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Abstract
Abstract

This thesis reports results obtained from laser induced photodissociation
spectroscopy experiments performed on isolated biologically and pharmaceutically
relevant molecules and cluster ions within a commercial adapted quadrupole ion-trap

mass spectrometer.

Laser photodissociation spectroscopy has been used to measure the dissociative
photochemistry of 2-thiouracil. This was the first study to investigate the effect of
protonation/deprotonation, i.e pH at the molecular level on the photochemical and
photophysical properties of thionucleobases. It is shown that the deprotonated and
protonated forms decay by production of free radicals, with the major pathways
being electron detachment and production of cationic specie, which is a product from

direct excited state decay, respectively.

The effect of intra-cluster electron transfer and excited state modifications as a
function of sulphur atom substitution on complexes of iodide with 2-thiouracil (2-
TU), 4-thiouracil (4-TU) and 2,4-thiouracil (2,4-TU) were studied to better
understand electron capture by thionucleobases, which are used in photo-radiation
therapy. It was shown that electron detachment is the dominant decay pathway for
all clusters with the respective stable valence molecular anions being formed for the
4-TU and 2,4-TU complexes. The 2-TU complex shows a near-threshold dipole-
bound excited state, while the spectral profiles of the 4-TU and 2,4 TU complexes
display strong chromophore excitations. Extending the phenomena of this work to
the complex of a relatively large biological molecule, I'-RF where RF = riboflavin,
the photochemistry strongly resembles that of the 1-4-TU and 1"-2,4-TU complexes.
We observed the formation of the RF anion, which is the first observation of the

intact molecular anion for this important specie.

Finally, photodissociation spectroscopy has been used to study the effect of
complexation on iron 111 metalloporphyrin (FeTPP*) and N-aromatic molecules
(pyridine, quinoline and iso-quinoline), compared to the uncomplexed molecule.
This is important because of MP’s biological, pharmaceutical, and other scientific
applications. The spectra revealed that their absorption strength is not reduced as a
function of complexation, and both the ground-state and the excited-state properties
are highly influenced by the intrinsic properties of the different ligand.
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Chapter 1

Chapter 1

Introduction to Spectroscopic Studies of

Gaseous Biological and Pharmaceutical lons

1.1 Photodissociation Spectroscopy of Gaseous Biomolecules

The study of non-covalent interactions and their involvement in the photochemical
processes of biological systems are of great importance. Weak interactions
contribute to the different behaviour of biological systems.! For example, protein
folding and self-assembly into their biologically active form?, the binding of DNA
to form the double helical structure®, interactions in multicellular networks!, drug
target interactions” are all dependent on the non-covalent interactions between their
different components. The use of photochemical processes by biological systems is
evident in photosynthesis, which is dependent on the absorption properties of
pigments like chlorophyll, carotenoids, and phycobilins.® Vision, which occurs as a
result of photoisomerism of retina in photoreceptor cells, is dependent on carotenoid-
protein complexes.>® However, non-physiological photochemical processes can
damage and destroy biological systems. An example is the “absorption of ultraviolet
(UV) light by the DNA nucleobases which can result in permanent damage to it.’
Photosensitized drugs and photo-radiation therapy are used in the treatment of
disease conditions like cancer to decrease the complications encountered with whole

body drug treatment.®°

Studies of isolated molecular systems in the gas phase are valuable, as they allow for
the interrogation of a system without the interference of bulk-phase issues such as
solvation effects. This provides a conducive environment for understanding the basic
photochemistry of biologically important molecules. Studies on ionic systems are
advantageous as mass selection can be employed, allowing the specific ion of interest
to be identified. Although there are differences between the behaviour of gaseous
and solution-phase molecules, ! much photochemical information can be obtained
in the gas phase experiment. The absence of solvents makes gaseous environment
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calculations easy, thus complex quantum calculations can be employed in the gas

phase.

Spectroscopic studies of gaseous molecules can be done using different
spectroscopic techniques to obtain the electronic absorption spectra. The choice of
technique is determined by the charge state of the gaseous molecules being studied.
The electronic structure of gaseous anions can be probed using photoelectron
spectroscopy,'? while electronic absorption spectra of neutral molecules and clusters
can be obtained using ionization techniques like zero kinetic energy (ZEKE)
spectroscopy and  resonance-enhanced multiphoton ionisation (REMPI)
spectroscopy.’®* lon photodissociation spectroscopy on the other hand is used to
study gaseous cations and anions.'® These techniques do not measure the reduction
in the laser intensity as it passes through the gaseous molecules or cluster. They track
the intensity of the photofragment or photoelectron produced during an electronic

excitation, via action spectroscopy.’®

The use of laser photodissociation (PD) spectroscopy has been a powerful
spectrometric tool for the study of the physical properties of gaseous ions since the
late 1960’s;'® thus the whole thesis will try to ascertain the structures and
photochemistry of different native and non-native biological molecules and clusters
in the gas-phase using a modified commercial quadrupole ion trap (QLT) mass
spectrometer with focus on the electronic PD spectroscopy performed using UV and
visible light sources.

1.2 Photodissociation Spectroscopy Overview

Since the first measurement of the photo detachment energies of hydroxide anions
with an ICR spectrometer in 1969 by Brauman and Smyth,® photodissociation (PD)
spectroscopy has become a standard tool to explore the excited-state dynamics of
gaseous ions,'” electronic absorption spectra,’® geometric structures,® vibrational
modes,'®and photofragmentation mechanisms.?® PD spectroscopy involves the
fragmentation of gaseous, isolated molecules through electron detachment or
resonance excitation using adjustable lasers due to characteristics such as
monochromatic light, collimation and power.?! The wide spread use of PD
spectroscopy is demonstrated in its application in the studies ranging from small
molecular ions (diatomic ions) to large molecular ions (proteins)'62224, Information

on the photochemistry and thermochemistry of these ions is acquired from their

2
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fragmentation patterns.?>?® Other molecular species such as protonated or
deprotonated organic molecules ([X+H]* or [X-H] ),%"% charged metal complexes
(IXLX]™ nor [XLx] ™ ),2%% charged clusters (Y-Z* or Y-Z ),%%% and organic
molecular ions (X* or X)*2 etc are also studied using PD spectroscopy.

In many current PD spectroscopy experiments, the ions studied are generated in the
mass spectrometer by electrospray. The generated gaseous ions are guided and
trapped into an ion trap or storage ring. To certify the purity of trapped gaseous ions,
they are mass isolated per charge ratio using quadrupole mass filters and resonant
ejection methods. Packets of the isolated gaseous ion of ~ 10%-10° molecules are
explored by irradiating them with a monochromatic laser to induce
photofragmentation on some of the trapped gaseous ions. The laser on and laser off
mass spectra are recorded, ionic peaks seen only during the laser on window are
regarded as the photofragments. The two major pathways to produce photofragments
are electron detachment (for anions) and ionic fragmentation (Equations 1 and 2).

The photofragments are identified from their mass-to-charge ratio.
X" +hy — X0+ ¢ Equation 1
X +hy - Y0+27 Equation 2

The intramolecular dissociation mechanism is portrayed as a function of the
wavelength, and the absoprption coeffiects are calculated from the intensities of

depletion or photofragments production.'®33

PD experiments in the gas phase supply additional information that is absent in the
solution phase spectroscopy. Due to the absence of solvation effects, which results
in the stabilization of both ground and excited-state orbitals, gas-phase studies
simplify the interpretation and understanding of the photochemistry of isolated
molecules. The PD experiment in the gas phase provides information on isolated
molecules with spectral ambiguity and is therefore of great advantage. The unique
characteristic of mass isolation also promotes understanding on the photophysics of
various ionic clusters, which on the contrary may not be observed in solutions
because the presence of varieties of different solvation and conformation motifs,
therefore resulting in the production of a broad absorption profile®*. Mass isolation
employed in the characterization of intact proteins produced from one ion source
using liquid chromatography (LC) — ultraviolet photodissociation (UVPD) mass
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spectrometry led to the identification of 46 peculiar sequences following

fragmentation.*®

PD spectroscopic methods are common techniques employed in vibrational and
electronic PD spectroscopic studies of gaseous ions. Electronic and vibrational PD
spectroscopy share similar experimental techniques except for the difference in the
tunable laser used in the dissociation of the ions. Although this thesis concentrates
on electronic PD spectroscopy, it is important to briefly discuss vibrational PD
spectroscopy because it can initiate the fragmentation of gaseous ions.®® Tunable
infrared (IR) lasers used in vibrational PD produce lower energy photons compared
to the UV, thus multiple photons are required to effect dissociation. The technique
of using multiple IR photon to initiate the fragmentation of gaseous ion is called
infrared multiphoton dissociation (IRMPD) and has been employed in the study of
many biologically important ions or clusters.®”*° Vibrational spectroscopy is of great
importance because it is well known for identification of geometric structures
especially when the structure of the ion present in solution phase is unknown, and

for differentiating conformational and structural isomers.340

Electronic
Excited State

Energy

I Electronic Excitation

I Vibrational Excitation

4
“ /( Electronic Fr‘nlgmelumtiou
\\ Vs Ground State Ea| Activation

e Energy

Reaction Coordinate

Figure 1.1 Schematic diagram for the potential energy profile of a gaseous molecule
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representing electronic and vibrational excitation. The arrows define the magnitude

of the different excitation energies.

Electronic PD spectroscopy is done using UV and visible light sources from tunable
lasers, with single photon absorption typically leading to dissociation in the UV. The
difference in the electronic and vibrational excitation energy of a gaseous specie is
represented with a schematic diagram in Figure 1.1. Absorption spectra acquired
from UV and visible photodissociation spectroscopy (UVPD) experiments can
represent the absorption spectrum of the gaseous ion, if only one photon is absorbed,
and no radiative relaxation pathways occur. UVPD experiments are performed on
the ions and clusters discussed in this thesis, and the method is described in full in
Chapter 2.

1.3 lonization Sources in PD Spectroscopy

PD spectroscopy is conducted in a mass spectrometer, so that the range of systems
studied is dependent on the ionization source used for the introduction of the ions
into the mass spectrometer. Modifications and technological advancements in mass
spectrometry to widen the range of molecules studied using this technique has also
favoured PD spectroscopy, as numerous fragile biological molecules and clusters
can now be studied.'®? Hard ionization techniques, e.g. electron ionization (El),
which encourages optimal fragmentation of the sample ions is not suitable for
generating ions of large biological molecules and clusters in the gas phase. This
causes a significant limitation to PD spectroscopic studies of such molecules. In an
earlier application of PD spectroscopic experiments, Brauman®54! and Dunbar?
generated gaseous ions using El. Soft ionization sources e.g. Electrospray ionization
(ESI) that is compatible with the production of fragile biomolecular and cluster ions
was developed in the 1980’s by Fenn.”? ESI is a soft ionization technique that
involves preparing a solution of the compound of interest in a compatible ESI solvent
(i.e. a polar solvent such as methanol, acetonitrile and water) and introducing the
solution into the mass spectrometer. The prepared solution is passed through a
charged needle into a nitrogen nebulising gas to generate gaseous ions which are
subsequently trapped and analysed with minimal fragmentation.*>*® ESI is a suitable
ionization source for producing gaseous ions of large biological molecules and

clusters because its minimal fragmentation preserves the bonds within the molecules
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or clusters from the solution phase to the gas phase.3*** ESI has been widely used in
current PD experiments because of its ability to generate varieties of ionic species
for gas phase experiments.**%0 It is used in analytical studies of large polymeric
biological molecules,>52 and can produce ions clustered to solvent molecules by

seeding the nitrogen nebulizing gas with the solvent of interest.>®
1.4 Other Gas-Phase Experiments

Experimental techniques employed in the interrogation of gas phase species are
dependent on the nature of the system being explored. Electronic absorption spectra
of gaseous ions are only widely obtained using UV PD spectroscopy, while other
spectroscopic methods used to probe gaseous species include IRMPD, resonance
enhanced multiphoton ionisation (REMPI) spectroscopy and photoelectron
spectroscopy (PES). Mass spectrometric techniques, collision induced dissociation
(CID) and ion mobility spectrometry (IMS) and other UV and IR analytical
photodissociation methods can also be used to probe the structures of gaseous

species.
1.4.1 Infrared Multiphoton Dissociation (IRMPD)

IRMPD, as briefly discussed earlier, is a type of PD experiment where gaseous ions
are interrogated with multiple photons from IR tunable lasers to induce
photofragmentation. Photofragmentation is caused by the resonance excitation of the
vibrational modes in the gaseous ions, therefore making it highly dependent on
structure and showing the molecular characteristic functional groups. IRMPD
spectroscopy of ions in the gas phase has been widely studied for biomolecular and
cluster ions in recent years.>* 57. This method has been employed by several research
groups in the study of the structure of magic clusters and has aided the understanding
of their homochiral advantage and structures®®é, Johnson et al performed IR
experiments on carboxylate-(Hz)n clusters and acquired a vibrational high resolution
absorption spectra of a cryogenically cooled 12-carbon dicarboxylate, due to the
tagged molecule dissociation. The experiment was done by disintegrating the weakly
bound clusters formed in a cold buffer gas, and it produced the gaseous clusters in a
customized instrument at cryogenic temperatures. The result showed the existence
of only one conformer.®” Another application of IRMPD spectroscopy in the gas
phase is in the study of metallated lumiflavin clusters (M*sLF) where M = (alkali =
Li, Na, K, Cs and coinage = Cu, Ag) to probe the best binding sites for different
6
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metals depending on their sizes.>® Simulated vibrational absorption spectra acquired
from quantum chemical calculations for the conformers of the different metal-
lumiflavin clusters were used in assigning the gaseous structures for the

experimentally recorded vibrational absorption spectra of the clusters.
1.4.2 Resonance Enhanced Multiphoton lonisation (REMPI)

Resonance enhanced multiphoton ionization (REMPI) is a selective, sensitive and
easy technique for detecting neutral gas-phase species and interrogating of atomic
and molecular products generated from PD or crossed-beam experiments in the gas
phase.%8 7! In a REMPI experiment, photoelectrons or molecular ions are produced
from a supersonically expanded molecular beam overlapped with one or multiple

lasers in a vacuum chamber.

h\rl hvz
Excited State S 81
Ground State So
One-colour Two-colour

Figure 1.2 Schematic diagram for the ionization technique involved in one and two-

colour REMPI experiments.

The effectiveness of supersonic expansion cooling of the neutral species supports
high resolution spectroscopy experiments, and the generated photo ionic species can
be detected. Nucleobase and base pairs were studied using REMPI spectroscopy by
De Vries et al.”? Vibronic absorption spectra in the gas phase of the isolated
molecules were acquired, and hole-burning spectroscopy was employed to separate
the different tautomeric species present in the gas phase.”? Supersonic expansion
cooling in the molecular beam made it possible for the hydrogen bonded nucleobase
pair to be transferred to the gas phase, although for molecules to be introduced into
the gas phase in a molecular beam, they require high vapour pressure because of
heating. Due to this limitation, fewer biomolecules have been studied using

Supersonic expansion cooling method compared to ESI source gas-phase

7
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experiments which allows many biological molecules to be studied because of its
soft ionization technique. Laser desorption provides an alternative method for

forming gaseous species with low vapour pressure.

1.4.3 Photoelectron Spectroscopy (PES)

Photoelectron spectroscopy (PES) uses photoionization and subsequent energy
measurement of the electrons emitted to determine the electronic structures of
molecules, solids, and surfaces. It is also used in determining the electronic state of
the surface region of solid samples.”>"® PES has been employed in exploring the
photostability of nucleobases by investigating their photodynamic characteristics.
The experimental techniques used for PES experiments can share some features with
PD experiments, for example, ion sources. Verlet and co-workers used ESI and time-
resolved photoelectron imaging (TRPEI) using ultrafast tunable lasers to investigate
the photodynamic behaviours of deprotonated 2’-deoxy-adenosine-5'-
monophosphate and its di-and trinucleotides. Comparison of the acquired result with
the solution-phase transient-absorption spectra done by Stuhldreier et al show that
the phosphate group is a spectator in the photo-relaxation pathway. Furthermore, the
charge and the environment do not have any effect on the photo- relaxation dynamics
in the gas phase.””’® Verlet et al used the same approach to study the n-stacked
anionic dimer and deduced that on an ultra-fast scale, the valence excited states
above the electron detachment threshold experience internal conversion into a
dipole-bound state.”® PES has also been employed in investigating clusters. The
electronic stability of deprotonated acids on hydrogen-bonded clustering was probed
by Wang and Kass with a reduction in adiabatic detachment energy (ADE) being
observed. This result was attributed to a hydrogen atom transfer rearrangement

mechanism occurring upon photoionization on the neutral potential energy surface.®
1.4.4 Collision Induced Dissociation (CID)

CID mass spectrometry has been widely used for the study of various sizes of
molecular ions in the gas phase. These studies range from studying small molecular
organic ions to large and complex proteins. 8% The mechanism behind energy
transfer and the dissociation pathways for producing thermal fragments in CID has
also been detailed over many years.®>® In a CID experiment, the isolated gaseous
ions have their kinetic energy increased by applying an electrical potential and

allowing collisions with a buffer gas. The collisions cause some of the kinetic energy
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of the gaseous ions to be converted to internal energy, which leads to rearrangements,
bond breakage and fragmentation. A clear distinction can be made between low and
higher energy collisional dissociation (HCD). Low energy CID involves low kinetic
energy ions, and gentle heating through multiple very low energy (< 1keV) collisions
with the buffer gas, which generally favours ion structural rearrangement and
fragmentation through the pathway with the lowest activation energy. HCD involves
increased ion kinetic energies to many kilovolts (1keV to 20 keV), which on collision
with the buffer gas gives substantial fragmentation. HCD experiments have been
used to deduce the fragmentation pathways of gaseous ions via their relative
activation energies.®® It can also yield fragments that is not present in CID

experiments.
1.4.5 lon Mobility Spectrometry (IMS)

IMS is an analytical technique that is used in the gas phase to identify and separate
gaseous ions based on their mobility under the effect of an electric field when passing
through a buffer gas.®® The method is used in the investigation of both small and
large biological molecules.®® IMS instruments though of various sizes are very
sensitive. They separate gaseous ions based on their sizes and shapes which
determine their collision cross section. They are used in conjunction with mass
spectrometry (IMS-MS), gas chromatography (IMS-GC), or high-performance
liquid chromatography (IMS-HPLC). When coupled to a mass spectrometer, the IMS
serves as a filter for the gaseous ions before mass spectrometric analysis of the ion
is done.% IMS has been used as a conformational filter for gaseous biomolecular ions

produced by ESI, UVPD and IRMPD spectroscopy and with cryogenic cooling.%%

1.4.4 Other Applications of photodissociation methods in Analytical Chemistry

Recent experiments have shown that the sequence and structures of large biological
molecules can be conducted for analytical purposes using a photodissociation mass
spectrometry technique.®* This technique uses fixed output lasers (UV or IR) to
fragment large biological ions in the gas phase. The amount of fragmentation is
dependent on the power and time of exposure to the lasers.3*%® The degree of
fragmentation of the parent ion helps provide more detailed information on the
fragmentation pathways for large polymeric molecules and their secondary

structures.®®1%2 Brodbelt and co -workers have used the decay rate of the time-
9
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domain transient signal from an orbit trap mass analyser to determine the collision
cross-sections (CCSs) of protein ions. The results obtained for all charge states
known to have single conformations in the gas-phase revealed that the CCSs
measurement differ by 7% compared to previous values published from similar
study using IMS.03

1.5 Instrumentation in PD Experiments.

Mass spectrometers used in PD experiments can be procured either commercial'*
106 or custom-built.29"1% The two types of instruments have their pros and cons
depending on the experiments of interest. Commercial mass spectrometers possess
compact designs that make them reliable, robust, and easy to use by non-expert
instrumentalists. They require minimal daily maintenance from the user, and for
technical issues requiring manufacturers’ assistance, engineers are available. The
provision of commercial software aids the collection and processing of
photofragment data and has added to the benefits of commercial mass spectrometers
as it aids the understanding of photochemical reactions and the photodissociation
pathways of gaseous ions. One of the disadvantages of these instruments is that
because of their compactness there is little or no room for their modification to
accommodate some experimental variations of interest. Custom-built mass
spectrometers in contrast, allow modification to their components for desired PD
experiments, although they are difficult to build, use and maintain. They also allow
updates and upgrading of the set up to match new experimental and technological

developments in the field.

