropic angular distributions, are indicative of a dynamical mechanism involving disso-
ciation of a vibrationally hot ground state, which is formed following internal conversion
from an initially excited higher lying state. In this work, the m/z 53 ion, which results
from secondary fragmentation of butadiene, plays a key role in clarifying the shape of the
ET distribution of the butadiene fragment from the RDA reaction of cyclohexene, and high-
lights the potential significance of daughter fragments in the imaging studies of these larger

organic molecules.

In the current study we have been unable to really tackle the question of the concerted vs
stepwise mechanism of the RDA reaction. Zhao et al. favoured a concerted mechanism
[5], since their study indicated that the RDA reaction of cyclohexene involves a mechanism
that results in dissociation of an internally hot ground state parent molecule. However, the
time-resolved studies that have been undertaken since then suggest that it is most likely
the case that both the concerted and stepwise mechanisms are accessed [7, 9]. It can be
expected that the two mechanisms would produce distinct translational and internal energy
distributions. Zhao et al. [5] discuss how the stepwise fragmentation process would be
expected to result in significant rotational and vibrational excitation of the products with a
smaller fraction of the energy channeled into translation than they observed experimentally.
However, the concerted transition state, as shown in Figure 8.2, lies only 0.64 eV lower in
energy than the first TS for the stepwise mechanism. It is possible that a fraction of the hot
parent molecules undergo the RDA reaction via a stepwise mechanism, to yield fragments
with low Et. However, we concur with Zhao et al. [5] that from our observed experimental

data it appears that the concerted mechanism is the more likely.
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Summary and Perspectives

It always seems impossible until it’s done.
Nelson Mandela

The work reported in this thesis represents an important ‘building block’ within a larger
project that aims to achieve imaging mass spectrometry by means of multi-mass velocity-
map imaging (VMImMS). Velocity-map imaging (VMI) typically involves state-selective
detection, and so is often limited to investigating a single dissociation channel. In contrast,
the studies presented here have employed VMI in combination with VUV photoionization,
which allows the investigation of most, if not all of the different photofragmentation pro-
cesses occurring for a particular system. As has become apparent from the work presented
in this thesis, this capability becomes particularly important when studying large systems,
which often display complex dissociation dynamics. Our approach allows us to assess
the active photofragmentation pathways, and information from VMI gives an insight into
the energy partitioning amongst the fragments, as well as the relative importance of the

different dissociation pathways.

The study presented in Chapter 3 demonstrates the first use in our laboratory of ‘universal’
ionization in combination with the VMI technique; the photodissociation of two neutral
alkyl iodide molecules was investigated. Two of the other studies presented in this thesis
have also investigated the photofragmentation processes of neutral species. The studies of
193 nm photodissociation of N,N-dimethylformamide and a number of cyclic alkenes were
presented in Chapter 5 and Chapter 8, respectively. In all of these studies, the individual
fragments that result from UV photolysis of the parent molecule were photoionized by a

VUV laser pulse, and then velocity-map imaged. Single-photon ionization with 118 nm
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light allows non-resonant detection of all the photofragments resulting from dissociation of

a molecule, provided their ionization energies are lower than 10.5 eV.

The study presented in Chapter 3 has investigated specifically the A-band photodissociation
of methyl iodide (CH3I) and ethyl iodide (C,HsI). Methyl iodide was chosen since it has
become the benchmark molecule for ion imaging studies of photodissociation processes.
Since this work aims to investigate ‘larger’ systems, the natural choice for the second model
system was the next in the homologous series of the alkyl iodides, C;HsI. A-band phot-
dissociation of the alkyl iodides results in production of C,Hj, | + I and C,Hj, 11 + |
photoproducts, with the latter yielding a ‘hotter’ internal energy distribution of the alkyl
co-fragment. In the central region of the A-band the 3Qy transition dominates. The 3Qy
state correlates diabatically with the I* dissociation channel, and this channel is observed
to be the major fragmentation pathway for both alkyl iodides in the wavelength region in-
vestigated. The C,Ha, 1 + I photoproducts result from a curve-crossing to the 'Q; state,
following initial excitation to the 3Qq state. The large positive values for the anisotropy

parameters observed for all fragments reflect the initial parallel transition.