1.5.1 Adapted Commercial Mass Spectrometers for UVPD
Commercial mass spectrometers which have been adapted for PD experiments have
been in use for some decades. Both IRMPD and UVPD experiments have been

performed using such adapted commercial mass spectrometers.

The Dugourd research group has used an ESI QIT mass spectrometer (LCQ Duo,

ThermoElectron) set up to perform both analytical and PD spectroscopic analysis on

small and large biomolecules.?41%% 109113 Dye to the importance of understanding the

effect of the biological environment on the behaviour of biological molecules, they

have studied protonated flavin mononucleotide and deprotonated tryptophan, and

were able to acquire both CID and UVPD results using this configuration.°%° The
10
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effect of electron detachment on the stability of gaseous large biological molecular
anions was also studied using this instrument set up.**'1*® It was deduced from the
CID result obtained from electron detachment from DNA polyanion that electron
detachment promotes extensive fragmentation. The set up was also used to explore
protein ions and proffer desirable information on the relationship between the
intrinsic properties of protein ions and their optical spectra.?* Dugourd and co-
workers have also used commercially adapted ion mobility mass spectrometry
(IMMS) to probe the shape of the arrival time distribution signals for polylactide
ions and the steps involved during a folding process in gaseous polymer ions. The
results revealed the absence of folded or extended structure interconversion on the
IM time scale and within the MS ions lifetime at room temperature, due to the distinct
distribution observed. Also, the absence of folded and extended interconversion of
the structures of the polylactide ions even on collisional activation reveal that during
electrospray desolvation or ionization processes, they are frozen in their specific 3D

structure.t4

The Weinkauf group was among the first to use a modified commercial ESI
quadrupole ion trap (QIT) mass spectrometer (Esquire 3000, Bruker Daltonics) for
its studies.?”11517 The group’s earlier experiments around 2004 used the above QIT
mass spectrometer coupled to an excimer-pumped ns dye laser to explore the effect
of the presence of a proton on the electronic spectrum of tryptophan.**¢ The group
later modified their set up by coupling the QIT with an ultrafast Ti:Sapphire laser to
take time-resolved measurements of gaseous ions. This was a significant
breakthrough in modified mass spectrometric experiments because of the paucity of
such experiments, even within custom-built PD experiments at this time, 109118120
The modified commercial ESI quadrupole ion trap (QIT) mass spectrometer coupled
with an ultrafast Ti:Sapphire laser was used to explore the excited state dynamics of
important biological molecules such as protonated peptide HoN-Leu-Trp-COOH and

protonated adenine.!"1%

The Jockush group modified an ESI-QIT mass spectrometer (Esquire 3000+, Bruker
Daltonics) to enable them to conduct PD spectroscopic experiments on isolated
gaseous ions.!?11%6 This novel modified set up also allows them to keep record of
fluorescence spectra. Experiments performed with this set up to characterise an ESI
produced gaseous ion of rhodamine 560, generated a fluorescence spectrum that is

blue shifted from the analogous solution phase spectrum.*?* The recording of the
11
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emission spectrum is made possible by the nanoscale lifetime of the fluorescence

spectrometer coupled in the mass spectrometer as the spectrometer hopefully lives

longer. Experiments that probed variable experimental conditions such as ion-trap
pressure, accumulation time etc were conducted in a straightforward way using the
inbuilt software in the commercial mass spectrometer to adjust the relevant

parameters.

Organometallic complexes have also been studied using modified commercial mass
spectrometers by the Riehn group.t?>t?1%8 This experiment is different from the
traditionally known one colour PD experiments done with commercial mass
spectrometers. Their experimental set up is a QIT-MS (Amazon Speed, Bruker
Daltonics) mass spectrometer modified to perform pump probe spectroscopic
experiments on organometallic complexes in the gas phase where the excited state
lifetimes in these experiments are measured from pump-probe time-resolved
measurements. 120127128 Results obtained from the PD experiment to probe the
ultrafast dynamics of a Ru' based photocatalyst showed a metal centre to another
metal centre charge transfer emanating from a metal-to-ligand charge-transfer

excited state.*?°

Many PD experiments have also been performed using commercial mass
spectrometers interfaced with IR lasers.3*'?*1%0 |RMPD experiments require
absorption of multi-photons to induce fragmentation. Some groups have used a table
top laser (Nd:YAG pumped OPO/OPA),* while other research groups have used the
tunable free electron laser (FEL) as a source for higher energy in IRMPD
experiments. FEL was employed by the Free Electron Laser for Infrared experiments
(FELI1X) laboratory in their experimental set up with (AmaZon Speed ETD, Bruker

Daltonik) for IRMPD gaseous experiments, 31132

Studies on the deprotonation sites of small peptides and complexation with metal
ions due to many metal-ion complexation sites provided by peptides were conducted
using FEL coupled in (AmaZon Speed ETD, Bruker Daltonik) mass spectrometer by
Oomens group. They investigated how water microsolvation can have an effect on
the binding mode of the metal ions using the same type of experimental set up.*33-134
Oomens research group also explored the reaction pathways of some important

biological molecules, characterised their binding patterns, and investigated the
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deamidation and dehydration reaction of protonated dipeptide using also the same

experimental set up in recent time. 3713

The Brodbelt group modified a Fusion Lumos Orbitrap mass spectrometer (Thermo
Scientific Instruments, San Jose, CA) with 193 nm Coherent Existar excimer laser
(Santa Cruz, CA) to perform UVPD experiments in the high-pressure linear ion
trap.6:13” The ability of this method to determine subtle structural differences was
confirmed with studies on the detailed structural characterization of intact rough-
type lipopolysaccharides (R-LPS), where the results revealed successful discernment
of E.coli R-LPS structures with isomeric core structures.'*® The group also explored
extensively the characterization and identification of human proteins and
proteoforms whilst comparing UVPD and HCD in the characterization of
overlapping proteoforms. The results revealed that UVPD and HCD are
complementary for the characterization of proteoform and extensive protein
profiling.t%

IRMPD experiment have been conducted on protonated trptophan gaseous ions
trapped in the Penning trap of a Fourier transform ion cyclotron resonance (FTICR)
(4.7 T Bruker FTICR) instrument and a custom-built Paul trap irradiated with a
tunable OPO laser (Linos Photonics, Munich, Germany) by Polfer and co-
workers.®1% The result showed enhanced IRMPD vyield in the Paul trap than in the
Penning trap IRMPD spectrum. This is attributed to minimal subjection of the ion
cloud to photon flux due to the shape of the ion cloud, which compromises the
overlap between the ion cloud and the laser focus. A multiple pass approach of the
photon flux is suggested to improve this limitation. The ICR cell of the FTICR at the
FELIX facility has polished electrodes to encourage multi-pass exposure of the ion

cloud to the photo flux.*6:%

1.5.2 Custom-built UV Photodissociation Mass Spectrometers

High-resolution spectroscopy experiments are best performed in instruments
coupled with custom-built mass spectrometers specifically designed for PD
spectroscopic experiments. Although cooling of gaseous ions promotes high-spectral
resolution in PD experiments, not all custom-built experiments are done with
cryogenically cooled ion traps. Nielsen and co-workers have performed custom-built
experiments which do not include ion cooling to study charged fluorescent dyes to
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determine the shift in their absorption spectra going from the solution to the gaseous
phase.’*® They have also studied the influence of single water molecules on the
electronic absorption spectra of ortho and para nitrophenolates, and probed if the
spectral shift is red or blue.'“° Custom-built experiments have been used to study and

acquire electronic absorption spectra for both organic and inorganic gaseous ions.**
139-141

Electronic spectroscopy of cryogenically cooled gaseous ion trapped in a Paul ion
trap was performed on organic and organometallic ions to obtain high resolution
absorption spectra and ascertain the gas phase structures of these molecules by
Jouvet and co-workers. Their results provided reliable vertical transition energies
and were supported with theoretical calculations.’*?% Wester’s research group
performed a UVPD experiment on cooled hydroxide ions trapped in a linear ion trap
(LIT) and obtained a high-resolution absorption spectrum which showed the onset
of electron detachment as the photon energy increases from the rotational states. The
population of the ions at different rotational states was used to calculate the internal

temperature of the ions.*#

Some home-built instruments have been designed to perform experiments with
multiple lasers. High resolution UV-IR double resonance absorption spectra of some
biologically relevant molecules have been obtained in PD experiments by Zwier and
Rizzo research groups.'*¢%4 Zwier and co-workers performed UV-
photofragmentation spectroscopy and IR spectroscopy on cold gaseous ions of two
prototypical guaiacyl complexed with metal ions. The double resonance
spectroscopic results were used to determine the structural changes because of the
complexation and also characterise the favourable binding sites for the metal
cations.!*” Rizzo and co-workers used IR-UV hole-filling spectroscopy to study
conformational isomerisation of a helical peptide.}*® After sufficient cooling of the
trapped ions, UVPD was used to determine the individual conformer while the IR
induced spectroscopy is used to identify the population of the four stable conformers.
The high-resolution UVPD absorption spectrum of the helical peptide showed four

separate well-resolved conformational isomer absorption bands.
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1.6 Thesis Overview

The work discussed in this thesis was conducted in a laser interfaced commercial
mass spectrometer (LIMS). UVPD experiments were performed on some gaseous
biological relevant ions and clusters with an Nd:YAG pumped OPO laser coupled to
an ESI quadrupole ion trap mass spectrometer over a wide scanning range of 213 to
600 nm. The experimental set up allows photofragmentation and photodepletion

spectra to be acquired.

Chapter 2 describes the experimental protocol and the instrumental design used to
perform both PD and thermal dissociation experiments. There is also a description
of the computational calculation methods employed to help in the interpretation of
the acquired data.

Chapter 3 describes the PD experiment to explore the intrinsic gas-phase
photochemistry of 2-thiouracil (2-TU) with the aim of characterising the effect of
protonation and deprotonation on the excited states and photoproducts of 2-TU by
studying the isolated deprotonated ([2-TU-H]") and protonated ([2-TU-H]*) ions.
The photofragmentation pathways of the protonated and deprotonated ions are highly
distinctive, with the deprotonated system producing just a few, very low intensity
photofragments while the protonated system produces extensive photofragments.

Chapter 4 presents a study of the complexes of iodide with the non-native
nucleobases, 2-thiouracil (2-TU), 4-thiouracil (4-TU) and 2,4-thiouracil (2,4-TU) to
investigate the modifications on the excited state behaviour of a non-native
nucleobase due to the presence of one or more sulphur atoms. The experiments allow
the electron capture properties of these novel molecules to be probed. In chapter 5
we extended this type of study to very large biological molecule riboflavin (RF). The
electronic PD study of I'-RF cluster showed photophysical and photochemical
behaviour that mirrors those of the iodide-thiouracil earlier studied in Chapter 4. The
results obtained were therefore discussed in a similar arrangement.

Chapter 6 reports the PD spectroscopic experimental studies on the complexes of
iron (I11) metalloporphyrin (FeTPP*) and N aromatic molecules (pyridine, quinoline
and iso-quinoline) in the gas-phase to explore the effect of complexation on the

photochemistry and spectroscopy compared with the uncomplexed free MP.
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Chapter 2

Photodissociation Methods and Theory

2.1  Laser coupled - Mass Spectrometry Instrument Overview

The instrument used to acquire the data presented in this thesis is a modified Bruker
AmaZon electrospray ionisation quadrupole ion-trap (ESI-QIT) mass spectrometer
coupled to a 10 Hz Nd:YAG (Surelite, Continuum) pumped OPO (Horizon 1,
Continuum) which can selectively produce wavelengths ranging between 193 —2700
nm (6.42 — 0.46 eV). Figure 2.1 shows a simplified diagram of the experimental
hardware set-up. The mass spectrometer has been modified by drilling two holes into
the ring electrode thereby allowing the pulsed laser to pass through the ion trap which
results in the dissociation of the ions. The laser beam is channelled by the optical
guide into the mass spectrometer and a 200 mm plano-convex lens is used to focus
the beam through the ion trap. The transmission of the laser beam into the mass
spectrometer is controlled by a beam shutter (Model SHO5, Thorlabs Inc.).

ps Surelite
Nd:YAG Laser
Power Meter
/;
J g .
&< . %QSO B OPO: Optical Parametric Oscillator
§\° H YAG: Yitrium Aluminium Garnet
> "{e& . H ESI: Electrospray Ionization
A} N . QIT: Quadrupole lon Trap

Slgter

Figure 2.1 The schematic diagram of laser the coupled-mass spectrometry

experiment.
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A motorised flip mount (Model MFFO001, Thorlabs Inc.) with a prism mounted on it
is used to selectively direct the laser beam to the power meter (Power Detector
UP19K-15S-VR, Monitor is a Gentec-EO Tuner) which takes a measurement of the
power of the laser entering the ion trap. A workstation is used to control and monitor
every part of the experimental setup thus allowing for the automation of the
experimental process. The details of the different parts of the experimental setup are

discussed below.

2.2 The Laser-Coupled Bruker AmaZon Mass Spectrometer

2.2.1 The Modified Bruker AmaZon Mass Spectrometer

The Bruker AmaZon mass spectrometer is a quadrupole ion trap (QIT) mass
spectrometer with a nebulizer assisted electrospray ionisation (ESI) ion source and
the source for generating the gaseous ions studied in the entire thesis. The QIT part
of the mass spectrometer operates at a pressure 10 mbar which is ~ 10° less than
the pressure required in the ESI region which requires atmospheric conditions.

Detection
lon guide lontrap Multiplier

High transmission dual

Nebulizer ion funnel transfer line

fast-scanning
nCl Source (ETD)  Analyzer

Vacuum
Stage 1 Stage2  Stage 3 Stage 4

Atmospheric
Pressure
lon Source

Figure 2.2 Diagram of the Bruker Daltonik AmaZon mass spectrometer. Image

adapted from the AmaZon manual. Ref. 150

The ion trap can be used for tandem mass spectrometry experiments through helium
buffer gas collision-induced dissociation of the trapped ions. The ESI source operates
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under atmospheric conditions, whereas the QIT region of the mass spectrometer has
an operational pressure in the region of 10 mbar. To achieve the ~10° decrease in
pressure, four differentially pumped (rough and turbo pumps) vacuum stages are
used in the mass spectrometer. The gaseous ions produced are guided by an electric
field from the ESI source through an inlet capillary, which is heated to help the
process of desolvation from the spray chamber to the vacuum system. The flow of
heated drying gas around the entrance of the inlet capillary also aids the desolvation
process. In the vacuum chamber, the ions are directed by an ion funnel, two multipole
ion guides and two ion lenses to the QIT where the ions are collected, stored, mass
isolated, fragmented and mass analysed. For collision-induced dissociation (CID)
experiments, the trapped ions are collided with the helium gas, while in
photodissociation experiments, the stored ions are probed with the laser. When the
internal energy of the ions is increased sufficiently to induce dissociation, the ions
are sequentially ejected from the QIT according to their mass-to-charge ratio, and
detected by a Daly conversion detector, which is a dynode-based system. The Daly

detector is advantageous in this type of measurement because it reduces noise due to

ion feedback.

The workstation is used to control the amaZon mass spectrometer using the
(trapControl version 7.2, Bruker Daltonik) commercial software. The TrapControl
software is used to manage the conditions of the ionization settings (e.g. drying gas
flow rate, the nebulizing gas pressure, the drying gas temperature and the voltage
applied to the ESI needle), the voltages of the ion optics (multipole, ion funnel and
lens voltages) and the trap conditions of the gaseous ions studied (eg. Amplitude, the
mass isolation, fragmentation time and ion accumulation time). The trap control can
be used to record and store mass spectra acquired over a controlled period of time
during the laser experiments.

Further details on the principles governing the operations of the ESI, QIT and the
mass spectrometry modifications to allow laser experiments will be explained in the

subsequent sections.

2.2.2 Electrospray ionisation
The use of ESI as the source to produce gaseous ions in mass spectrometry is well
established.®1-15% The processes of electrospraying undergone by samples in the
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spray chamber can be divided into the formation of the charged droplets,
nebulisation, desolvation and ion evaporation. Figure 2.3 shows the main features of
ESI.

The solution containing the analyte is put into a syringe and injected through a
capillary at a set flow rate using a syringe driver, with the potential difference
between the needle and the spray cap maintained at 2-6kV. The solution is
transported to the charged needle where ions of similar charge are attracted to the
charged needle while ions of opposite charges are repelled thus increasing the
concentration of the repelled ions in the solution as it passes through the needle.
Under the influence of the electrostatic field, the ejected solution at the tip of the
needle is distorted, forming a Taylor cone.'®* Coulombic repulsions within ions of
similar polarity and the effect of the nitrogen nebulizing gas assist the ejected

solution to break apart into small droplets and start evaporating.
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Figure 2.3 Diagram of an electrospray ionisation (ESI) source. Positive and negative
charges are included in the droplets to show that ESI can be used to produce gaseous

cations or anions.1%2

The highly charged droplets which flow in the opposite direction to the drying gas
(nitrogen) are heated up resulting in the evaporation of the solvent molecules from
the droplets, therefore increasing the repulsion between the ions as they are forced
closer together. The evaporation process continues until the repulsion between this
ion of similar polarity becomes large enough to overcome the surface tension of the

droplets (known as the “Rayleigh limit”), then coulombic explosion occurs giving
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smaller droplets.'>® The process of evaporation and fission repeats until small analyte

ions, assumed to be of nanometre diameters are created.1415°

There are two models for the production of analyte ions which enter the quadrupole
ion trap (QIT). The pathway for desolvation of analyte ions has been observed to be
dependent on the analyte ion. Heavy globular species (e.g. folded proteins) are
believed to enter the gas phase by the cycle of both solvent evaporation and
coulombic explosion, until a droplet containing only a single ion evaporates. The
solvent then leaves only the bare ion, which is known as the “charge residue model”
(CRM).1%6.357 |_ow-mass analyte ions are believed to be transferred to the gas phase
according to the ion evaporation model (IEM), which involves the droplets getting
smaller with increased charge density until the repulsion becomes large enough to
fully eject an ion from the droplet.'>®%° The pathway and mechanisms for the
effective production of analyte ions in the electrospray process are discussed widely
in the literature.?54169-162 The molecular and cluster ions studied within this thesis are

all < 2000m/z-mass ions and clusters and thus are likely to be isolated by the IEM.

2.2.3 lon Optics

The gas-phase ions can only be detected when they pass from the region of the
atmospheric pressure ionisation chamber to a low-pressure ion trap region of the
instrument. The use of a set of ion optics to transfer the ions between the different
pumping regions helps this to be achieved. The ions will enter an octupole, which
will direct them through a vacuum partition and into a second octupole. This octupole
then directs the ions through a pair of electrostatic lenses, which focus the ions into

the quadrupole ion trap.

2.2.4 Quadrupole lon Trap (QIT)

The Paul and Steinwedel designed quadrupole ion trap (QIT) is a ~1 cm® 3D mass
analyser.1%3A schematic diagram of a QIT is shown in Figure 2.4, illustrating where
the ions can be accumulated, selected, excited (via CID) and then ejected according
to their mass-to-charge ratio. The trap consists of two end-cap electrodes (1 and 3)

which are located on either side of a ring electrode (2) thus giving an internal surface
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that has a profile which is almost hyperbolic. The end cap electrode (1) creates an

inlet for the ions which are stored between the electrodes (4).
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Figure 2.4 Diagram of a quadrupole ion trap (QIT) mass spectrometer, adapted from
the AmaZon Manual.*® 1 is the entrance end cap, 2 is the ring electrode, 3 is the exit
end cap, and 4 is the ion cloud and buffer gas.

The incoming ions, though with very high kinetic energy, can be trapped because
there is a continuous leak of helium gas into the trap, which acts as a buffer to the
incoming ions. Collision of the ions with the helium atoms results in a reduction in
the kinetic energy of the incoming ions, thus the ions can be trapped.

lons that enter the (QIT) are made to operate under the influence of electric field
created by the trapping positive potential(®o) applied to the ring electrode in two
ways, a constant direct potential, and an alternating potential. The movement of ions
in the trap is dependent on these two potentials and on the mass-to-charge ratio of
the trapped ion.’®* A negative potential is applied to the two end electrodes. The
potential around the ring electrode is generated by high voltage while the end caps

are  maintained at  osscilating alternating radio  frequency  voltage.

The switching between positive and negative polarities for the applied voltage is in
the radio frequency range. The influence of the electric field in the trap causes the
charged ions to move towards the centre and edges of the trap in axial and radial
directions. Due to the inhomogeneity of the field, a small average force is not
cancelled for a while in the centre of the trap thus resulting in the formation of a
pseudo-potential well which enables the storage of ions.*%® The presence of the

helium buffer gas also aids the effective storage of the ions. The trajectories of these
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trapped ions are best described by integrating their equations of motion in the form

of the Mathieu equation, which has defined terms, 166167

Operating line for the
RF-only moda (no DC)

Increasing DC voltage

Increasing RF amplitude

Figure 2.5 Stability diagram for ions in a quadrupole ion trap. Image taken from the

AmaZon Manual.*%

The stable trajectory of an ion with a particular m/z is obtained from the range of
voltages (direct and alternate potential) taken from calculated ion trajectories.® This
stability is defined as a trajectory where the ion position in the trap is not axial or
radial at a point which exceeds the distance between the centre of the trap and the
electrodes (ro and zo in Figure 2.4). Figure 2.5 shows a diagram of a typical example
of the stability of ions in the QIT. Direct and alternating potentials with values that
lie within M1 and M2 (an area of acceptable alternating voltages without any form
of interjection from the direct potential) for an ion of a given m/z gives a stable
trajectory. Thus, our QIT functions only with alternating voltages. The values of the
alternating potential that generates a stable trajectory varies with changes in m/z. The
highest voltage is inversely proportional to the m/z of the trapped ion. Therefore
there is an m/z range where the QIT cannot trap stably, and this is known as “low-

mass cut-off”.
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Mass spectral acquisition during the experimental sequence in the QIT follows
repeating steps, where each individual step is controlled using the trapControl

software: in particular, Clear Trap, accumulate, and mass analyse.
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Figure 2.6 Major scan segments for an MS scan, adapted from the AmaZon

manual. 1>

Clear trap is the point when there are no ions in the trap. It is a step where the
quadropolar field is brought down to zero and thus empties the trap between two
acquisitions. A blocking voltage is applied on the ion gate and the drop in voltage
allows the flow of ions into the trap thus the accumulation starts. The accumulation
time can be varied and the number of ions entering the trap monitored using the
trapControl. A voltage is applied to the ion gate at the end of this segment, and the
ions are cooled by their collisions with the buffer gas.

The isolation stage involves the excitation of the frequencies of the ions by applying
a broadband alternating potential field to the QIT, thus causing the trajectories to be
unstable. This alternating potential field possesses a narrow window which makes
it possible for the frequency of a selected ion with m/z ratio not to be excited. These
ions remain in the QIT.

Fragmentation of ions in the QIT is induced by applying a narrowband alternating
potential field to the isolated ions to increase their kinetic energy, while maintaining
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a stable trajectory. The collision of these ions with the buffer gas will result in the
conversion of their kinetic energy to internal energy. At a point where the internal
energy of these ions overcomes the activation energy of the reaction, fragmentation

and rearrangement occurs, a process known as “collision-induced dissociation” 85162
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Figure 2.7 Major scan segments for an MS(n) scan, adapted from the AmaZon

manual. 1>

The amplitude of the alternating potential voltage and fragmentation time are
controlled using the trapControl software. Fragments from parent ions can further be
isolated and fragmented; this can be allowed up to 10 cycles by the trapControl
software.

lons present in the QIT are ejected according to their m/z ratio in a sequential manner
and in fragmentation by gently increasing the amplitude of the alternating potential

voltage.
2.2.5 Modifications to the Bruker AmaZon Quadrupole lon Trap

All photodissociation experiments described in this thesis were done using the

amazZon mass spectrometer modified to allow laser excitation of ions in the QIT. A
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diagram of the laser-coupled QIT of the mass spectrometer displaying all the

modifications made to the instrument is shown in Figure 2.8
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Figure 2.8 Labelled diagram of the modifications made to the QIT mass
spectrometer to allow photodissociation experiments. (a) is a Nd:YAG pumped OPO
tunable laser source; (b) is a 200 mm focal length UVFS lens (LE4467-UV, Thorlabs
Inc.); (c) is an optical shutter (Model SHO5, Thorlabs Inc.); (d) is a pair of flange
mounted uncoated UVFS windows (WG41050, Thorlabs Inc.); (e) is a 2 mm hole
drilled through the ring electrode of the ion trap to allow the passage of laser light;
(f) is a pair of aluminium mirrors (PF05-03-F01, Thorlabs Inc.); (g) is a UV-Vis
spectrometer (USB2000+ UV-VIS, Ocean Optics Inc); and (h) is the centre of the

ion trap where photodissociation occurs. Image adapted from Ref. 20.

Two uncoated 5mm UV fused silica windows (d) are in the upper flange of the mass
spectrometer. These windows are transparent to UV and visible light, thus a laser
beam passes in and out of the vacuum chamber through them. Two holes are made
into the upper vacuum flange of the mass spectrometer to fit a KF-16 centering ring,
to accommodate the two uncoated UV fused silica (UVFS) windows. An O-ring is

attached to the centering ring, which is designed to extend only downwards, which
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allows the UVFS to be fitted on the O-ring. To maintain a suitable environment for
our experiments, air is prevented from entering the high-vacuum chamber of the
mass spectrometer through the seal that connects the UVFS windows, the vacuum
flange, and the O-ring. QIT(e) is positioned directly under the first window and a
hole drilled into it through the ring electrode to allow the laser to enter the trap. The
drilled hole measures 6mm at the edge of the ring electrode and 2mm further into the
centre of the QIT to reduce the loss of helium buffer gas from the trap.

Two 6mm aluminium mirrors are used to assist the alignment of the laser through
the QIT. The QIT is positioned above the first aluminium mirror (f) which reflects
across the range of 220nm-20um. It reflects the laser to the second aluminium mirror
(f), whose function is to reflect the laser beam out of the vacuum chamber through
the second UVFS window.

To coordinate the operation of the laser beam between the OPO laser and the mass
spectrometer, an optical bread board is fitted on top of the mass spectrometer to

secure optical mounts that guide the laser beam.

2.3 Nd:YAG Pumped OPO laser

The laser used to produce photons in the photodissociation spectroscopy experiment
is a Q-switched neodymium-doped yttrium aluminium garnet (ND: YAG,
Nd:Y3Als012, Surelite, Continuum). This is used to pump the optical parametric

oscillator (OPO, Horizon I, continuum).

2.3.1 Nd:YAG pump laser

The dopant present in the YAG rod is Nd** replacing circa 1% of the yttrium ions,
and the lasing properties of YAG rod is dependent on it. The main transitions that
occur in the laser activity are shown in figure 2.8. Flashlamps surrounding the YAG
rod are used to generate light to electronically excite the ND3* ions present in the
electronic ground state (*lor2) to (*Fsz2), which relaxes without emission into the
excited state (*Far2). This excited state decays to another electronic state (*l11/2) with
the emission of a 1064 nm photon, before relaxing to the electronic ground state
without any significant emission of radiation. Although the longest lifetime
electronic excited state of Nd®* is (*Far2), there is a condition in which most of the

ions transit to a higher excited state (*Fsz) than the lower (*li2), known as
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“population inversion” in the YAG rod. This is accompanied with radiative decay in

this excited state, which is triggered by a photon at same energy.
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Figure 2.9 Simplified diagram of the energy levels in Nd®": Nd:YAG laser involved

in the emission of 1064nm light.17

This interaction forms the background for the lasing properties of the YAG rod. The
YAG rod is irradiated repeatedly at a frequency of 10 Hz, thus population inversion

and lasing of the YAG rod follow at the same frequency.

Figure 2.10 shows the use of the Q-switch in manipulating the laser pulses from the

laser chamber.
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Figure 2.10 Diagram of the Q-Switch used to produce laser pulses in the Surelite

Nd:YAG laser. Image adapted from the Surelite manual "
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The Q-switch holds the YAG rod and flash lamps that release the laser pulse, thus
allowing the laser pulse only when the right voltage is applied to the Pockel cell
enclosed in the laser chamber. Frequency doubling and sum frequency mixing of the
fundamental and second harmonics are used to generate the second harmonics
(532nm) and third harmonics (355nm) respectively from the fundamental laser
output (1064 nm). The way this system operates is controlled using a manual knob
that changes the direction of the crystals to support the production of the harmonic
frequencies. The power of the third harmonics needed to pump the OPO is 1.8mJ.

2.3.2 Optical Parametric Oscillator (Horizon) Laser

The widely-adjustable and tunable photons used for the photodissociation
experiments in this thesis is produced by an Nd:YAG pumped optical parametric
oscillator (OPO) laser (Horizon, Continuum). An OPO system operation involves a
single photon (the pump) being split into two low-energy photons that conserve the
energy and momentum of the initial single photon. The higher energy photon of the
two low-energy photons is called the “signal”, while the lower energy photon is

known as the “idler”.

Epump = Esignal + Eidler Equation 2.1

Kpump = Ksignal + Kidler Equation 2.2

The equation above represents the conservation of energy(E) and conservation of
momentum (K) by the two low-energy photons. Non-linear optics and f-barium
borate (BBO, BaB20a) crystals within the OPO are used in the processes of the OPO
laser (Horizon). The angle the OPO axis of the BBO crystals makes with the pump
beam determines the frequencies of the signal and the idler. Accurate rotation of the
BBO crystals makes our laser a tunable laser source, which allows the assessing of
far UV to near IR wavelengths used in our experiments.

Figure 2.11 displays the pathway of the OPO laser in producing different
wavelengths. The visible wavelengths are generated by the splitting of the third
harmonics of the Nd:YAG laser (355 nm) by the BBO crystals 10 and 11. A Pelin
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Broca prism (16) is used to make sure that the idler and signal are emitted through

the left exit port at exactly 90° of reflection.
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Figure 2.11 Horizon OPO optical layout displaying the pathway of the OPO laser in

producing different wavelengths.7?

Image adapted from Horizon manual.
Components 14 and 26 are optional optics and were not part of the Horizon laser

used in this thesis.

The scanning region associated with this is 400- 2750nm. The BBO crystals 20 and
22 are used to generate the UV photons. This is achieved by frequency doubling or
sum-frequency generation of the idler/signal and fundamental wavelength (1064nm)
of the Nd:YAG. The overlap between idler/signal and fundamental is achieved by
reflecting the fundamental wavelength on the optics 24, 28 and 19. The exit of the
UV photons generated with a range of 192 — 400nm requires another Pelin Broca
prism (23), which also ensures that the emitted beams leave through the right exit
port when reflected at a 90° angle. The adjustment of the positions of the optical
elements 15, 21 and 25 enables the switching between the UV and visible regions.
Other optical components of the Horizon OPO are enlisted: 355 nm Dichroic Mirror-
1, 3, Half Wave Plate- 2a, 8, 15, 27, Lens 4, 5, Mirror -12, 19, 24, 28, Polarizer -2b,
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14, 26, 90 Degree Prism -17, 18, Window - 6, 13, Waveplate -21, Porro Prism-7,
Beam Dump Assay-25 and Injection Pump Mirror -9.

The Horizon software is used to control the OPO laser from the workstation via a
USB connection. The control of the orientation of the BBO crystals and the Pelin
Broca prisms mounted on step-motors from the workstation is used to adjust the
alignment, obtain different required working wavelengths and the power of the laser.
The OPO generates approximately 1mJ average pulse energy for each wavelength
between 650-220nm.

2.3.3 The optical pathway between the OPO laser and mass spectrometer

The experimental setup showing the pathway taken by the laser beam into the ion
trap is displayed in Figures 2.12a and b. Figures 2.12a shows the pathway taken by
the UV photons into the ion trap, while Figures 2.12b shows the pathway taken by
the visible / near IR photons into the trap. The UV and the visible / near IR photons
exit the OPO laser into the optical bench through two different black tubes. The
height of the incoming UV beam is adjusted by ~ 8cm above the optical table using
two right-angled UV-fused silica prisms. This which simplifies the adjustment of the
photons into the ion trap. These UV fused prisms act as a periscope to achieve the
desired height-adjusted beam. The adjusted beam is reflected by 90° towards the
mass spectrometer by hitting a right-angled prism.
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v) Height
Adjustment  Adjustable

Prisms Prism

Power-Meter #

Laser-Mass 4 A |

Spectrometer 9. NAEUTIERAY .St SARR
Interface R .o o N .
....... AP : d Visible/Near IR
. « o - o * Entrance
Transparent Reflected Risht
Windows Beam Ancded
Dump e
Prism

Figure 2.12 Labelled pictures of the optical bench mounted on top of the AmazZon
mass spectrometer with a) displaying the path of the UV (193 - 400 nm) and b)
visible/NIR (400 - 2700 nm) light from the OPO laser to ion trap of the mass
spectrometer. Pictures adapted from Ref. 152

On the optical bench, a right-angled prism at the exit of the visible/near IR beam and
the adjustable right-angled prism are used to overlap the UV and visible/near IR
routes. The visible/near IR beam follows the same pathway as the UV beam after
passing through the adjustable prism on the optical bench.

The zoomed picture of the optical pathway of the photons after passing through the
height-adjustment prism is displayed in figure 2.12. From the height-adjustment
prism, the beams pass through the iris (a) and hit a right-angled prism (j) which
reflects the beam at 90° towards the mass spectrometer (e). In situations where the
adjustable prism (b) is on the path of the laser, the beam is reflected towards the
power meter (h) by passing through a lens (i) as shown in figure 2.12.

If the adjustable prism is not on the laser route, the beam will be reflected to the
right-angled prism(d) passing through an iris (c) and lens (g). The right-angled prism
(d) which is located on top of the QIT of the mass spectrometer reflects the beam
downwards towards the QLT.
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Figure 2.13 Labelled picture of the optical bench on top of the amaZon mass
spectrometer, showing the region of the table containing the power measurement
setup as well as the optical interface of the mass spectrometer. Picture adapted from
Ref. 152.

The reflected beam passes through the optomechanical shutter (f) and a transparent
window into the QIT of the mass spectrometer and leaves the QIT through a second
transparent window as initially discussed.

A motorised flip mount (Model MFF001, Thorlabs Inc) which is attached to the
adjustable prism is used to switch the orientation of the beam towards the power
meter and out of the beam path. The switching in the orientation of the flip mount is
powered by the receipt of a 5V transistor-transistor logic (TTL) signal and can be
controlled through the workstation by using a home-written LabVIEW virtual
instrument program which is used to trigger a data acquisition (DAQ) device (Model
USB-6211, National Instruments) to send the 5V TTL signal.
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2.4 General Experimental Overview

This section presents an overview of the data acquisition, processing, and extraction
during gas phase photodissociation spectroscopy experiments used in this thesis. A

detailed description of the experimental process is presented in Ref. 152.

2.4.1 Mass spectrometry methods

All isolated ions and clusters studied in this dissertation are generated via an ESI
process discussed in Section 2.2.4. The sample solutions were prepared in ESI-
compatible solvents (polar; water, methanol and aprotic; acetonitrile) at
concentrations between 10 and 10 mol dm?. (ESI conditions for each of the
studied systems are given in detail in their different Chapters). Sample solutions were
injected into the mass spectrometer using a 1cm? syringe through a PEEK tubing
connected to the ESI needle. The ESI experimental conditions for different
experiments are controlled and adjusted using the trapControl software to maintain
an intense and stable flow of the studied ions and cluster ions. The trapControl
software is also used to optimise the QIT conditions and the applied voltages.

Full ion mass spectra of the ions generated through ESI are collected to identify the
nature of the ions produced. The identity of the different analyte species was verified
by comparing the isotopic distribution pattern of the analyte species from the
acquired full ion mass spectra with the simulated isotopic pattern. These species are
offset by +1 or -1 m/z unit from their neutral mass when they are protonated or
deprotonated, except where the charge results from the oxidation state of a metal in

metal complexes (eg. the tetraphenyl porphyrin iron 11 ion).

The confirmed analyte ion is isolated in the ion trap in one or two step isolation, and
CID is employed to fragment it. The process of analysing the ion of interest with
CID is performed by exciting secular frequencies of the isolated ions with an RF
voltage whose amplitude can be changed between 0 to 2.5V. The change in the
amplitude during a CID experiment is controlled using the trapControl software and
the amplitude is increased until there is total fragmentation of the isolated parent ion.
The thermal fragments are identified by determining the neutral fragments and the
CID spectra were obtained by plotting the percentage of the ion production at each
amplitude against the percentage amplitude.’”*7* The generated CID fragmentation

spectra are used to compare the binding energies of different clusters. There are three
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scan modes (extended resolution, ultrascan and enhanced resolution) with different
scan rates in which the QIT of our instrument can be operated. The resolution of the
mass spectra is dependent on the operative scan mode of the QIT mass spectrometer.
The enhanced resolution scan mode was used in the whole of this thesis to obtain
high quality data.