As discussed in Chapter 5, the photodissociation of N,N-dimethylformamide (HCON(CH3)5,,
DMF) has been investigated using 193 nm light. The structure of DMF presents three
possible fragmentation pathways leading to formation of radical products. These involve
fragmentation of the N—CO and N—CH3 bonds, and H loss. From the VMI experiment
we have been able to estimate a branching ratio for the N—CO and N—CHj3; fragmenta-
tion channels. Around 76% of fragmentations yield HCO + N(CH3),, whereas only 24%
result in formation of HCONCH3 + CH3. Analysis of the ET distributions obtained from
images of the fragments resulting from primary N—CO ‘peptide’ bond fission reveals two
active dissociation channels, corresponding to formation of HCO* + N(CH3),; and HCO
+ N(CH3),*, with around 90% of all N—CO fragmentation processes yielding the latter.
The non-statistical translational energy distributions and large positive anisotropy param-
eters obtained from all the images of the fragments that result from primary N—CO ‘pep-
tide’ bond fission indicate that this is a relatively rapid process. The Et distributions ob-
tained from the HCO and N(CH3), primary photofragments show evidence for bending
excitations in these products, which is consistent with an impulsive dissociation. N—CH3
bond fragmentation yields highly internally excited fragmentation products, which display
isotropic angular distributions, in contrast to those observed for the fragments that result
from primary N—CO ‘peptide’ bond fission. We have obtained an overall branching ratio
for HCO* + N(CH3), : HCO + N(CH3),* : HCONCH3 + CHj3 of 0.06 : 0.74 : 0.24. H
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loss from DMF, which has been investigated with H Rydberg atom photofragment transla-
tional spectroscopy, most likely results from dissociation of vibrationally ‘hot’ ground state
parent molecules, formed following internal conversion from the excited electronic state(s)

that are populated in the initial photon absorption.

Photodissociation of cyclic alkenes can occur via an interesting fragmentation process
known as the retro-Diels-Alder (RDA) reaction. There has been significant interest in
whether this process proceeds in a stepwise or a concerted fashion. To our knowledge,
the work presented in Chapter 8 is the first velocity-map imaging study of cyclic alkene
systems. 193 nm photodissociation of the cyclohexenes has been observed to result in
the RDA reaction. VUV photoionization allows detection of both photofragments that
result from the RDA process, though in several cases the fragments undergo secondary
fragmentations, and therefore are not observed with the expected intensity at the appropri-
ate mass-to-charge (m/z) ratio. The fragments, which are produced with isotropic angular
distributions, are observed to be highly internally excited. The photofragment energy dis-
tributions are consistent with a dynamical process involving dissociation of a vibrationally
‘hot’ ground state parent molecule, which is formed following internal conversion from an
initially excited higher-lying state. The photofragment translational spectroscopy study of
the 193 nm photodissociation of cyclohexene, performed by Zhao ef al. [1], concluded that
such a process implies that dissociation occurs via the concerted mechanism, which is the
lowest lying pathway on the electronic ground state. Furthermore, a stepwise fragmentation
process would be expected to result in significant rotational and vibrational excitation of the
products, with a smaller fraction of the energy being channeled into translation than they
observed experimentally. We concur that from our observed experimental data it appears
that the concerted mechanism is the more likely. However, the first stepwise transition state
(TS) lies only 0.64 eV higher in energy than the TS for the concerted mechanism. It is pos-
sible that a fraction of the internally excited parent molecules undergo the RDA reaction

via a stepwise mechanism, with little energy released into fragment translation.

The remaining studies presented in this thesis have investigated the photofragmentation
processes of cationic species. VUV light has been employed to ionize the parent molecule.
In the photodissociation studies of ions, since each dissociation channel necessarily pro-
duces one charged species, along with one or more neutral fragments, it is possible to gain

an insight into all of the active channels.

The study into the UV photodissociation of the ethyl bromide (C,;HsBr") and ethyl io-