2.4.2 Gas- phase absorption spectra

Solution-phase electronic absorption spectroscopy measures and records the changes
in light intensity caused by the molecule or ion in a sample solution when light is
passed through it, in line with the Beer —Lambert law. The number of molecules or
ions present in a solution per mole is 6.02 x 10%% according to Avogadro’s number
thus the direct measurement of the absorption of molecules in solution is possible at
a typical concentration. In the gas-phase photodissociation experiments, this is not
possible because there is a relatively low number of ions that can be stored in the
trap (103-109).% To address this challenge, action spectroscopy is employed to
measure the gaseous absorption cross sections. This involves the quantification of
absorption with the photo related chemical changes that gaseous ions undergo when
light is passed through them. The absorption of light by gaseous ions will result in
allowed photochemical changes (which are electron detachment or fragmentation),
or there will be no depletion of the parent ion as a result of absorption in the absence
of a radiative relaxation pathway.?+175:176

The foremost equation derived from the Beer-Lambert law to define absorption
cross-section in terms of a probability for photodetachment was first derived by
Brauman and Smyth in their experiment to study the photodetachment of the

hydroxide anion using a continuous-wave laser with wide spectral output.'s

(18 = /o exp(= ¢/ o DA d1)=loexp (-P) Equation 2.3

Where lo and I(t) are the intensity of an ion without irradiation and after being
irradiated for duration t, respectively. fis the geometrical overlap factor between the
light beam and the ions, o()) is the absorption cross section at wavelength A, and p(A)
is the photon flux. In our experiments, a 10 Hz pulsed laser is used which has a
narrow spectral output and is tunable thus gives room for control over the irradiation
time of the gaseous ions and the wavelength of the experiment. If the overlap
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between the ion packet and laser pulse is assumed to be constant at every wavelength,
and the irradiation of the ions is done by one laser pulse, we can rewrite the above

equation to give the absorption coefficient.

o) =In{y/D)/p(A) Equation 2.4

Where lo is the intensity of a gaseous ion without irradiation, and | the intensity of a
gaseous ion with irradiation. Assuming that the profile and duration of each laser
pulse is the same, then we can approximate the photon flux p(1) by the average
number of photons per pulse. The number of photons per pulse is estimated to be
proportional to the product of the wavelength of the laser and the average laser pulse
energy which is calculated from the laser power measurements. The approximate
gaseous absorption coefficient represented in Equation 2.4 is also known as
“photodepletion” and can be defined to be the same as gaseous absorbance when the
laser power employed in the experiments is significantly low that only one photon is
absorbed and each excitation as a result of the absorption of one photon causes the
gaseous ion to deplete. Equation 2.4 can be simplified and rewritten as a definition

for photodepletion (PD):

PD =1In(l, /I) /PA Equation 2. 5

The gas-phase absorption spectrum is acquired by collecting and comparing the
Laser on and Laser off ion intensity. Laser on and Laser Off data in Chapters 3, 4
and 5 are recorded in separate files while in the data recorded in Chapter 6, the Laser
on and Laser off data were collected using the same file, with the functionality of the
amaZon mass spectrometer referred to as “Multiple Reaction Monitoring” (MRM).3*
It is a technique in mass spectrometry used to record the CID fragmentation of
multiple (up to ten) mass-isolated parent ions. In a PD experiment, the MRM
technique involves the isolation and fragmentation of up to five different ions in the
QIT in a single acquisition, recording and storing the Laser on and Laser off mass
spectra of the different ions in a successive manner within a chromatogram. The
individual ion chromatogram can be deconvoluted from the single chromatogram
acquired using the MRM method, which uses the Bruker Daltonik program known

as “DataAnalysis”.
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For all the experimental data presented in this work, the fragmentation time used to
ensure the interaction of the ion packet with only one laser shot is 100 ms and the
acquisition time for each ion mass spectrum at a particular wavelength is 60 seconds.
The switching between laser on and laser off during the acquisition is controlled by
the optomechanical shutter. This opens to allow the laser into the QIT once the
fragmentation functionality is turned on and closes during laser off acquisition of the
mass spectra.

The laser power is acquired for each wavelength to keep a record of the photon flux
within the QIT, and the data collected are analysed and plotted against the photo
energy (wavelength) to obtain the gas-phase photodepletion spectra. The automated
operations employed in the collection and analysing of the data presented in this

thesis are also explained in detail in Ref 152.

2.4.3 Gaseous photofragmentation and Electron detachment spectra

Photodepletion experiments involve the measurement of the depletion in ion
intensity of a gaseous ion because of interaction with laser irradiation; this occurs
through ionic fragmentation and electron detachment. The pathways by which
gaseous fragmentation reactions occur in mass spectrometry are well
characterized.'®®%7 In our experimental setup, we can measure the production of
ionic photofragments with m/z greater than 50, which is the low mass cut-off in the
amaZon mass spectrometer. Equation 2.5 shows the formula used in calculating the

photofragment production spectra.

PF=(r /1) /P2 Equation 2. 6

During electronic excitation, ionic fragmentation can happen through two main
pathways, fragmentation through a directly dissociative excited state or through
internal conversion and subsequent fragmentation on the electronic ground state. In
electronic excitation, excited state fragmentation occurs when the potential energy
surface of an excited state is repulsive in regard to the bond coordinates, and the
lifetime for the dissociative excited state is longer or comparable to the time scale
for the dissociation of the unimolecular system along the repulsive potential energy

surface.’®
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Figure 2.14 Schematic diagram of potential energy surfaces of a gaseous molecule
showing two fragmentation mechanisms in the electronic excited state and the

vibrational electronic ground state.

If an excited state is short lived and the pathway for relaxation into the electronic
ground state is non-radiative, then ionic fragmentation can occur in the vibrationally
excited electronic ground state.™® Vibrational relaxation is absent in the gas phase
because the vibrational hot molecules dissipate their internal energy on the electronic
ground state by ionic fragmentation. This is different from the pathway in solution,
where hot molecules can decay by vibrational relaxation through collision with the
solvent molecules. Ground state fragmentation mechanism can be verified by

comparing the photofragments observed to those observed in CID.

In an anionic PD experiment, a mechanism or channel that results in the depletion of
the parent ion population known as “Electron Detachment” (ED) is very important.
Electron detachment occurs when the monoanionic ion is irradiated with a photon of
higher energy than the binding energy of the excess electron present in the anionic
species. The loss of an electron from a monoanionic species results in neutral species
which is undetectable by the mass spectrometer thus the cross-section for electron
detachment can be measured from the photodepletion.!'® Electron detachment can
be measured directly in multi charged anionic (MCA) species. However, for it to
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occur, the photon energy must exceed the binding energy and overcome the
repulsive-columbic barrier of the excess electrons. 7918

To calculate the ED yield from our experimental data we assume that any depletion
that does not result in the production of a photofragment must have occurred from
the loss of an electron. Therefore, we calculate electron detachment with the formula
in Equation 2.7.

ED =[(PDic — Z Ir )/lore])/ PA Equation 2. 7

Where PDic = loff- lon.

2.4.4 Laser Power Measurement

Laser power measurement is done by collecting laser-mass spectrometry data at one
or more wavelengths as we vary the power of the laser. The absorption maxima of
the PD spectra provide the preferred choices for the data collection wavelengths.
This study is important because it reveals the part multiphoton effects play on PD
spectra. Equation 2.8 shows the relationship between photodepletion and the power
series of different photon processes. The probability of n-photon absorption is
proportional to the n-photon excitation cross-section [o(nPA)] and the photon flux

to the power n.8!

In lo/ I= 6(1PA L) xp(A)+ 6(2PA, L) xp(L)*+ o(3PAL)xp(L)3... Equation 2. 8

Comparing the magnitude of [c(nPA)] to those of multi-orders, it is evident that the
magnitude for the one-photon transition is larger and therefore higher light intensity
is required for it to be achieved.

For laser power studies, laser powers are chosen above and below the PD
experimental scan laser power (~10mW), and PD data are acquired multiple times
(3-5 times) for each laser power. The collected data are extracted, the logarithm of
depletion of the ion signal, (In lo/ 1), is plotted against the laser power and a linear or
polynomial function is used to fit the data points. A good fit to a linear function may

be viewed as a confirmation of a one-photon process.?’
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2.5 The Orbitrap Mass Spectrometer

Figure 2.15 displays an Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher
Scientific), coupled with an ESI source, which is employed for the Higher-energy
collisional dissociation (HCD) experiments. The instrumental analysis employed in
the Orbitrap for HCD experiments is an MS/MS or MS? technique also known as
“tandem mass spectroscopy”, and it is also applicable in triple quadrupole
fragmention.’82 HCD experiments were used in this thesis to probe the ground state
fragments and subsequent comparison with the photofragments acquired from the

laser experiment to identify ground-state fragments.

The Orbitrap instrument possesses linear ion trap (LIT) and Orbitrap mass analysers,
and two mass filters (LIT and quadrupole ion trap (QLT)). When performing a HCD
analysis either of the mass filters can be used for mass selection and the ions are
trapped in the C-trap which is a curved linear trap before being moved to the ion
routing multipole (IRM) where they are fragmented by collision with a nitrogen
buffer gas. The nitrogen gas gives the higher collisional energy used in the HCD
experiment, compared to CID where the buffer gas is helium. The produced fragment
in the IRM is transferred back to the particular mass analyser used (LIT or Orbitrap)

for detection.

Figure 2.15 Schematic diagram of the Orbitrap Fusion Tribrid mass spectrometer.

Image is adapted from the Orbitrap manual 283
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The potential difference between the C-trap lenses and the ion routing multipole is
the normalised HCD collisional energy and is varied between 0 and 50% where
100% is ~100 V. This is the standard procedure for performing standard HCD
experiments.’84185 The HCD collisional energy is increased until the parent ion
fragments completely, and the ion intensity percentage is plotted against the HCD

energy.

Equation 2.9 defines the relationship between the maximum amount of kinetic
energy provided for conversion to internal energy during one collision (Ecm) and the

dependence on the mass of the buffer gas.
Ecm =zRN/ (mp + N) Equation 2.9

Where z represents the charge and R is related to the instrument settings. mp and N

are the mass of the precursor ion and the mass of the collision gas, respectively.*

2.6 Computational Methods

All experimental results presented in this thesis were supported with quantum
chemical calculations using Gaussian’09 (revision D.01, Gaussian, Inc.)*® and a
variety of functionals and basis sets. Density functional theory (DFT) was used in

calculations involving ions in their electronic ground state to explore the following:

o identity of photofragments,
e conformer/isomer searching to obtain the lowest energy structure of a parent
ion/cluster ion,
e calculating the vertical and adiabatic electron detachment energies of anionic
species etc.
Time dependent density functional theory (TDDFT) was used to simulate the
electronic spectra and predict the excited states of the ion of interest. Solution—phase
properties were also calculated using implicit solvent models where needed.
Frequency calculations were performed to ensure global minima for all optimised
geometry. Specific calculations used for each system studied are outlined in detail in
the different thesis Chapters.

Schrodinger’s MacroModel with mixed Monte Carlo torsional and low-mode

sampling parameters were employed to conduct conformational molecular dynamics
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searches to generate possible conformers. The generate possible conformers rapid

energy gradient were minimized with the OPLS3e force field.*%®

2.6.1 Density functional theory (DFT) used within the thesis

Density functional theory is based on the idea that the physical properties of a
molecule can be controlled by their electronic structures. It follows that once the
electron density of a molecule is known, its physical properties can be calculated. In
this thesis the B3LYP and MO6-2X functionals are the main functionals used in the

computational calculations.

B3LYP uses the Lee-Yang-Parr (LYP) and Vosko-Wilk-Nusair (VWN) correlation
functionals and Becke’s three parameter (B3) exchange functionals. B3LYP also
possess 20% the exact Hatree Fock exchange'®% and is parametrised for the rare

gases.

MO6-2X is a “Minnesota” functional developed by Yan Zhao and Donald G.
Truhlar.*%*% It is a high non-locality functional with double the amount of non-local
exchange (2X), and it is parameterized only for non-metals and thermochemistry. It
uses 54% exact exchange to calculate exchange energy while the remaining
exchange energy is calculated by a M05 co-relational functional.*%

2.6.2 Basis set superposition error

In computational analysis, it has been seen that the use of a finite basis set normally
poses an error. This is because as the molecules interacting in a system comes close
to each other, their basis sets overlap, with each of them trying to compensate the
other by allowing each other to borrow functionals from themselves. This means that
increasing their basis sets may produce a more liable result for calculated derived
parameters such as energy. The mismatch between the energies of the mixed basis
set system and the unmixed system brings about the error. This error is avoided using
the counterpoise method of correction, which is an approximate method for

estimating the size of the basis set superposition error (BSSE) in this thesis. %1%
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Chapter 3

Observation of Enhanced Dissociative
Photochemistry in the Non-Native Nucleobase

2-Thiouracil

This work has been published in the Molecules. All computational and part of the
experimental data have been collected, formally analysed, and investigated by me.
The initial draft of the manuscript was prepared by me and revised by Caroline

Dessent.

Full Reference to the publication:

“Observation of Enhanced Dissociative Photochemistry in the Non-Native
Nucleobase 2-Thiouracil ”
“DOIhttp://dx.doi.org/10.3390/molecules25143157,Molecules 2020, 25(14),
3157~

3.1 Abstract

The first study to measure the dissociative photochemistry of 2-thiouracil (2-TU), an
important nucleobase analogue with applications in molecular biology and
pharmacology is presented. Laser photodissociation spectroscopy is applied to the
deprotonated and protonated forms of 2-TU, which are produced in the gas-phase
using electrospray ionization mass spectrometry. Our results show that the
deprotonated form of 2-thiouracil ([2-TU-H]") decays predominantly by electron
ejection and hence concomitant production of the [2-TU-H]- free-radical species,
following photoexcitation across the UVA-UVC region. Thiocyanate (SCN") and a
m/z 93 fragment ion are also observed as photodecay products of [2-TU-H]™ but at
very low intensities. Photoexcitation of protonated 2-thiouracil ([2-TU-H]*) across
the same UVA-UVC spectral region produces the m/z 96 cationic fragment as the
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major photofragment. This ion corresponds to ejection of an HS- radical from the
precursor ion and is determined to be a product of direct excited state decay.
Fragment ions associated with decay of the hot ground state (i.e. the ions we would
expect to observe if 2-thiouracil was behaving like UV-dissipating uracil) are
observed as much more minor products. This behaviour is consistent with enhanced
intersystem crossing to triplet excited states compared to internal conversion back to
the ground state. These are the first experiments to probe the effect of
protonation/deprotonation on thionucleobase photochemistry, and hence explore the
effect of pH at a molecular level on their photophysical properties.

3.2 Introduction

The canonical nucleobases of DNA and RNA are renowned for their ability to
dissipate harmful UV, primarily via ultrafast excited-state relaxation to the ground
state, either directly or indirectly through excited singlet states.*®”-2°2 Thiobases
represent a class of structurally modified nucleobases where an oxygen atom of the
carbonyl group is substituted by a sulphur atom. These molecules display
dramatically different relaxation dynamics compared to their canonical nucleobase
analogues.?3-2% Molecules such as 4-thiothymine and 2-thioguanine possess excited
states that evolve by intersystem crossing (ISC) on sub picosecond timescales,
resulting in nearly unity triplet yields.2>?%" The ensuing triplet state constitutes a
highly reactive molecule, which by itself or by generating singlet oxygen 2°52%7 can
damage biomolecules within the cell.2%2° Hence these molecules are of

considerable current interest in phototherapeutic applications.?%521+-17

Given the growing application of thionucleobases, there has been considerable
interest in characterizing their fundamental photophysics. Time-resolved
experiments using time-resolved photoionization techniques have provided
complementary insight into the intrinsic decay dynamics,?4?!6 as well as a
straightforward comparison against theoretically derived potential energy

surfaces 215,222-227

In this work, the intrinsic (i.e., gas-phase) photochemistry of 2-thiolated uracil (2-
TU) (Figure 3.1) is explored. In particular, the aim is to characterise the effect of

protonation and deprotonation on the excited states and photoproducts of 2-TU by
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studying the isolated deprotonated ([2-TU-H]") and protonated ([2-TU-H]*) ions via
laser-interfaced mass spectrometry (LIMS).27228-230 These are the first experiments
to directly measure the dissociative photochemistry of a thionucleobase. They are
also the first to probe the effect of protonation/deprotonation on a thionucleobase
photochemistry, and hence explore the effect of pH at a molecular level on 2-TU
photophysical properties. The experiments are important in the context of the use of
2-TU both as a photodynamic therapy agent and biochemical labelling agent, since
local biochemical environments can display variable pH.

(o] o
3 4 3 4
HN 5 HN 5
o N N °
1 H S 1H
Uracil (U) 2-Thiouracil (2-TU)

Figure 3.1 Schematic diagram of uracil (U) and 2-thiouracil (2-TU) with ring atom

labels.

The electronic properties of neutral 2-thiouracil (2-TU) have been the subject of
multiple theoretical and experimental studies.?16221:226.231-233 Cregpo-Hernandez and
co-workers have applied femtosecond broadband transient absorption spectroscopy
in aqueous and acetonitrile solutions,?* while Ullrich and co-workers used time-
resolved photoelectron spectroscopy to characterise the gaseous excited state
dynamics.?®* Complementary theoretical calculations have been conducted by
Gonzalez and co-workers. 225226 The consensus to emerge from this work is that the
main excited-state relaxation pathway following initial excitation to the S2 state is
S2 — S1 — T3 — TI, with S2 —S1 —T1 occurring as a minor pathway.??® Very
recently, experimental and computational evidence has been published providing
evidence for the existence of two minima within the T1 state.??* Work has also been
conducted on the negative ions of 2-TU.2342% These studies are motivated by the
fact that ionizing radiation can initiate DNA strand breaks via the formation of

transient negative ions.2%2%
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3.3 Experimental and Computational Method

3.3.1 Experimental method

The gaseous ion absorption and photofragment spectra of [2-TU - H]" and [2-TU -
H]* were recorded in vacuo using action spectroscopy. UV photodissociation
experiments were conducted in an AmaZon quadropole ion-trap mass spectrometer
(Bruker, Billerica, MA, USA) modified for the laser experiments.?>* UV photons
were produced by an Nd:YAG (10 Hz, Surelite, Amplitude Laser Group, San Jose,
CA, USA) pumped OPO (Horizon, Amplitude Laser Group, San Jose, CA, USA)
laser, giving <1 mJ across the range 390-234 nm (3.2-5.3 eV) and 214-344 nm (3.6—
5.7 eV) for deprotonated and protonated 2-TU respectively, using a 2 nm laser step

size.

2-thiouracil (99%) was purchased from Acros Organics and HPLC-grade MeOH was
purchased from Fisher Scientific, Inc. (Pittsburg, PA, USA), both were used without
further purification. The compound was dissolved in 100 ml methanol to a
concentration of approximately 1 x 10" mol dm™. Two separate solutions were used
for protonated and deprotonated 2-thiouracil in the gas phase: with the addition of a
drop of trifluoroacetic acid (TFA) or 2 ml of 30% ammonium hydroxide,
respectively. The solutions were introduced into the mass spectrometer by
electrospray ionisation (ESI) using a nebulizing gas pressure of 9 and 13 psi, an
injection rate of 0.25 and 0.35 ml h'*, a drying gas flow rate of 8 and 31 min, and
run in positive/negative ion mode at capillary temperatures of 110 °C and 140 °C
respectively. Photofragmentation experiments were run with an ion accumulation of
100 ms with a fragmentation time of 100 ms, ensuring an average of one laser pulse
per ion packet and thereby reducing the possibility of multiphoton occurrences. UV
excited gaseous ion fragment upon relaxation and produce a gas-phase absorption
spectrum by photodepletion?*“8238 at negligible fluorescence.?* The [2-TU - H] “and
[2-TU - H]* peaks were mass isolated using the multiple reaction monitoring (MRM)
functionality of the mass spectrometer. The photodepletion intensity (PD) of the
mass selected ions [2-TU - H] “and [2-TU - H]* and the photofragment production

(PF) were calculated using the methods described in Chapter 2.

Higher-energy collisional dissociation (HCD) experiments were performed in an
Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) to acquire a
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wider fragmentation profile for the collisional excited ground electronic state of
protonated and deprotonated 2-thiouracil. 242! The operating software’s automatic
tuning capabilities at a flow rate of 5 pL min™* were used to obtain the following
parameters in positive mode (negative mode values are the same unless as shown
with the values in brackets): spray voltage: 3600 (-4000) V; sweep gas flow rate: 1
arb; sheath gas flow rate: 10 arb; aux gas flow rate: 5 arb; ion transfer tube

temperature: 275 (325) °C; vaporizer temperature: 350 °C.

Solution-phase UV absorption spectra of [2-TU - H] ~and [2-TU - H]* (1 x 10 mol
dm) in MeOH were obtained using a UV-1800 UV-Visible spectrophotometer
(Shimadzu, Kyoto, Japan) with a 1cm cuvette. To obtain a UV spectrum for [2-TU -
H] and [2-TU - H]*, the solution of 2-TU in MeOH were alkalified with NaOH (2.0
M) and acidified with HCI (3.0 M).

3.3.2 Computational method

All optimization and vertical detachment energy (VDE) calculations were done in
the gas phase and implicit methanol solvent using density functional theory at the
B3LYP/6- 311++G (2d, 2p) level of theory as performed in Gaussian 09.%” The
vertical dipole moments of the tautomers were calculated using MP2/6-
311++G(2d,2p). Frequency calculations were performed to ensure that all optimised
structures correspond to true energy minima. Time-dependent density functional
theory (TDDFT) calculations (50 states) were performed to calculate the gaseous
excited state spectra, with implicit methanol solvent being used to obtain the

corresponding solution-phase spectra.

3.4 Results & Discussion

3.4.1. Geometric structures and TDDFT calculations [2-TU - H]-and [2-TU - H]*
Figure 3.2 displays the low energy tautomers of [2-TU - H]and [2-TU - H]* gaseous
structures calculated at B3LYP/6- 311++G (2d, 2p) level. Relative energies for these
tautomers are displayed in Table 3.1. Rotational isomers are grouped together, using
small case alphabetical labels (e.g., D3a and D3b). The D1 tautomer corresponding
to removal of the N1 proton lies substantially lower in energy than the higher-energy
tautomers. It will therefore be the only tautomer produced following electrospray in
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methanol solvent.*® In solution, this pattern is repeated, so that the D1 tautomer is
again predicted to dominate. Vertical detachment energies (VDEs) were calculated
for the [2-TU-H]" isomers, with the value for the D1 isomer predicted to be 3.82 eV.
This value can be compared to the experimental value for deprotonated uracil of 2.5
EV.242

H
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Figure 3.2 Low energy tautomers of [2-TU — H] ~ obtained at the B3LYP/6- 311++G
(2d, 2p) level of theory.

Figure 3.3 displays the five lowest-energy calculated tautomers of [2-TU-H]*, which
are in good agreement with the previous results of Nei et al.>*® Rotational isomers
are again grouped together, using small case alphabetical labels (i.e. Pla—P1d). The
lowest-energy gaseous tautomers, P1a and P1b, correspond to a pair of cis and trans
enol-enol rotamers, with other tautomers lying at significantly higher energy. The
lowest-energy enol-keto tautomer, P2, is predicted to lie 20.25 kJ mol™ higher in
energy than Pla. We therefore expect that P1a will dominate the experimental ion

ensemble following electrospray, with some P1b also being present.
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Figure 3.3 Low energy tautomers of [2-TU-H]" obtained at the B3LYP/6- 311++G

(2d, 2p) level of theory.

Table 3.1 Relative energies and % Boltzmann population of the lowest energy
tautomers of [2-TU - H] " and [2-TU - H]* calculated at B3LYP/6- 311++G (2d, 2p)

level of theory. Vertical detachment energy (VDE) and the vertical dipole moment

(D) are also presented for the [2-TU - H] “anions.

Tautomer Relative % VDE Dipole
energy Boltzmann moment (D)
(kJmol?)*®  Population®®

D1 0.0 (0.0) 99.999 (99.791) 3.82 3.50

D2 4595 (15.28)  0(<0.1) 3.66 8.61

D3a 101.56 (58.94) 0(<0.1) 291 3.35

[2-TU-HT
D3b 7458 (49.49)  0(<0.1) 3.00 0.71
D4a 58.18 (51.69) 0(<0.1) 3.69 3.93
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D4b 56.49 (51.47) 0(<0.1) 3.69 254
Pla 0.0(0.0) 93.880 (35.918)
P1b 6.81(1.32)  0.077 (1.366)
Pic 17.61(8.10)  0.003 (0.761)
[2-TU H]*
P1d 2618 (955)  6.010 (21.083)
P2 20.25(-0.32)  0.026 (40.871)

a Zero-point corrected energies. b Values in parenthesis are calculated in methanol. ¢ Determined at
293°K

TDDFT calculations were conducted to aid the assignment of the excited-state
spectra presented below, with the calculated excitation spectra for the lowest-energy
tautomers of [2-TU-H]™ (D1) and [2-TU-H]* (Pla) displayed in Figure 3.1. The
calculated TDDFT excitation spectra for all tautomers, transitions energies, and
assignments of the bright transitions (> 0.005 oscillator strength) are included in the
Supplementary information (Figure 3.13 and Figure 3.14). For the sets of rotational
isomers (e.g., Pla-P1d of [2-TU-H]*, and D3a and D3b of [2-TU-H]"), the TDDFT
spectra are very similar, and would be indistinguishable at our experimental
resolution.

The TDDFT calculations predict that the protonated and deprotonated forms of 2-
TU will display dramatically different absorption profiles, with [2-TU-H]™ absorbing
strongly through the UVA, with the primary absorption of [2-TU-H]* occurring at
significantly higher energies.
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Figure 3.4 Calculated TDDFT excitation energies (B3LYP/6-311++G(2d,2p)) for
(a) the D1 tautomer of [2-TU-H]", (b) the P1a tautomer of [2-TU-H]*, and (c) the P2
tautomer of [2-TU-H]*. Oscillator strengths (Osc.) of individual transitions > 0.005
are shown by vertical bars, while the full line spectrum is a convolution of the
calculated spectral transitions with a Gaussian function (0.25 eV HWHM).

We note that the TDDFT calculations may not accurately predict the spectra of the
[2-TU-H]™ negative ion well. Dipole-bound excited states, which are common in
negative ion systems, are challenging in general for ab initio calculations, and their
accurate calculation requires the use of diffuse functionals centred on the dipole-
bound orbital.2*-26 |n addition, any electronic excitations that appear above the
electron detachment threshold of an anionic species will correspond to resonance

states.?*"2*8 The accurate theoretical prediction of such states is beyond the scope of
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the current work, however the TDDFT calculations presented here have been shown

to provide a useful guide in interpreting similar experimental results.?49-25

3.4.2 Photodepletion(absorption) spectrum of [2-TU-H]~

Figure 3.5 displays the gas-phase absorption (photodepletion) spectrum of [2-TU-
H]™ measured over the range 3.2-5.3 eV. The spectrum has an absorption onset at
3.2 eV with continuous absorption through to 5.2 eV. A high-intensity absorption
band, labelled (1), is evident between 3.2 to 4.2 eV, peaking at Amax = 3.7 eV. This
band lies just below the calculated VDE of the lowest-energy D1 tautomer (3.82 eV).
From the relative energies presented in Table 1, only the D1 tautomer is expected to
be present following electrospray in methanol. This feature is followed by a lower-
intensity, broad absorption (I1) from 4.2 to 5.2 eV. The overall profile of the [2-TU-
H]™ gas-phase absorption spectrum is similar to that of other negatively charged
molecules and clusters we studied previously. It can be primarily described as a near-
threshold dipole-bound excited state (band I) followed by a higher-energy region
where electron-detachment dominates (band 11).¢ However, this picture can be
complicated by the presence of electronic transitions of the chromophore, which may

be evident superimposed on top of these electron detachment features.?2%240
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Figure 3.5 Gas-phase absorption (photodepletion) spectrum of [2-TU - H] -
measured over the range of 3.2 — 5.3 eV (234-390 nm). The arrow indicates the VDE
of the D1 isomer. The solid line is a five-point adjacent average of data points.

The calculated TDDFT spectrum of [2-TU-H] ™ (Figure 3.4a) predicts that [2-TU-H]™

has two main electronic transitions which peak at 3.8 and 4.8 eV. However, these
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absorptions are not evident in our gaseous experimental spectrum presented in Figure
3.5, probably due to the dominance of electron detachment (Section 3.6.2.2). In the
previous anionic systems we studied, these excited states have been more clearly
visible in the photofragment production spectra.2*22%22%% \We therefore turn to
inspecting the photofragmentation channels of [2-TU-H]" to further characterise the

excited states and photochemistry.

3.4.3 Photofragmentation of [2-TU — H] -

Figure 3.6 displays the photofragment difference (laser on—laser off) mass spectra of
[2-TU - H] ~irradiated at 3.6 eV close to the band I maximum (Amax). [2-TU-H]™
produces two photofragments, m/z 58 and 93, with the m/z 58 photofragment being
more intense. These ionic photofragments have low intensities compared to the
parent ion depletion. Both are produced weakly across band | of the photodepletion
spectrum, and with negligible intensity across the band 11 region. This indicates that
across the UV, [2-TU-H]™ decays predominantly by electron detachment with
associated production of the [2-TU-H]- radical (Equation 1).

9000+ [2-TU-H|" |*
——
2
=
e SCN m/z 93
=
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0 T T
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Figure 3.6 Photofragment difference (laseron — laseroff) mass spectrum of [2-TU -
H], excited at 3.6 eV (344nm). *Represents parent ion signal with m/z 127.

The m/z = 58 photofragment (Equation 2) is assigned to thiocyanate (SCN™). We
note that this ion has been observed in low-energy dissociative electron attachment
to 2-TU, as well as in collisional activated decomposition of 2-thiouridine.?** While
SCN™ was observed in higher-energy collisional dissociation (HCD) of [2-TU-H]",
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the m/z = 93 ion was not (Section 3.6.2.1). This indicates that the m/z 93 ion

(Equation 3) is a solely photochemical product.

[2-TU-H] +hv — [2-TU-H]- +¢ Equation 1
—  SCN"+ C3H3NO Equation 2
—>  m/iz93+H:S Equation 3

Table 2 lists the photofragments and corresponding neutral fragments of [2-TU-H] .
We note that there are two possible structures of CsHsNO (Section 3.6.1.2). One of
these is acrylamide, a potent neurotoxin,?* while the other is a potentially harmful
free radical species. Further computational results on the observed fragments are

presented in (Section 3.6.1.2)

Table 3.2 Assignment of the fragmentation channels of [2-TU - H] ~ (m/z 127)

observed upon, laser excitation at 3.2-5.2 eV.2b<and HCD collisional excitation.

Photo Proposed Neutral or
fragment Structures Radical loss HCD 3.6eV
m/z
v v'(w)

58 SCN- CsHsNO

0o’ X v (vw)
93 J

NS H2S
N

ayw is very weak . Pw is very weak .°X is not present.

The photofragment production spectra are displayed in Figure 3.7 and are presented
with the gas-phase absorption spectrum for comparison. While SCN™ is produced
through band I, the full-width half maximum for this feature is 0.31 eV, which is
narrower than that of the band I feature (0.43 eV).
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Figure 3.7 (a) Gas-phase absorption (photodepletion) spectrum of [2-TU-H], (b)
photofragment action spectrum of SCN™ (m/z 58), and (c) photofragment production
spectrum of m/z 93 from 3.2-5.3 eV (234-390 nm). The arrow included in (a)
indicates the calculated VDE of the lowest-energy tautomer. The solid line is a five-

point adjacent average of the data points.

Indeed, comparison of the spectra presented in Figure 3.7 reveals that SCN™ is
produced only through the lower energy region of band I. It is interesting to note that
the SCN™ production spectrum appears to be broadened on the high-energy side of
the peak, possibly due to unresolved vibrational features. This is reminiscent of near-
threshold excitation of I”-CHsl, where the I~ photofragment production spectrum
contained a vibrational progression in the C-I stretch, originating in the intermediate

transient negative ion.?

54



Chapter 3

The production profile of the m/z 93 fragment is very similar to that of the m/z 58
fragment, although it is produced at ~10 times lower intensity. Some non-zero
production of m/z 93 is visible in the region between 4.6-5.2 eV, the area where the
second bright transition of [2-TU-H] " is predicted to occur. Indeed, there is also very
low-level production of m/z 58 in this region. The nature of the excited states and
photofragmentation pathways of [2-TU-H]~ will further be discussed.

3.4.4 Photodepletion (absorption) spectrum of [2-TU - H]*

Figure 3.8 displays the gas-phase absorption (photodepletion) spectrum of [2-
TU-H]" across the UV region. The spectrum displays two resolved bands, which are
labelled I and 11, with Amax at 4.68 and 5.3 eV, respectively.

Wavelength (nm)
3120 2180 2:!0
~ 90
£
(=
&
=
.8
<
T
.|
]
: |
SRR T~ T T T 1
36 40 44 48 52 56
Photon Energy (eV)

Figure 3.8 Gas-phase absorption (photodepletion) spectrum of [2-TU-H]+ across
the range 3.6-5.8 eV (344-214 nm). The solid line is a five-point adjacent average
of data points.

It is instructive to compare the gas-phase absorption spectrum of [2-TU-H]* with
that of protonated uracil, which has been studied at low resolution by Pedersen et
al.,?%® and at high resolution by Berdakin et al.?>" In both studies, protonated uracil
displayed a spectrum that consisted of two bands, a weaker intensity band between
260 and 317 nm and a stronger intensity band at higher energies from 227-256 nm.
These bands were assigned to the presence of two isomers, an enol-keto tautomer for

the weaker band and an enol-enol tautomer for the stronger band. This spectral
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pattern is remarkably similar to the spectral profile of [2-TU-H]" observed here,
allowing us to assign band | to the P2 tautomer, and band Il to P1 tautomers.
Although our calculations did not predict that the P2 tautomer would be present in
the gas-phase, it is known that relative tautomer energies for this type of system can
be unreliable. Indeed, there is direct evidence from the IRMPD study of Nei et al on
[2-TU-H]* that an enol-keto tautomer such as P2 is present in the gas-phase
following electrospray ionisation.*® It is also important to note that in previous
studies where electrospray has been used to transfer similar molecular ions (e.g.,
protonated nicotinamide) from the solution into the gas-phase, higher-energy
tautomers have been observed, possibly due to the kinetics of the electrospray

process.?” Similar effects may therefore occur for the 2-TU system.

We next turn to inspecting the photofragment action spectra to further probe the

nature of the two bands evident in gas-phase absorption spectrum of [2-TU-H]" .

3.4.5 Photofragmentation of [2-TU - H]*

Photofragment mass spectra of [2-TU-H]* were obtained at 4.6 and 5.2 eV close to
the Amax of bands | and Il (Section 3.6.2.5). Table 3 provides a list of the most
intense photofragments, along with proposed structures and accompanying neutral
fragments. The m/z 96 photofragment, which corresponds to loss of an SH radical,
is the most intense photofragment in both bands I and 11.

[2-TU-H]*+hv —> m/z96 + SH’ Equation 4

Other photofragments observed with significant intensities in both bands are m/z
128 (H atom loss), m/z 112 (NHz loss), and m/z 70 (HNCS loss). The m/z 68 and
m/z 79 photofragments were not observed in the band I region (Figure 21a) but were
seen in the higher-energy band Il region (Figure 21b), although with very low
intensities.

HCD (Higher-Energy Collisional Dissociation) was performed on [2-TU-H]* to
explore the thermal fragmentation pathways of the electronic ground state, with the
results compiled in Table 3.2. HCD fragmentation of [2-TU-H]* produces the m/z
112 (NHs loss) and m/z 70 (HSCN loss) ions as the dominant products at moderate
collision energies which should correspond to internal ion energies close to the

photon energies employed in this study.?*° These product ions are in line with those
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observed for CID of protonated uracil, where loss of NHz dominates, and loss of
HNCO is seen as a more minor product ion.?56-2% For protonated uracil, loss of H,0
is also observed although we do not observe the equivalent loss of H>S for [2-
TU-H]". Notably, the major photofragment, m/z 96 (SH loss), was not seen in the
HCD results (Section 3.6.2.1). Further computational results on the observed

fragments are presented in (Section 3.6.1.3).

Table 3. Assignment of the fragmentation channels of [2-TU - H]* (m/z 129)
observed upon HCD collisional excitation, and laser excitation at 4.6 and 5.2 eV 2P

Photofragment | Proposed | Neutral PF Intensity | PF Intensity
m/z Structure | or HCD |at4.6eV® at5.2 evP
Radical
loss
v v W) v (m)
o
128 N)Jj H*
e
H
Y W) v (W)
112 C4H2NO* | NH3
v (vs) v (vs)
(o]
96 N SH* X
o)
N,
v (vw)
79 CsHNO* | SH* + X X
NH3
e M [ m)
<
70 oy | HNCS
X X v (vw)
68 CsHaN2* | SH™ +
Cco

57



Chapter 3

A TIRAD
60 CNSH2* NHs +
CsO
0 ST W [ )
53 ﬁ‘ NHs +
® HNCS

2ys is very strong, m is medium, w is weak and vw is very weak. °PF = Photofragment.

Note: m/z 84 had medium intensity at high HCD energy but is not present as a

photofragment.

To gain more insight into the photofragments production dynamics of [2-TU - H]*
we consider the photofragment spectra acquired across the scan range presented in

Figure 3.9 along with the gas-phase absorption spectrum for comparison.

Figure 3.9b shows the production spectrum for m/z 96 (SH loss), the most intense
fragment across the entire scanned region, which displays a profile that is very
similar to the gas-phase absorption spectrum (Figure 3.9a). The second most intense
photofragment is m/z 128 (H loss), which displays the action spectrum displayed in
Figure 3.9c. As for the m/z 96 photofragment, m/z 128 peaks strongly across the
band Il region (Amax = 5.3 eV), although its intensity is significantly reduced across
band 1. Figure 3.9d presents the production spectrum for the m/z 70 photofragment
(HNCS loss). This spectrum is very like that of m/z 96, although an additional region
of production is also visible in the low-energy region between 3.8-4.2 eV. It is
notable that the m/z difference between m/z 128 (Figure 3.9c) and m/z 70 (Figure
3.d) is 58, which corresponds to the SCN unit. It may be that m/z 128 has a propensity
to fragment into m/z 58 over the low-energy region. Indeed, m/z 128 is observed to

fragment into lower mass channels at higher HCD energies.
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Figure 3.9 (a) Photodepletion spectrum of [2-TU - H]* ions and photofragment
action spectra of (b) m/z 96, (c) m/z 128, (d) m/z 70 and (e) m/z 112 generated on

photoexcitation across the range 3.6-5.7 eV (344 -214nm). The solid line is a five-
point adjacent average of data points.

Finally, the spectrum for the m/z 112 photofragment is shown in Figure 6e. This is

similar to the m/z 70 fragment spectrum (Figure 6d), although the relatively lower
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intensity of the fragment at higher energies may reflect the fact that it fragments more

readily than the other fragments at higher internal energies.