dide (C,HsI™) cations, presented in Chapter 4, reveals that these species exhibit several
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photofragmentation pathways. In both cases a number of fragment ions have been ob-
served: CoHst, CoHy ™, CoH3 ™, CH,X ™, and additionally I, in the case of Co;HsI". The
branching into the various channels that yield the observed photofragment ions has been ob-
tained for both ethyl halide cations following photolysis with 355 nm light. For both species
C—X bond fission to yield C;Hs™ is the major fragmentation pathway. For CoHsBr™ pho-
tolysis the ratio for CoHs™' : CoHyt : CoH3t : CHpX 1 is 0.41 : 0.38 : 0.20 : 0.01. In the
case of CoHsI™ photolysis, the ratio for CoHst : CoHy™ : CoHz™ @ CHo X' @ 1T is 0.62
:0.19: 0.06 : 0.02: 0.12. The C,Hs™" fragment ion image obtained following UV pho-
tolysis of CoHsBr™ displays near-limiting parallel recoil anisotropy. Resonantly-enhanced
multiphoton ionization (REMPI) detection of the spin-orbit-excited Br* co-fragments has
revealed that prompt C—Br bond fission yields C;Hs™ + Br*. Despite the rapid dissoci-
ation process, around 80 % of the available energy is partitioned into internal excitation
of the products, which is consistent with the very different equilibrium geometry of the
ethyl moiety in the ground state parent cation compared with that of the free C;Hs™ ion. A
similar definitive interpretation of the CoHsI™ data for the C;Hs™ dissociation channel is
primarily hampered by the significant signal from I, formed directly via a competing C—I
bond dissociation channel. This competing channel is active at the wavelength required for
REMPI detection of the neutral I/I* fragments. Despite this, the images obtained for the
various fragment ions resulting from UV photolysis of C,HsI* suggest many similarities
in the fragmentation dynamics of CoHsI™ and Co;HsBr™. In both cases, the dissociation
pathways that compete with CoHs™ production show the same propensity for partitioning
the available energy into product internal excitation as observed in the CoHs™' channel.
Images acquired for the Co;Hs ™, CoH3 ", CH,X ™, (and I'M) fragment ions all reveal non-
limiting parallel recoil anisotropy. Based on the information to hand, we conclude that
most CoH3 ™ fragment ions arise from unimolecular decay (H, elimination) of highly in-
ternally excited CoHs™ cations, which in the case of CoHsBr™ are most likely partnered
with Br co-fragments, while the CoH4™ products most plausibly arise from unimolecular
decay (loss of HX) from highly internally excited states of the parent cation. The CH, X"
ions are attributable to a minor competing C—C bond fission channel. All of these frag-
mentation pathways, in contrast to those involving direct C—X bond fission, are thought
to occur following radiationless transfer from the initial photoexcited state. Data from de-
tailed high-dimensionality ab inito calculations would be required in order to gain a more

detailed mechanistic understanding of the various fragmentation pathways.

The remainder of the studies into the photodissociation of cations find their relevance
within mass spectrometry. Generally, mass spectrometry studies are performed on cationic

species. The study of cations, as opposed to neutrals, has some benefits, mainly regarding
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sample input into the apparatus. The sample input method for the VMI apparatus employed
here uses the room temperature vapour of a liquid seeded in an inert gas to make up the
gas mixture that is used to generate the molecular beam. However, it is often the case
that the vapour pressure of the sample will be insufficient to use this method. Therefore,
for the investigation of biochemical samples MS employs techniques such as electrospray
ionization (ESI), and matrix assisted laser desorption ionization (MALDI), which are able
to generate intact gas-phase ions [2, 3]. However, the dissociation processes of cationic
species, as compared to their neutral counterparts, can often be much more extensive, since
the bond strengths within the former are generally reduced. In addition, ions tend to be
highly fluxional, and therefore rearrangement processes can compete strongly with simple
bond cleavages. Mass spectrometry studies alone are able to obtain the masses of the frag-
mentation products, whereas imaging is able to obtain another dimension of information

about the dissociation processes.

The study into the UV photodissociation of the N,N-dimethylformamide cation (DMF™),
presented in Chapter 6, reveals the complexity of the dissociation processes observed for
this relatively simple model for a peptide bond. The ion undergoes a number of rear-
rangement processes involving hydrogen transfer, and a significant amount of secondary
dissociation also occurs. On photolysis with 355 nm light, which was the longest wave-
length employed for this study, the secondary dissociation processes were minimised, and
the two primary dissociation channels were accessed. Both channels are thought to in-
volve 1,2 H-shift rearrangement processes to yield energetically favourable products: HCO
+ CH3NHCH, ", and HCONHCH, " + CHj3. Both of these primary dissociation channels
exhibit isotropic photofragment ion images. The latter process releases a slightly larger
fraction of the available energy into photofragment translation. The characteristic energy
distributions that result, along with the TOF-MS of the DMF" and DMF—d;r photofrag-
ments, have provided clarification of the origins of the observed primary and secondary

photofragment ions.