3.4.6 Comparison of Photofragmentation and HCD Fragmentation of [2-TU-H]*
When the photofragments observed match the fragments obtained by thermal
dissociation of the ground-electronic state as in HCD, the situation is described as
“statistical decay”. In contrast, if dissociation occurs directly from the excited state
without the involvement of a conical intersection to return the system to a near-
starting point geometry, “non-statistical” decay occurs.?®® In non-statistical decay,
the photofragments obtained will be notably different in their identities and relative
intensities from the ground electronic states fragments obtained from HCD thermal
dissociation. Our measurements on [2-TU-H]" show a striking difference in the
relative intensities of the photofragments compared to the HCD fragments. In the
region of band I, the photofragments display relative intensities of the order m/z 70
>m/z 128 > m/z 112, while in band 11 region, the order changes to m/z 128 > m/z
70 > m/z 112. These relative intensities compare to the HCD relative intensities of
m/z 112 > m/z 70 > m/z 128 in the HCD fragments (Section 3.6.2.1). These
differences in intensity, particularly given that m/z 96 (a purely photochemical
fragment) is the major photofragment, indicate that non-statistical decay is dominant.
The observation of such non-statistical decay for the isolated, gas-phase ion, is
consistent with the photophysical behaviour of 2-TU in solution.?%

3.5 Further Discussion

3.5.1 More insight into the photofragmentation dynamics of [2-TU-H]~

As discussed above, the gas-phase absorption spectrum of [2-TU-H]™ is
characterised by two regions which we labelled above as band | and band 1. Band |
was linked to the existence of a dipole-bound excited state, in the region of the
electron detachment threshold. Dipole-bound excited states can decay with the
formation of either intact dipole-bound anions, or valence-bound anions (either intact
or the products of dissociative electron attachment).?%20 For [2-TU-H]", SCN™ is
produced as a photofragment primarily in the lower-energy part of band I. This

fragment has been observed in low-energy electron impact studies on 2-thiouracil, 2
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suggesting that the initially formed dipole-bound excited state of [2-TU-H]™ decays
via formation of a temporary negative ion, which produces SCN™ as the end ionic
fragment through a similar molecular process as 2-TU. The difference in the widths
of the SCN™ production spectrum versus the width of band I in the photodepletion
spectrum is intriguing. One explanation would be that the dipole-bound excited state
lies just below an electronic transition of [2-TU-H]". This transition would then lie
within the free-electron continuum as it is above the VDE (3.82 eV), and can
therefore decay via electron detachment, leading to photo-detachment rather than
photofragmentation. Indeed, the TDDFT calculations predict that [2-TU-H]
displays an electronic absorption at 3.8 eV, in line with this interpretation. Band 11
lies fully within the electron detachment continuum and is therefore expected to
correspond largely to direct electron detachment. However, some absorption is likely
to be associated with the n-n* transition predicted by the TDDFT calculations at 4.73
eV (Section 3.6.1.4). This excitation is clearly visible in the m/z 93 photofragment
action spectrum shown in Figure 3.9c, indicating that the m/z 93 photofragment is
produced through direct decay of the excited state accessed in this region. The pattern
of photofragment action spectra observed here for the m/z 58 and m/z 93
photofragments is reminiscent of behaviour we observed recently in studies of
iodide-nucleobase complexes.?532%4261 These complexes similarly display a dipole-
bound excited state in the vicinity of the VDE, which decays with production of the
respective valence anion produced upon low-energy electron attachment to the
nucleobase. At higher energies, a nucleobase-localized electronic transition occurs,
which decays primarily with production of a second photofragment. Although two
distinctive photofragments would be expected to be produced by these two very
different excited states, we observed that both photofragments are produced in the
regions of both excited states. This phenomenon appears to be unique to negative
ions, and likely reflects coupling of the two excited states via the electron detachment
continuum.*8°262 The dominance of electron detachment following photoexcitation
of [2-TU-H]™ across the UV and hence free radical production, leads to questions as
to whether similar decay pathways occur in the condensed phase. Future work would

be useful to explore this point directly.
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3.5.2 More insight into the photofragmentation dynamics of [2-TU - H]*

While the gas-phase absorption spectrum of protonated 2-TU is very similar to that
of protonated uracil, its photofragmentation pathways are dramatically different.
[U-H]* decays with production of the statistical fragments observed in thermal decay
of the ground-state system, while [2-TU-H]" photodecays primarily via ejection of
an HS radical. This is true for both the band I and band 11 regions, corresponding to
the enol-enol and enol-keto tautomers. Thus, it appears that the introduction of the S
atom on moving from U to 2-TU perturbs the excited state surfaces of both 2-TU
tautomers, so that access to conical intersections facilitating ultrafast decay to the
respective electronic ground states is prohibited. This behaviour in the protonated
system appears to closely mimic that of neutral thiouracil.?¢ Inspection of the major
bright transition for the P1a tautomer of [2-TU-H]* at ~5.2 eV reveals that this &1 —
m* transition corresponds to a reduction of electron density around the sulphur atom
(Section 3.6.1.4), promoting C-S photochemical bond fission. The appearance of m/z
128 (H atom loss) as a photochemical fragment is also notable, as photoinduced H
loss is a common decay channel for gaseous nucleobases. A similar change in
electron density for the band I transition is also predicted by the TDDFT calculations
of the P2 tautomer (Figure 3.15).

3.6 Conclusion

Laser photodissociation spectroscopy of the deprotonated and protonated forms of
the non-natural nucleobase, 2-TU, was performed in the gas-phase for the first time.
The gas-phase absorption (photodepletion) spectra of [2-TU-H]™ and [2-TU-H]" are
highly distinctive. Whereas the gaseous absorption spectrum of [2-TU-H] displays
features that can be attributed to the propensity of the negative ion to photodetach
above its electron-detachment threshold, the corresponding spectrum of [2-TU-H]*
more closely resembles the ions’ solution-phase absorption spectrum.?®! The
photodecay pathways of the protonated and deprotonated ions are also highly
distinctive, with the deprotonated system producing only a small number of very low
intensity fragments whereas the protonated system decays with extensive

fragmentation.
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Previous studies on the photophysics of thiouracil compared to uracil have found that
thiolation perturbs the ability of the nucleobase to dissipate harmful UV excitation.
Theoretical studies have shown that this occurs due to the initially populated bright
S2 state decaying into the T1 state.??>226 Similar photophysics appears to be present
for protonated thiouracil, since the major photoproducts correspond to radical
species that are indicative of dissociative triplet state decay. While the behaviour of
protonated 2-TU mirrors that of neutral TU,%! our study is the first where the
dissociative photoproducts have been identified. Knowledge of the identity of these
photoproducts is important for assessing the suitability of thiouracil as a biochemical
probe, as well as understanding its mechanistic behaviour as a photopharmaceutical.
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3.7 Supplementary Information
3.7.1 Computational studies on [2-TU-H]~ and [2-TU-H]*

3.7.1.1 Time dependent density functional theory data of all tautomers of [2-TU-H]~
and [2-TU-H]*

D1

0.3

D3a L 0.4

Osc.

Absorption (Arb.)

T T T
32 36 40 44 48 52
Excitation Energy (eV)

Figure 3.10 Calculated TDDFT excitation energies (with the B3LYP/6- 311++G
(2d, 2p) functional and basis set) of D1, D2, D3a, D3b, D4a and D4b tautomers of

[2-TU - H]  geometric structures (Figure 3.2). The oscillator strengths (OSC.) on the
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y axis of individual transitions > 0.005 within the experimental scan range are shown
by vertical bars, while the full line spectrum is a convolution of the calculated
spectrum with Gaussian function (0.25 eV HWHM)
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Figure 3.11 Calculated TDDFT excitation energies (with the B3LYP/6- 311++G
(2d, 2p) functional and basis set) of P1a, P1b, P1c, P1d and P2 tautomer of [2-TU -
H]* geometric structures (Figure 3.3). The oscillator strengths (OSC.) on the y axis

of individual transitions within the experimental scan range are shown by vertical
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bars, while the full line spectrum is convolution the calculated spectrum with
Gaussian function (0.25eV HWHM).

3.7.1.2 Relative energies of fragments for each fragmentation pathway of [2-TU -
H]" to parent ion energy

The relative energies are calculated with a comparison of the sum of the zero-point
energies of the ionic fragments and the neutral or radical fragments with the parent
ion zero-point energy. In the secondary fragmentation pathway, the comparison is
done with the energy of the ionic parent fragment. This is done with an assumption
that the global minima energies of the fragments could give insight into their

stability.
Parent ion (E) - (Fragment A(E) + Fragment B (E)) = Relative energies

Where E = zero- point energy, fragment A = ionic fragment and fragment B = neutral

or radical fragment.

Table 3.4 Relative energies calculated at B3LYP/6- 311++G (2d, 2p) (gas phase)
for the major fragmentation pathways of [2-TU - H]". All energies are zero point

corrected.
Rel. Energies (eV)
D1 tautomer 0.0
Thiocyanate + Acrylamide -0.48
Thiocyanate + 3-aminopropan-2-enal 0.207
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Figure 3.12 Energy diagram for relative energies calculated at B3LYP/6- 311++G
(2d, 2p) (gas phase) for the fragmentation pathways of [2-TU - H]".

3.7.1.3 Relative energies of fragments for each fragmentation pathway of [2-TU -

H]™ to parent ion energy
Table 3.5 Step 1: relative energies calculated at B3LYP/6- 311++G (2d, 2p) (gas

phase) for the major fragmentation pathways of [2-TU - H]*. All energies are zero

point corrected.

Rel. Energies (eV)
P1 tautomer 0.0
m/z 112 + NH3 0.21
m/z 70 + HNCS 0.1
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Table 3.6 Step 2: relative energies calculated at B3LYP/6- 311++G (2d, 2p) (gas
phase) for the possible fragments in the secondary fragmentation pathways of [2-TU

- H]* through the ionic fragments m/z 112(A) and m/z 70(B).

A

Rel.  Energies B
V) Rel.  Energies
miz 112 0.00 (V)
m/z 70 0.00

CO +m/z84 0.10
m/z 52 +m/z 60 | 0.50

m/z53 +NHs | 0.29

m/z59 + m/z53 | 0.17
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Figure 3.13 Energy diagram for relative energies calculated at B3LYP/6- 311++G
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(2d, 2p) (gas phase) for the major and the secondary fragmentation pathways of [2-
TU - H]*

3.7.1.4 Molecular orbital transitions in [2-TU-H]~ and [2-TU-H]*
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Figure 3.14 Molecular orbital transitions predicted by TDDFT calculations at 3.75
and 4.73eV for [2-TU - H]
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Figure 3.15 Molecular orbital transitions predicted by TDDFT calculations at 4.52
and 5.2eV for [2-TU - H]*

3.7.2 Experimental studies on [2-TU-H]™ and [2-TU-H]*

3.7.2.1 Higher energy collisional dissociation of [2-TU-H]~ and [2-TU-H]*

Higher energy collisional dissociation (HCD) was performed on isolated
deprotonated and protonated 2-thiouracil to determine the ground state thermal
fragments. Fig, 3.10 and 3.11 display as a function of applied % HCD energy, the
relative intensities of the deprotonated and protonated 2-thiouracil parent ion and

fragments production intensities, respectively.
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Figure 3.16 Parent ion dissociation curve [2-TU - H] alongside production curves
of the 6 most intense fragments upon HCD between 0 and 50% energy. The data

points fitted with the curved lines are viewing guides to show the profile for an

individual fragment.
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Figure 3.17 Parent ion dissociation curve [2-TU - H]" alongside production curves
of five most intense fragments upon HCD between 0 and 50% energy. The data

points fitted with the curved lines are viewing guides to show the profile for an

individual fragment.

3.7.2.2 Electron detachment spectrum of [2-TU - H]
Figure 3.18 displays electron detachment (ED) vyield for [2-TU - H] ion. We
calculate electron loss by assuming that any photodepleted ions that are not detected
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as ionic fragments are electron loss because it cannot be directly measured in our

instrument. Our instrument cannot also detect ions with > m/z 50

% Electron Detachment = [(Photodepletion ion count -Y Photofragment ion
count)/Intore//(A*p)

Wavelength (nm)
3?0 3.|20 2.80 2?0

Electron Detachment
Yield

L] v L) v T v L) v T v | v
32 36 40 44 48 52 56
Photon Energy (eV)
Figure 3.18 Electron detachment yield of mass selected [2-TU - H]" ions, across the
range 3.2-5.2 eV (234-390nm). The solid line is a five-point adjacent average of data
points.

3.7.2.3 Comparison of photodepletion and solution phase absorption spectra of [2-
TU - H]

Figure 3.19 (a) displays the gas-phase photodepletion spectrum (absorption
spectrum) and (b) solution phase absorption spectrum of [2-TU - H]" across the range
3.2-5.3 eV (234-390nm). The high intensity absorption band labelled (I) shows
absorption from 3.2 to 4.2 eV which peaks at (Amax = 3.7 €V). The lower intensity
band with broad absorption band labelled (1) has an onset at 4.2 and absorption

cross section from 4.2t0 5.2 eV.
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Figure 3.19 (a) Gas-phase photodepletion spectrum (absorption spectrum) of [2-TU
- H]  across the range 3.2-5.3 eV (234-390nm). The solid line is a five-point adjacent
average of data points. (b) Absorption spectrum ¢ x 10*mol dm in MeOH) at a pH
of 11.

The solution-phase spectrum obtained under basic condition is displayed in Figure
3.19. This spectrum shows two resolved band maxima at Is (3.9 eV) and Ils (4.8 eV).
The 1 and 11 labelling of the bands is to help in their identification, while the sub-
script S added in the solution—phase labelling is to differentiate the phases. The gas-
phase and solution—phase spectra are quite similar round band | and the difference
around band Il may be attributed to the strong influence of electron detachment in
this region in the gas phase. The calculated relative energies presented in Table 1
show that only D1 tautomer dominates in the gas phase while the solution-phase may
have D2 present. This could explain the modification found in the solution phase
spectra. The TDDFT spectrum of the optimized D1 structure calculated in the gas
phase gave similar spectra to the solution-phase UV-VIS spectra generated because

it is known to predict better chromophore centred transitions.
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3.7.2.4 Comparison of photodepletion and solution-phase absorption spectra of [2-
TU - H]*

Figure 3.20a displays the photodepletion spectra of [2-TU - H]* acquired in the gas
phase within the scan range of 3.6 — 5.8 eV. The spectrum has two resolved bands
labelled 1 and 11 with Amax at 4.68 eV and 5.3eV respectively. Band | is broad with a

cross-section of 0.94 eV while band 11 is narrower with a width of ~ 0.3eV.
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Figure 3.20 (a) Gas-phase photodepletion spectrum (absorption spectrum) of [2-TU
- H]* across the range 3.6-5.7 eV (344 -214nm). The solid line is a five-point adjacent
average of data points. (b) Absorption spectrum (~1 x 10*mol dm™ in MeOH) at a
pH of 3.7.

Figure 3.20b shows the solution-phase spectrum of protonated 2-thiouracil obtained
under acidic conditions. This absorption spectrum is in good agreement with the
spectrum obtained for 2-thiouracil in methanol as (Ref. 263). Two unresolved peaks
can be discerned in the spectrum with a strong peak at 4.58 eV and a shoulder at 4.26
eV. It has been reported that the main peak and the shoulder become more resolved
when the spectrum is measured in acetonitrile solvent and, in contrast, they merge
into one broader peak in water. It has also been suggested that there are two

electronic absorption origins sensitive to the polarity of solvent.2%3 It may be because
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of the reduced perturbation of solvent environment in gas—phase experiments, that
the two origins’ absorptions become more distinct. The TDDFT obtained spectra for
the tautomers showed similar spectra for Pla, P1lb, Plc, P1d and a different
absorption profile for P2 optimised structures. In the gas spectra, two tautomers
appear to contribute to the absorption spectrum. The TDDFT obtained results for all
the tautomers are presented in Figure 3.11.

3.7.2.5 Photofragmentation mass spectrum of [2-TU - H]*
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Figure 3.21 Photofragment difference (laseron — laseroff) mass spectrum of [2-TU
- H]" excited at 4.6 and 5.2eV (344nm). *Represents parent ion signal with m/z 127.
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Chapter 4

Photodissociation Spectroscopy of lodide lon-
Thiouracil Clusters: Mapping Chromophore
Excitations on the Electron Detachment

Spectrum

This work has been published in the journal Physical Chemistry Chemical Physics.
All experimental and computational data has been collected, formally analysed, and
investigated by me. The initial draft of the manuscript was prepared by me and

revised by Caroline Dessent.

The electronic supplementary information included with the publication is attached

to this chapter as Section 4.6.

Full Reference to the publication:

“Photodissociation Spectroscopy of lodide Ion-Thiouracil Clusters: Mapping
Chromophore Excitations on the Electron Detachment Spectrum”

“DOI: 10.1039/D0CP05920J (Paper) Phys. Chem. Chem. Phys., 2021, 23, 1021-
1030 (PCCP HOT ARTICLE 2021)

4.1 Abstract

Laser photodissociation spectroscopy (3.1-5.7 eV) has been applied to iodide
complexes of the non-native nucleobases, 2-thiouracil (2-TU), 4-thiouracil (4-TU)
and 2,4-thiouracil (2,4-TU), to probe the excited states and intra-cluster electron
transfer as a function of sulphur atom substitution. Photodepletion is strong for all
clusters (I'-2-TU, I-4-TU and I"-2,4-TU) and is dominated by electron detachment
processes. For I"-4-TU and I"-2,4-TU, photodecay is accompanied by the formation
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Chapter 4

of the respective molecular anions, 4-TU" and 2,4-TU", behaviour that is not found
for other nucleobases. Notably, the I'-2-TU complex does not fragment with
formation of its molecular anion. We attribute the novel formation of 4-TU" and 2,4-
TU" to the fact that these valence anions are significantly more stable than 2-TU".
We observe further similar behaviour for 1-4-TU and I"-2,4-TU relating to the
general profile of their photodepletion spectra, since both strongly resemble the
intrinsic absorption spectra of the respective uncomplexed thiouracil molecule. This
indicates that the nucleobase chromophore excitations are determining the clusters’
spectral profile. In contrast, the 1-2-TU photodepletion spectrum is dominated by
the electron detachment profile, with the near-threshold dipole-bound excited state
being the only distinct spectral feature. We discuss these observations in the context
of differences in the dipole moments of the thionucleobases, and their impact on the

coupling of nucleobase-centred transitions onto the electron detachment spectrum.

4.2 Introduction

The production of low-energy secondary electrons when high-energy radiation
passes through biological molecules is a well-known phenomenon 26425 |n
biological systems, these low-energy electrons (<10eV) can induce single and
double-strand breaks in DNA, leading to mutations and genetic damage,106:266-269
Quantum chemistry calculations have revealed that the nucleobase may be the initial
site of electron attachment in DNA, with the resulting transient negative ion (TNI)
corresponding to either a valence-bound anion via attachment to the base’s © orbital
or adipole-bound anion.?°-27® Experiments probing dissociative electron attachment
have shown that an initially formed dipole-bound state can act as a gateway to the
valence-bound anion.?’* Due to the importance of low-energy electron-nucleobase
interactions, a wide range of experiments have been performed to characterise the
molecular dynamics involved.?’5281 One such series of experiments have involved
iodide ion-nucleobase clusters,252:253:261282-287 ppgtoexcitation of such clusters can
be accomplished in the gas-phase, providing a highly-controllable environment for
probing low-energy electron-nucleobase coupling. The experimental approach is
based on the concept that the iodide ion is photodetached to produce a ‘spectator’
iodine atom and a low-energy free electron with a well-defined kinetic energy that

can be captured by the adjacent molecule.?5°287 The resulting TNI dynamics can then
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be monitored either via time-resolved photoelectron spectroscopy or photofragment

action spectroscopy.

In this work, the first study of complexes of iodide with the non-native nucleobases,
2-thiouracil (2-TU), 4-thiouracil (4-TU) and 2,4-thiouracil (2,4-TU) which are
illustrated in Figure 4.1 is presented. The aim is to probe how the cluster excited
states are modified by the presence of one or more sulphur atoms in a non-native
nucleobase. Thiolated nucleobases are synthetic analogues of native nucleobases
that have been applied in radiation therapy and photodynamic therapies for some
time,205:211-213 motivating theory and experiments to understand their fundamental
photochemical and photophysical behaviour. Investigations have focused on
understanding their photodynamics through comparison with native nucleobase
excited-state potential energy surfaces and relaxation pathways.?4?*" Given that
thionucleobases are employed in both radiation therapy and phototherapy, we aim
here to obtain novel experimental information on how free electrons interact with

thiolated nucleobases, both in the electronic ground and excited states. 2342%
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Figure 4.1 Schematic diagram of uracil (U), 2-thiouracil (2-TU), 4-thiouracil (4-TU)
and 2,4-Thiouracil (2,4-TU), illustrating how the C; - C4 oxygens of uracil are

replaced with sulphur.