The photofragmentation of the aliphatic aldehyde cations displays a number of interesting
rearrangement processes. The study presented in Section 7.2, focuses on four rearrange-
ment processes: the McLafferty rearrangement, the McLafferty complement rearrange-
ment, the McLafferty+1 rearrangement, and H,O loss from the parent ion. For the systems
investigated, these rearrangements result from either one-photon dissociative ionization,
following absorption of a VUV photon, or from dissociation of the parent cation following
absorption of an additional photon of 355 nm light. The translational energy distributions

for the fragment ions that result from these processes all peak at low translational energy.
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These rearrangements, which all result in a significant portion of the available energy re-
maining as internal energy of the fragmentation products, are thought to occur via a mech-
anism involving internal conversion from an initially excited state back down to the ground
state of the parent ion. The internally ‘hot’ parent ions that result are then able to surpass

the transition state barriers for the various rearrangements.

A preliminary study of the photodissociation of the cations of cyclohexene and three cy-
clohexene derivatives has been presented in Section 7.3. These cationic species undergo
the retro-Diels-Alder reactions following photolysis with 355 nm light. The velocity-map
imaging data from this work bears strong similarities to that of the aldehyde cation pho-
todissociation study. The images of the diene product ions display isotropic angular dis-
tributions, and the photofragments are highly internally excited. The RDA reaction most
probably occurs via a mechanism involving internal conversion from an initially populated
state(s) back down to a lower-lying state, followed by dissociation over one or more bar-

rier(s).

Following photoexcitation, the photofragmentation dynamics are dependent on the elec-
tronic state that is initially accessed, the potential energy landscape, and the coupling be-
tween different electronic states. We have seen examples of various different types of
dynamics, for example, if a dissociative state is initially accessed then direct dissociation
proceeds. This has been observed in the case of: the I* dissociation channel that results
following A-band photodissociation of the alkyl iodides; dissociation along the S, state
of DMF to yield HCO + N(CHj3); photofragments; and for the C—X bond cleavage fol-
lowing UV photoexcitation of the ethyl halide cation species. It appears, at least from the
systems studied in this work, that direct dissociation mechanisms are more prominent for
the photodissociation of neutral species, as compared to cations. The fragmentation mech-
anisms for cations more commonly involve internal conversion from the initially excited
state to the electronic ground state, yielding an internally ‘hot’ ground state parent ion,
which subsequently dissociates; such processes are thought to occur for all the cationic

species studied here.

The various photodissociation studies presented in this thesis illustrate that velocity-map
imaging measurements can provide additional insights into the fragmentation processes of
larger molecular systems. Examples of these, which may be of interest to the wider chem-
ical community, include the retro-Diels-Alder reaction, McLafferty-type rearrangements,

and ‘peptide’ bond fragmentation.
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Perspectives

While mass spectrometry has proven extremely useful for molecular identification, and
methods such as Tandem MS can be employed for peptide sequencing, it is generally not
possible to obtain a great deal of dynamical information from MS studies. This thesis
has demonstrated that by acquiring the velocity-map images for each ion in the time-of-
flight spectrum it is possible to unravel details of the dissociation dynamics of increas-
ingly complex systems. With this in mind, the velocity-map imaging mass spectrometry
(VMImMS) project aims to increase the amount of information that can be obtained from

a mass-spectrometry-type experiment.

Traditional detection methods for ion imaging studies image only a single mass on each
time-of-flight (TOF) cycle. As a result, in order to investigate all of the active fragmenta-
tion channels, the different fragmentation products need to be individually imaged. Studies
that employ these methods, such as those presented in this thesis, are time consuming. The
data acquisition rates that are currently achievable too slow for VMImMS to be employed
as a general analytical technique. The ideal detection method for imaging mass spectrome-
try would involve multi-mass imaging, i.e. multiple (ideally, all) fragment masses would be
imaged on each TOF cycle. Since the time-of-flight of the ions is dependent on their mass,
a suitable detector would need be able to record multiple images over a period of a few
tens to a few hundreds of microseconds, to allow for the lightest fragments through to the
heaviest to be imaged in a single TOF cycle. Further, for a typical VMI experiment, a time
resolution on the order of nanoseconds would be required to achieve a sufficiently high
mass resolution to allow for separation of the individual masses. The PImMS (Pixel Imag-
ing Mass Spectrometry) sensor [4—7] has been designed to meet these requirements. This
event triggered detector has been developed through a collaboration between the Chem-
istry and Physics departments at the University of Oxford and the Rutherford Appleton
Laboratory (RAL). The first generation PImMST1 sensor consisted of a 72 x 72 pixel ar-
ray. The latest PImMS?2 sensor benefits from a significantly larger 324 x 324 pixel array.
Each pixel is built with four timestamp registers, and is therefore able to record the optical
signal generated by four individual particles (separated in time). The statistics of a typi-
cal time-of-flight imaging experiment mean that it is unlikely that all four registers will be
filled in a given time-of-flight cycle. Simulations showed over 95% detection efficiency
even with very large numbers of ions spread across many different masses [7]. The PImMS
sensor allows particle events to be imaged with time resolution as high as 12.5 ns, over
data acquisition times of more than 50 us, with longer acquisition times possible at lower

time resolution. Such capabilities allow for multi-mass detection, and the sensor has found
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applications in a range of fields, including velocity-map imaging, spatial map imaging, and

time-resolved imaging of molecular motion [4-9].

In photofragment imaging studies the PImMS sensor allows velocity-map images to be
acquired for multiple fragment masses on each TOF cycle [7]. Currently, the PImMS
sensors are configured to detect photons, and are employed to image the optical signal
generated from an MCP/phosphor screen detector as a result of ion impact on the detector.
The data set acquired by the PImMS sensor consists of (x,y,r) data points for each ion hit,
from which the velocity-map images can be reconstructed by plotting the (x,y) data points
within the TOF window of interest. The results of early proof-of-concept experiments,
presented in Figure 9.1, demonstrate the use of PImMS for velocity-map imaging mass

spectrometry [7].!

Figure 9.1 (b) shows the 3D (x,y,r) data set that results following 446.32 nm photolysis of
Bry, and REMPI detection of the resulting Br atoms. This data comes from an experiment
in which fast-switching of the polarity of the velocity-mapping ion lens has been employed
to allow for imaging of both the ionized electrons and Br™ ions on each TOF cycle. The
TOF spectrum, shown in Figure 9.1 (a), has been extracted by integrating the signal over x
and y. The peaks corresponding to the electrons and to the two isotopes of atomic bromine,
"Br and 8!Br, are clearly visible. Their corresponding images have been obtained by
plotting (x,y) data for the appropriate arrival time. For the data sets presented here the time-
of-flight (and therefore mass) resolution was determined by a combination of the ~100 ns
decay lifetime of the P47 phosphor and the 50 ns timing cycle of the PImMS1 sensor used
in these experiments. The full time resolution of the PImMS sensor could be exploited in
multi-mass imaging measurements by use of faster phosphors, or direct in-vacuum particle

detection.

Figure 9.1 (d) shows the (x,y,r) data set for N,N-dimethylformamide following irradiation
with 193 nm and 118 nm light.> This data set is considerably more complex than that
for Brp. Several fragment ions are observed, showing evidence for multiple fragmenta-
tion pathways. The data set shown was acquired under clustering conditions, in which
clusters formed within the molecular beam, and therefore also shows evidence for forma-
tion and subsequent photolysis of dimers, trimers, and higher clusters within the molecular
beam. This data set demonstrates several of the features of VMI, which have also been dis-

cussed in this thesis, that may prove useful in imaging mass spectrometry studies of larger

I'This data was acquired by Edward Wilman, Craig Slater, Jason Lee, and other researchers working on
the PImMS project.

The parent ion peak at m/z 73 was extremely intense and was therefore time-gated out of the signal to
prevent saturation of and/or damage to the microchannel plate detector.
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Figure 9.1: The results of early proof-of-concept experiments demonstrating the use
of PImMS for velocity-map imaging mass spectrometry taken from reference [7]. (a)
TOF spectrum recorded by the PImMS sensor following 446.32 nm photolysis of
Br,, the images of the electrons and ions are inset; (b) 3D (x,y,t) plot of electron and
Br ion signals; (c) ‘Zoomed in’ 3D plot showing the Br™ ion signals in more detail.
In the 3D plots, x and y are labelled in pixel units, and ¢ in timebin units; (d) Data
recorded by the PImMS sensor following irradiation of N,N-dimethylformamide with
193 nm and 118 nm light.

molecules. The velocity-map images themselves yield information on the translational en-
ergy and angular distributions of the observed ions, which could be used for enhanced
molecular fingerprinting, for example. Furthermore, parent ions, for example the dimer in
Figure 9.1 (d), may immediately be identified by the fact that they have effectively zero ve-
locity in the image plane, and appear as a small focused spot in the centre of the images. A
recent review article [10] has highlighted some of the latest VMImMS work, demonstrating
the use of the technique to separate contributions from ions with identical mass-to-charge

ratio, and to resolve individual components within mixed samples.
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