Low energy interactions with 2-thiouracil have been studied recently in a crossed-
beam apparatus by Abdoul-Carime and co-workers.?*#?% Electron-attachment was
shown to produce three major anionic fragments, with deprotonated 2-thiouracil
being the major product, followed by the thiocyanate anion and the sulphur anion.
The loss of hydrogen to form the deprotonated anion was initially suggested to occur
from a mixture of carbon or nitrogen sites,?**2% but was later found to arise from
rupture of the N-H bond.?%2% |t was also established that molecular dissociation

resulted from the initial step of dissociative electron attachment occurring through
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dipole-bound anion formation. Further experiments with 1-methyl-2-thiouracil gave
fragments in line with this pattern of dissociative electron attachment, where
significant loss of the methyl group from the N1 position was also seen.?® No work
has been conducted to date to characterise the low energy electron scattering
properties of 4-TU and 2,4-TU. It is noted that the electronic spectrum of the
deprotonated form of 2-TU has been studied recently via laser photodissociation,?®
and photodetachment photoelectron spectroscopy has been employed to characterize
the molecular anions, [4-TU] and [2,4-TU]. 2%02%

4.3 Experimental and Computational Method

4.3.1 Experimental method

The UV photodissociation experiment was conducted using a modified AmaZon
(Bruker) ion-trap mass spectrometer that has been converted for laser experiments
as has already been described in detail.?>?%® The I -2-TU, I -4-TU and I -2,4-TU
clusters were generated by electrospraying solutions of thio-nucleobases and iodide
in 98% acetonitrile (MeCN) and 2% deionized water (TUs solutions were made at 1
x 10 mol dm-3, mixed with ceasium iodide solution (Csl) at 1 x 10 mol dm'%). 2-
TU was purchased from Acros organics and 4-TU and 2,4-TU from Sigma while Csl
was purchased from Avocado Research Chemicals Limited. All the chemicals were

used without any further purification.

UV photons produced by an Nd:YAG (10 Hz, Surelite) pumped optical parametric
oscillator (OPO) (Horizon) laser were used to irradiate mass isolated I"-TU clusters
across the range 400-218nm (3.1-5.7eV). The solution was introduced into the mass
spectrometer by electrospray ionisation (ESI) using a nebulizing gas pressure of 12
psi, an injection rate 0.35 ml h?, a drying gas flow rate of 10 ml min*! and run-in
negative ion mode at capillary temperatures of 100°C. Photofragmentation
experiments were run with an ion accumulation time of 100 ms with a fragmentation
time of 100 ms, (one laser pulse per each ion packet) thereby limiting multiphoton
processes. For systems where fluorescence is negligible,?® UV excited gaseous ions
can fragment following excitation and produce a gas-phase absorption spectrum by
photodepletion.?428:48.238 Thege scans were conducted using a 2 nm step size increase,
and the mass selected I"-TU clusters ion depletion intensities were taken as the

gaseous absorption after irradiation. Photodepletion (PD) and photofragment
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production (PF) were calculated as described in Chapter 2.

An Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific, Waltham,
MA, USA) with an ESI source was employed to perform a higher-energy collision
dissociation (HCD) to explore the ground-state fragmentation characteristics of I’
-TU clusters and run-in negative ion mode. The HCD fragmentation technique using
the Orbitrap mass spectrometer gives tandem mass spectrometry which is similar to
triple quadrupole fragmentation.'82240241 The instrument was operated with the
following parameters: sweep gas flow rate, 0; sheath gas flow rate: 2.0; aux gas flow
rate: 2.5; ion transfer tube temperature: 275 °C; vaporizer temperature: 30 °C; MS1
detector: lon Trap; MS1 scan range: 80-300; MS1 maximum injection time 100
micros; MS2 detector: lon trap; MS2 maximum injection time: 100 ms. HCD

collisional energy was varied between 0% and 40%.

4.3.2 Computational method

Electronic structure calculations were conducted using Gaussian 09.%%" Cluster
structures investigated were based on the six tautomers of the thiouracils. These were
optimized at the B3LYP/6-311++G(2d,2p) level, with 6-311G(d,p)/SDD for I. The
vertical dipole moment (i.e. the dipole moment of the neutral cluster at the ground-
state geometry of the anionic cluster) of the clusters was calculated at the MP2/ 6-
311++G(2d,2p) level, with 6-311G(d,p)/SDD for I. Global energy minima were
confirmed for all optimized structures by performing frequency calculations. Time-
dependent density functional theory (TDDFT) calculations were performed on the
lowest-energy optimised tautomers of the I"-2-TU, I"-4-TU and I"-2,4-TU clusters to
assign and describe the excited electronic state transitions. Several functionals were
tested, with the calculations presented representing the best match to experiment.
The equation of motion coupled cluster single and doubles (EOMCCSD) calculation

was used to explore the dipole-bound excited state of I"-2-TU.

4.4 Results
441 Geometric structures and TDDFT of the I~ TU clusters

Figure 4.2 shows the lowest energy structures of the I"-2-TU, 1"-4-TU and I-2,4-TU
clusters. (I-TU will be used when we are discussing the group of clusters.) The
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calculated structures are in good agreement with previous calculations of similar

Systems.252'253'261
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Figure 4.2 Global minima geometric structures of I"-TU clusters optimised at the
B3LYP/6-311++G(2d,2p) level of theory with SDD on I. TU = (a) 2,4-TU, (b) 2-TU
and (c) 4-TU.

Additional calculations were conducted on other tautomers (Section 4.7.1.1), but the
resulting cluster structures were found to have higher relative energies. In the lowest-
energy structures (Figure 4.2), the iodide ion hydrogen bonds to the nucleobases in
a planar geometry through the N1 H and the C6 H at a bond length of 2.661A and
3.018 Afor I -2,4-TU, I -2-TU and I -4-TU, respectively. At this location, the iodide
ion is bound close to the axis of the permanent dipole moment of the thiouracil
(Section 4.7.1, Figure 4.9).

Table 4.1 displays the calculated vertical detachment energies (VDES), binding

energies and the vertical dipole moments for the clusters.

Table 4.1 Calculated vertical detachment energies (VDE), cluster binding energies?
and vertical dipole moment® using B3LYP/MP2 functional with 6-311++G
(2d,2p)/SDD basis set.

Cluster 1-2,4-TU I"-2-TU 1-4-TU
VDE (eV) 431 4.30 4.26
Cluster BE (kJ mol ™) 105.90 96.99 103.47
Vertical dipole moment (D) 7.09 6.68 7.10
Monomer dipole moment® (D) 4.67 4.20 4.47

2All binding energies are BSSE corrected. PThe vertical dipole moment is calculated
with MP2/6-311++G(2d,2p)/SDD level of theory. ¢ Ref. 295.
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We note that the calculated vertical dipole moments which is the dipole moment of
the neutral cluster at the ground-state geometry of the anionic cluster indicates that

all three clusters are sufficiently polar to support a dipole-bound state.?%2-2%

The VDEs of the three clusters are similar to that of the native nucleobase cluster, I
-U. As the experimentally measured VDE of I"-U is 4.11 eV, while the calculated
VDE is 4.30 eV, %! we expect that the experimental values for the I -TU clusters are
also likely to be around 4.1 eV. I-4-TU and 1"-2,4-TU are calculated to possess very
similar vertical dipole moments and cluster binding energies, a result that is
unsurprising given that 4-TU and 2,4-TU have similar dipole moments.?® In
contrast, the dipole moment of 2-TU is much closer to that of uracil. Indeed, the
dipole moment of uracil derivatives is known to increase significantly on thiolation
at the C4 position.?*®

To gain further insight into the nature of the electronic transitions involved in the
photoexcitation of I"-TU clusters across the 3.1-5.8 eV range, TDDFT calculations
were performed. The TDDFT calculated excitation spectra of I-TU clusters
representing the best match to experiment for the lowest energy tautomers of the
clusters are presented in Figure 4.3. (See Figure 4.10 for TDDFT calculated
excitation spectra using B3LYP functional). Although TDDFT is known not to
predict accurately the transitions of a dipole bound-excited state, within the scope of
our work it gives a sufficient guide for interpreting the experimental results.
Improved representation of dipole-bound excited state transition intensity could be
acquired by using a tailored and diffused functional centred on the dipole bound
orbital 24246 The full TDDFT spectra of individual tautomers of the clusters, along

with the oscillator strengths of the different transitions are presented in Section 4.7.1.
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Figure 4.3 TDDFT excitation spectra of a) I"-2,4-TU, b) I-2-TU and ¢) I-4-TU
clusters calculated at M062X/DEF2SVP. The oscillator strengths on the y axis of
individual transitions > 0.005 within the experimental scan range are shown by
vertical bars while the full line spectrum is a convolution of the calculated spectrum
with Gaussian function (0.25 eV HWHM). The red lines represent transitions from
an iodide p-orbital and the green lines represent transitions from the thio-nucleobase
(TU) 7 orbital.

The TDDFT spectra will aid in assigning and interpretation of the experimental

photo-excited state transitions within the I"-TU clusters.

4.4.2 Photodepletion spectra of 1~ TU clusters

Figure 4.4 a-c shows the photodepletion spectra of the I"-TU clusters collected across
the range of 3.1-5.7 eV. The three spectra are strikingly different, which suggests
that Sulphur atom substitution at different positions in a thio-nucleobase moiety

contributes strongly to the electronic excited-state behaviour. Figure 4.4 d-f displays
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the aqueous absorption spectra unclustered TU. The photodepletion and absorption

spectra are presented together to aid comparison.
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Figure 4.4 Photodepletion (gas-phase absorption) spectra of (a) I"-2,4-TU, (b) I"-2-
TU and (c) I'-4-TU across the range 3.1-5.7 eV. The solid line is a five-point adjacent
average of the data points. Aqueous absorption spectrum of (d) 2,4-TU, (e) 2-TU and
(f) 4-TU across the range 3.1-5.8 eV (400-213 nm).

The photodepletion spectrum of 1-2,4-TU (Figure 4.4a) displays an onset at 3.2 eV
and two band maxima (I and II) at 3.5 eV and 4.3 eV. A third broad band (1) is
evident across the high energy region. Comparing the photodepletion spectrum of I’
-2,4-TU to the solution-phase absorption spectrum of 2,4-TU (Figure 4.4d),2% it is
striking to observe that the solution-phase spectrum of the (unclustered) thiouracil is
very similar to the gas-phase absorption spectrum of the cluster. The 2,4-TU
solution-phase spectrum has two bands with energies and intensities close to bands
I and Il of the gaseous cluster spectrum.2®® This indicates that the absorption

spectrum of the 2,4-TU chromophore dominates the spectrum of its iodide cluster.
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Band 111 of the photodepletion spectrum is absent from the solution-phase spectrum.

The I'-2-TU photodepletion spectrum has an onset at approximately 3.6 eV and
displays a strong absorption band (I) between 3.6-4.3 eV with A max at 4.2 eV,
followed by a flatter, broad absorption region (1) between 4.6-5.6 eV. For this
thionucleobase, the 2-TU monomer spectrum (Figure 4.4e) does not mirror the I-2-
TU gaseous cluster spectrum since the monomer spectrum displays a broad region
of absorption between 3.8— 4.8 eV.2% Finally, Figure 4.4c shows the gas-phase
photodepletion spectrum of I-4-TU, which displays an onset at 3.4 eV, with a first
strong and broad absorption band (1) peaking at 4.02 eV. (A shoulder feature, centred
close to 3.8 eV, is evident on the band’s low-energy side.) A higher-lying absorption
band (1) is evident from 4.76 to 5.56 eV. Intriguingly, the solution-phase spectrum
of 4-TU (Figure 4.4f),2% and the 1"-4-TU cluster photodepletion spectrum are again

very similar.

4.4.3 Photofragment mass spectra of the I TU clusters

Figure 4.5 displays the photofragment mass spectra obtained when the I"-TU clusters
are excited at their absorption maxima, with Table 2 listing the photofragments
observed and assignments. The most intense photofragment for all the clusters is the
m/z 127 photofragment, with different minor photofragments being produced by the
three clusters. It is notable that all of these photofragments are low intensity,

indicating that the major channel for decay is through electron detachment.

Table 4.2 Lists of photofragments with assignments observed at the Band | maxima

of the I"-TU clusters, shown with the HCD collision-induced dissociation fragments?.

1"-2,4-TU 1-2-TU -4 TU
Photofragments
m/z 58 Y(SCN") Y(SCN) X
m/z 127 (1) Y(F/[2-TU-H])  Y(I'/ [4-TU-H])
m/z 128 - X v ([4-TU-HY])
m/z 143 Y([2,4-TU-HT) - -
m/z 144 Y ([2,4-TU]) - -
HCD fragments
m/z 126.90522 ~'major (I) ~'major (I) ~'major (I)
m/z 126.99735 - ~'minor([2TU-H]) v'minor([4TUH])
m/z 142.97402 ~ minor - -
([2,4-TU-H])
@X = Not Seen
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For I-2,4-TU, the m/z 127 photofragment can be straightforwardly assigned to I,
however for I-2-TU and I-4-TU, m/z 127 can correspond to either I" or the
deprotonated anions of 2-TU and 4-TU at the resolution of the laser-interfaced mass

spectrometer.2%-238
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9000 -2-TU —=] %
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=
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Figure 4.5 Photofragment difference (laseron — laserorf) mass spectrum of | TU
clusters excited at 3.5 eV (354 nm), 4.2 eV (295 nm) and 4.0 eV (310 nm)
photodepletion band maxima of the individual I-TU clusters, respectively. *

Represents the precursor cluster ion signal.

For other iodide-nucleobase clusters we have studied,?22%3261.28 \ye have observed
both I and the respective deprotonated nucleobase as photofragments, indicating that
the m/z 127 peak present for I"-2-TU and 1"-4-TU likely corresponds to a mixture of
I" and [2-TU-H] or [4-TU-H].?*" For I-2,4-TU, we do indeed observe the
deprotonated anion [2,4-TU-H] as a photofragment with m/z 143. Surprisingly, the
molecular anion, i.e. TU", is observed as a photofragment from both 1"-2,4-TU and I’
-4-TU, despite the fact that the corresponding nucleobase anions have not been

observed as photofragments from other iodide—nucleobase complexes, 252253261286
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m/z 58 is the final photofragment observed. This ion corresponds to SCN°, which is
one of the major dissociative electron attachment product following electron
attachment to 2-TU. We note that dissociative electron detachment to 2-TU also
results in production of the [2TU-H] and S™ anions.z4235288 \While [2TU-H] appears
to be produced in our experiment, S™ cannot be detected as its mass is below the cut-
off of the ion trap.?2% If S" is being produced as an undetected photofragment in our

experiment, its intensity should be comparable to that of SCN, 234235288

Finally, the %S isotope occurs with around 4.5% intensity, and studies of this cluster
isotope could clarify the ambiguity in the identities of the photofragments for the I
-2-TU and I"-4-TU clusters. These experiments were not, however, possible here as
even using the major 32S isotope clusters, the [TU-H]" photofragments were close to

the detection limits of our instrument.

4.4.4 Photofragments production spectra of I TU clusters
Figure 4.6 displays the photofragment production spectra associated with 1"-2,4-TU,
shown with the photodepletion spectrum (Figure 4.6a) for comparison.

I" (Figure 4.6b) is the most intense photofragment and is produced across the entire
photodepletion spectrum with peaks in production through the band I and band 11
maxima. [2,4-TU-H] is the second most intense fragment (Figure 4.6c). This
photofragment’s production is also maximised through the band I and II maxima,
although its production drops sharply after the band Il peak. The [2,4-TU]" fragment
production profile (Figure 4.6d) is similar to that of [2,4-TU-H] through the band 11
region, although its production through the band I region is somewhat lower. Finally,
the production spectrum of the very low intensity photofragment, SCN", is shown in
Figure 4.6e. This photofragment displays a distinctive production profile, with an
onset at 3.65 eV, and production across a region that peaks just above the band 1l

maximum.
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Figure 4.6 (a) Gas phase photodepletion spectra of 1-2,4-TU with the b) I', c) [2,4-
TU-H], d) [2,4-TU] and e) SCN', across the range 3.1-5.7 eV (400-218nm). The
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solid line is a five-point adjacent average of the data points, while the arrow

represents the calculated VDE.

The m/z 127 (I" and [2-TU-H]") photofragment action spectrum produced from I"-2-
TU across the region 3.1-5.7 eV is presented with the photodepletion spectrum for

comparison in Figure 4.7.
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Figure 4.7 a) Gas phase photodepletion spectrum of the I"-2-TU cluster and b) the
m/z 127 photofragment action spectrum, across the range 3.1-5.7 eV (400-218nm).
The solid line is five-point adjacent average of data point while the arrow represents
the calculated VDE.

The photofragment production spectrum peaks at ~4.04 eV (1) and ~4.6 eV (1),
before tailing off to higher energies.

Figure 4.8 displays the photofragment production spectra for I-4-TU, along with the
photodepletion spectrum. The m/z 127 (I" and [4-TU-H]") photofragment spectrum
peaks at the band | maximum of 3.81 eV, and again with lower intensity (I1) around
5.1eV.
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Figure 4.8 a) Gas phase photodepletion spectrum of the I-4-TU cluster and
photofragment action spectra of b) m/z 127 and c) [4-TU]" across the range 3.1-5.7
eV (400-218nm). The solid line is a five-point adjacent average of data point, while

the arrow represents the calculated VDE.

The m/z 128 molecular ion photofragment, [4-TU-H]" (Figure 4.8c), is produced
only within the band | region, with an onset at 3.5 eV. Its production spectrum
displays a shoulder at~3.6 eV prior to a well resolved peak at 4.1 eV, with intensity

that falls away sharply after the peak.

It is worthy to note that although the photofragment intensities are arbitrary, they can
be directly compared for the photofragments from this cluster, providing a measure

of branching ratio.
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4.5 Discussion

4.6 4.5.1 General overview of photodecay channels
In the absence of fluorescence, photoexcited I'-TU clusters can decay through several
decay channels. The possible decay pathways for the I"-TU clusters are given below.

The first group of fragmentation channels correspond to ionic fragmentation

channels:
I"TU + hv - 1+ TU Equation 1a
— I"+TU Equation 1b
— HI +[TU-H] Equation 1c

On the other hand, at energies above the electron detachment energy of the I"-U
clusters, excited-state decay is possible through direct electron detachment or
indirect processes that are the result of different excited states of the cluster 2a-2b or

through electron detachment from hot fragments 2c-2d:

Electron detachment channels
I"TU+hv — [|-TU+e Equation 2a

Direct detachment

- [I'TU]* — [I'TU] + e Equation 2b
Indirect detachment

— [I'TU]* — [1+TU+e Equation 2c
“Hot” Photofragments

—  HI+ [TU-H]* — HI+[TU-H]+e  Equation 2d
“Hot” Photofragments

Because of the low intensity of the ionic photofragments produced in our experiment,
the dominant photodissociation channel is electron detachment (Figure 4.16). The
electron detachment spectra of the I"- TU clusters closely resemble the photodepletion
spectra.

4.5.2 Assignment of the observed excited states from the photodepletion spectra
The solution-phase spectrum of 2,4-TU displays two peaks over the 3.2-5.7 eV

spectral region, with Amax at 3.45 eV and 4.55 eV.2% These peaks occur at similar
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energies to bands | and Il of the I"-2,4-TU spectrum, indicating that the cluster
excited states in these regions are associated with n-n” localized transitions of the
2,4-TU moiety. In other iodide-molecule clusters, dipole-bound excited states have
been observed in the region of the VDE, 252253261286 \\je anticipate that the VDE of
1"-2,4-TU should occur around 4.1 eV, so a dipole-bound excited state is expected to
occur for the cluster around this energy. The photodepletion spectrum does not
display the sharp fall-off in photodepletion intensity that is typically observed at the
high-energy edge of the dipole-bound excited state,??®2® so it is not possible to
conclude that the dipole-bound excited state exists for 1-2,4-TU from its
photodepletion spectrum. This is a situation we have observed in previous studies
of iodide-pyrimidine clusters,2*2% however, we will return to this point when we
discuss the cluster’s photofragment production spectra below. Band Il of the
photodepletion spectrum does not correlate with any prominent transitions of the 2,4-
TU chromophore, and since this spectral region lies above the expected VDE of the

cluster, it can be assigned to direct electron detachment (section 4.6.2, Figure 4.16).
261,286

In contrast to 1"-2,4-TU, the 1"-2-TU photodepletion spectrum does not display the
same features as the solution-phase spectrum of 2-TU, which is characterised by a
pair of partially resolved bands with Amax 0f 4.2 and 4.7 eV.2% The I"-2-TU spectrum
displays a strong photodepletion onset around 3.6 eV, peaking at 4.1 eV, in the
vicinity of the predicted VDE (band I). The near-threshold band is followed by a
rather flat region of photodepletion between 4.6-5.6 eV. This spectral profile is
typical of a number of iodide ion-polar molecule complexes, 261286 where the band |
feature has been assigned to a dipole-bound excited state followed by a region of
direct electron detachment. 2%°3% This leads us to assign band | to a near-threshold
dipole-bound excited state of I-2-TU. There are no strong signatures of m-n"
localized 2-TU excited states evident on the photodepletion spectrum, although two
features are certainly seen at~4.5 and 5 eV in the photodepletion spectrum which
could correspond to the m-n" 2-TU excitations. However, they can tentatively not be
described as prominent spectral features and are only just visible above the electron

detachment background.

The solution-phase spectrum of 4-TU displays a very strong band with Amax at ~3.8
eV, followed by a lower-intensity band with Amax at ~5.0 eV.?% These features are
associated with w-n" transitions of the 4-TU chromophore.?®® The photodepletion
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spectrum of I"-4-TU displays a band peaking at ~4.1 eV (band I), followed by a
lower-intensity band (I1) at 5.2 eV. Band I could either be associated with a dipole-
bound excited state or with excitation of the lower-energy strong 4-TU n-n”
transition. Itis probable that contributions from both of these very distinctive excited
states are present in this excitation region, as will be discussed further below. Band

11 can be assigned to excitation of the higher-energy n-n” transition in the cluster.

Having performed a preliminary assignment of the excited states evident in the
photodepletion spectra of the I"TU clusters, it is now useful to compare the
experimental spectra to TDDFT generated spectra (Figure 4.3). The TDDFT
calculations as was mentioned earlier, are expected to predict 7-n* nucleobase-
localized transitions reasonably well but are not expected to predict dipole-bound
excited states accurately. Comparing the TDDFT calculated and experimental
spectra, there is good agreement for I"-2,4-TU and I"-4-TU, while the 1-2-TU
calculated spectrum does not closely resemble the photodepletion spectrum. The
good agreement observed for I-2,4-TU and I-4-TU reflects the fact that the
experimental spectra for these complexes are dominated by the n-n* nucleobase-

localized transitions.

Finally, it is of interest to consider whether the two spin-orbit states of the iodine
atom in the photodetached clusters contribute to the photodepletion spectra.
Although direct detachment to the upper 2P1,2 neutral state around 5 eV has been
observed for some iodide ion pyrimidine complexes (I'-U and I'-T) via photoelectron
spectroscopy, 26228 photodepletion spectra did not clearly show the upper spin-orbit
dipole-bound state.*®* The I"-TU complexes behaviour appears to be in line with that
of the previously studied iodide ion pyrimidine complexes (I"-U and I"-T), in that the
upper spin orbit dipole-bound excited state is not clearly evident on the
photodepletion spectra. (It would be expected to appear around 5.1 eV.) We
conclude that the cross-section for excitation to the upper spin-orbit state is occurring

with relatively low cross section.?®!

4.5.3 Photofragment production
Two general mechanisms are associated with production of ionic photofragments in
clusters such as the I-"TU complexes studied here. The first group correspond to

various intra cluster electron-transfer processes, including events that follow dipole-
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bound excited state formation, ejection of a low energy electron from I This electron
then undergoes electron scattering from the thionucleobase, or straightforward
charge transfer from I to the thionucleobase valence orbitals.?®” This group of
processes is expected to result in production of either the dipole-bound anion of the
thionucleobase through direct fragmentation of the dipole-bound excited state, or of
the deprotonated thionucleobase, since this is the most intense fragment expected

when the thionucleobase captures a free electron.

The second type of photofragmentation follows electronic excitation that is largely
localized on the nucleobase chromophore. Native nucleobases are known for their
propensity to decay back to the electronic ground state following UV excitation and
then lose excess energy by thermal dissipation.3? In an anion-nucleobase complex,
when electronic relaxation of a nucleobase centred excited state results in a return to
the electronic ground state, followed by thermal fragmentation, we expect to observe
the same ionic fragments that would be produced upon low-energy CID.3%33%4 On
conducting CID experiments for the I"-TU clusters, we observed production of the
iodide ion and the respective deprotonated thionucleobase (Section 4.7.2, Figure
4.18). Simultaneous production of I and [TU-H] as photofragments could therefore
be interpreted as arising from ultrafast decay of a thionucleobase-centred excited
state. There are two important points however to note. Firstly, thionucleobases are
known to exhibit much less efficient ultrafast decay than native nucleobases,
potentially meaning that the I"-TU excited states could be significantly longer-lived
than those of iodide-native nucleobases 26:217221224-227 gecondly, even in the iodide-
native nucleobase clusters, excited states (both dipole-bound and nucleobase
localized) have been observed to decay with long lifetimes, consistent with internal
conversion to the ground electronic state followed by evaporation of I and the
deprotonated nucleobase.?622%¢ Ultimately, analysis of the production profile of
individual photofragments is crucial in assigning the nature of the excited state

involved in generating specific photoproducts.

For I"-2-TU, the m/z 127 (I" / [2-TU-H]") photofragment profile is very like that of

the comparable fragments for the iodide pyrimidine complexes, 2628 suggesting that

similar photofragmentation mechanisms are present, i.e. intra cluster electron

transfer dominates in the near threshold region, while 2-TU-centred excitations

dominate close to the band Il nucleobase localized n-7* transition. In I"-4-TU, the

m/z 127 (I" / [4-TU-H]") photofragment displays a similar profile to the m/z 127
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photofragment of the I"-2-TU cluster, indicating the presence of similar excited states
and decay processes. However, there is a notable difference in the profile of the
second photofragment - the molecular anion, [4-TU]". Its production profile displays
a very sharp falloff in intensity above the expected VDE, suggesting that this
photofragment is formed directly from decay of a precursor dipole-bound excited
state. Our experiment does not allow us to measure whether this anion is a dipole-
bound or valence anion, although time-resolved photoelectron spectroscopy could
be applied in future experiments to clarify this point,287%°

1"-2,4-TU provides the richest photofragmentation pattern. The I ion is produced
across most of the scanned region with a profile that largely resembles that of
photodepletion. (1" production decreases > 5.0 eV, but this is consistent with electron
detachment increasingly dominating at high excitation energies).  The similar
appearance of the I production and the photodepletion spectrum indicates that 1" is
being produced from decay of all of the excited states present for the cluster,
behaviour that again mirrors that seen for the iodide-pyrimidine complexes. 26428 As
for the [4-TU]" photofragment from 1-4-TU, the [2,4-TU]" molecular anion
photofragment from 1"-2,4-TU displays a production profile indicative of production
through a dipole-bound excited state in the region of the VDE, with a sharp fall in
intensity around the expected VDE.?®® Indeed, this photofragment’s production
profile can be directly associated with a dipole-bound excited state, and thus

confirms that such a state is present in this region for 1"-2,4-TU.

The profile for production of [2,4-TU-H] is similar to that of the I~ photofragment
in the lower energy region of the spectrum, again mirroring the behaviour of the
iodide-pyrimidine complexes. 262286 However, its intensity drops sharply above 4.2
eV, on the high-energy edge of the dipole-bound excited state. This leads us to
conclude that the dipole-bound excited state decays with production of both [2,4-
TUJ and [2,4-TU-H]. (Low level production of the [2,4-TU-H]" photofragment is
observed in the region around 5.2 eV, possibly associated with decay of the upper
spin-orbit excited state). It is noted that the [2,4-TU] photofragment is produced
considerably less strongly through the lower energy band I region than [2,4-TU-H]
. Indeed, what is surprising is that [2,4-TU]" is seen at all in this region, since band |
corresponds to a thionucleobase localized excited state. The simplest explanation of
the proximity of the thionucleobase band | excited state with the cluster dipole-bound

excited state is the presence of strong coupling between these two very distinctive
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excited states.

The SCN- photofragment profile from I"-2,4-TU is distinctive compared to the other
photofragments, with production limited to the region between 3.6 eV-4.9 eV. lItis
notable that SCN™ production does not follow the dipole-bound excited state profile
established by the [2,4-TU]" photofragment, allowing us to conclude that this
fragment is not a biproduct of electron transfer onto 2,4-TU. This spectral region
corresponds to the more intense n-n* localized transition of 2,4-TU. It is significant
that [2,4-TU-H] is not being produced though this region. This suggests that the
chromophore-centred excited state accessed in this region does not decay directly
back to the ground state with statistical evaporation of the primary fragment pair, but
instead evolves to eject SCN™ as a dissociative photoproduct. This behaviour is in
line with the known distinctive behaviour of thionucleobases compared to native

nucleobases.?®

4.7 Further Discussion & Concluding Remarks

In most respects, the photophysics and photochemistry of the I"TU complexes
closely resemble those of the iodide-pyrimidine complexes studied previously. 262287
Photoexcitation predominantly results in electron detachment, with ionic
fragmentation representing only a minor decay pathway. However, two aspects of

the results merit further discussion.

The first relates to the identities of the [4-TU] and [2,4-TU]" anions produced
following photoexcitation of I'-4-TU and I"-2,4-TU, respectively. Photoelectron
spectroscopy of [4-TU] and [2,4-TU]" was conducted by Bowen and co-workers,
with the results compared to the uracil molecular anion, U2 While U- was
identified as a dipole-bound anion, both [4-TU] and [2,4-TU] were found to be
valence anions. Accompanying theoretical calculations revealed that [4-TU] and
[2,4-TUJ are considerably more stable as valence anions than both [2-TU]  and U,
with only [4-TU] and [2,4-TUJ displaying positive vertical electron affinities.?%
The behaviour of uracil mirrors that of the other canonical nucleobases, since their
valence anions have generally been elusive in the gas-phase (except in delicate
Rydberg electron transfer experiments),3® likely due to their low electron
affinities.?*® Indeed, U™ was not observed as a photofragment in photoexcitation of I

-U,%% and it appears that the 1"-2-TU complex studied in this work is displaying very
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similar behaviour, with 2-TU" not being observed as a photofragment. Therefore, in
our experiments on I"-4-TU and I-2,4-TU, initial photoexcitation in the VDE region
accesses a dipole-bound excited state, which decays with formation of [4-TU] and
[2,4-TUJ as stable valence molecular anions. For 1"-2-TU, photoexcitation in the
near threshold region again accesses a dipole-bound excited state, but the ultimate
photoproduct is [2-TU-H] as the valence-bound form of [2-TU] is not sufficiently
stable, so that the dissociative electron attachment product is the end product.

In the context of the above discussion, it is notable that I-2-TU can also be
considered to be the “odd man out” compared to I'-4-TU and I-2,4-TU in relation to
the general profile of the photodepletion (gas-phase absorption) spectra. The
photodepletion spectra of I"-4-TU and 1"-2,4-TU both strongly resemble the intrinsic
absorption spectra of the uncomplexed nucleobases, i.e. the nucleobase localized -
n* transitions dominate these spectra. Intriguingly, this is not the case for I"-2-TU.
Comparing the calculated properties of the clusters (Table 1) reveals that I"-2-TU has
a weaker cluster binding energy and vertical dipole moment than the other two
clusters, due to the relatively lower dipole moment of 2-TU. An interesting
possibility is that the stronger dipole moments of 4-TU and 2,4-TU are enhancing
the coupling of the electron detachment continuum to nucleobase-centred transitions.
Current understanding of the physics of how molecular excited states couple to the
electron detachment continuum is an area of emerging interest,18:262306.307 gng
further theoretical insight is urgently needed to better understand the photophysics
and electron dynamics.®”” The thionucleobases provide a useful series of molecules
for extending the current studies given that the molecular dipole changes
significantly with derivatization.
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4.8 Supplementary Information
4.7.1 Computational studies on the I -TU clusters

4.7.1.1 DFT calculations on the tautomers of the I -TU clusters

The structures of the I" - TU clusters were optimised from multiple starting structures
mainly from monomer tautomers obtained by Andrzej Les and Ludwik
Adamowicz.3% The lowest energy structure of each thio-nucleobase-iodide cluster
are presented in Tables 4.3, 4.4 and 4.5 respectively. For each thio-nucleobase-iodide

cluster, the keto form was found to produce the lowest energy structure T1.

Table 4.3 Calculated structures and relative electronic energies of the tautomers 2,4-
thiouracil iodide (I"-2,4-TU) clusters. Structures were calculated at the B3LYP/6-
311++G(2d,2p) level, 6-311G(d,p)/SDD on | (see main text for details).Energies are

zero-point energy corrected.
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LEPS T6 —9
| <
oo |6052 i ) 4133
J/‘ -,}" - |
¥ e t
’

Table 4.4 Calculated structures and relative electronic energies of the tautomers 2-
thiouracil iodide (I"-2-TU) clusters. Structures were calculated at the B3LYP/6-
311++G(2d,2p) level, 6-311G(d,p)/SDD on | (see main text for details).Energies are

zero-point energy corrected

Tautomer Energy Tautomer Energy
(kJ/mol (kJ/mol
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Table 4.5 Calculated structures and relative electronic energies of the tautomers 4-
thiouracil iodide (I"-4-TU) clusters. Structures were calculated at the B3LYP/6-
311++G(2d,2p) level, 6-311G(d,p)/SDD on | (see main text for details).Energies are

zero-point energy corrected

Tautomer Energy Tautomer Energy
(kJ/mol) (kJ/mol)
T1 T4
: L
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" ] T6

4.7.1.2 Direction of the dipole moment the I -TU clusters

(I"2,4-TU) (I"2-TU) (I"4-TU)

Figure 4.9 The vector direction of the axis of the dipole moment of the I-TU
molecule, calculated for the neutral molecule at the geometry of the optimized ion-

molecule complex.
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4.7.1.3 Time dependent density functional theory data of tautomers of the I"TU
clusters.
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Figure 4.10 TDDFT excitation spectra of the lowest energy tautomers of a) I'-2,4-
TU, b) I'"2-TU and c) I"-4-TU clusters calculated at B3LYP/6-311++G(2d,2p) level
and 6-311G(d,p)/SDD on .

The oscillator strengths on the y axis of individual transitions > 0.005 within the
experimental scan range are shown by vertical bars, while the full line spectrum is a
convolution of the calculated spectrum with Gaussian function (0.25 eV HWHM).
The red lines represent transitions from an iodide p-orbital and the green lines
represent transitions from the thio-nucleobase (TU) & orbital.
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Figure 4.11 TDDFT excitation spectra of the tautomers of 1"-2,4-TU clusters for the
structures shown in Table 4.4. The oscillator strengths (OSC.) on the y axis of
individual transitions > 0.005 within the experimental scan range are shown by
vertical bars, while the full line spectrum is a convolution of the calculated spectrum
with Gaussian function (0.25 eV HWHM).

103



Chapter 4

Wavelength (eV)
400 3?0 3%0 2?0 2‘[10

™

0.3

0.0

0.0
0.3

Absorption
1
o
<>

T
Fd
W

Oscillator Strength

y « ||]| ' ||II|IJII|III 0.0

32 3.6 4.0 44 48 52 56

Excitation Energy

Figure 4.12 TDDFT excitation spectra of the tautomers of 1"-2-TU clusters for the
structures shown in Table 4.5. The oscillator strengths (OSC.) on the y axis of
individual transitions > 0.005 within the experimental scan range are shown by
vertical bars, while the full line spectrum is a convolution of the calculated spectrum
with Gaussian function (0.25 eV HWHM).
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Figure 4.13 TDDFT excitation spectra of the tautomers of 1"-4-TU clusters for the
structures shown in Table 4.6. The oscillator strengths (OSC.) on the y axis of
individual transitions > 0.005 within the experimental scan range are shown by
vertical bars, while the full line spectrum is a convolution of the calculated spectrum
with Gaussian function (0.25 eV HWHM).
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4.7.1.4 Equation-of-motion coupled-cluster singles and doubles (EOMCCSD)
calculations of the I"-2-TU cluster
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Figure 4.14 Overlaid EOMCCSD, TDDFT of the lowest energy I"-2-TU cluster and

Photodepletion spectrum to explore the dipole bound state.

The red lines represent transitions from iodide p-orbital obtained from EOMCCSD
calculation displaying strongest transitions around band | of the photodepletion
spectrum of I"-2-TU cluster. The blue lines represent transitions from the TDDFT
calculation which show weaker transitions around the band I of the PD. EOMCCSD

calculation is centred on the dipole bound orbital.
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Figure 4.15 Molecular orbital transitions I"-2-TU involved in the dipole bound state

predicted by EOMCCSD calculations between 3.87 — 4.21 eV.  The excitation

energies are offset by — 1.12 eV for comparison with the experimental data.
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4.7.1.5 Molecular orbitals involved in the TDDFT transitions of the I TU clusters

Table 4.6 Calculated TDDFT transition energies at the B3LYP/6-
311++G(2d,2p)/SDD level of theory and oscillator strengths of the I-2,4-TU cluster.
Only transitions below 5.7 eV with oscillator strength > 0.005

Orbital transitions AE (eV) f
(0.26)35(m)>42(n*) 351 0.0470
(0.65)37(m)>42( 1*)

(0.69)41(n)>44(c*) 3.81 0.0102
(0.69)40(n)>44(c*) 3.84 0.0151
(0.53)35(m)>42(n*) 4.05 0.1301
(0.35)37(n)>43(n*)

(0.26)35(m)>43(n*)

(0.69)39(n)>44(c*) 4.09 0.0407
(0.69)40(n)>45(*) 4.29 0.0159
(0.34)35(m)>42(n*) 4.47 0.3131
(0.36)35(m)>43(n*)

(0.35)37(m)>43(n*)

(0.22)39(n)>45(xn*)

(0.20)37(m)>42(n*)

(0.66)39(n)>45(n*) 4.52 0.0428
(0.63)41(n)>46(c*) 457 0.0518
(0.25)41(n)>48(c*)

(0.46)35(m)>43(n*) 471 0.3399
(0.43)37(m)>43(n*)

(0.22)40(n)->46(c*)

(0.63)39(N)>46(c*) 4.85 0.0462
(0.24)39(n)->48(c*)

(0.66)41(n)>47(c*) 4.87 0.0134
(0.67)40(n)>47(c*) 4.90 0.0207
(0.60)41(n)>48(c*) 4.96 0.0339
(0.24)41(n)>46(c*)

(0.21)41(n)>47(c*)
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(0.61)40(n)>48(c*) 4.9 0.0321
(0.23)40(n)>46(c*)
(0.65)38(ns)>44(c*) 5.07 0.1476
(0.67)40(n)>50(c*) 5.16 0.0159
(0.61)39(n)>48(c*) 5.24 0.0413
(0.23)39(n)>47(c*)
(0.22)39(n)>46(c*)
(0.63)36(m)>44(c*) 5.35 0.0636
(0.21)38(ns)>45(n*)
(0.64)41(n)>51(c*) 5.41 0.0075
(0.65)35(m)>44(c*) 5.45 0.0313
(0.60)40(n)>51(c*) 5.46 0.0123
(0.21)40(n)>53(c*)
(0.61)41(n)=>52(c*) 5.61 0.0068
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Table 4.7 Calculated TDDFT transition energies at the B3LYP/6-
311++G(2d,2p)/SDD level of theory and oscillator strengths of the 1"-2,4-TU cluster.
Only transitions below 5.6 eV with oscillator strength > 0.005

Orbital transitions AE (eV) f
(0.26)35(m)>42(n*) 351 0.0470
(0.65)37( m)>42( n*)

(0.69)41(n)>44(c*) 3.81 0.0102
(0.69)40(n)>44(c*) 3.84 0.0151
(0.53)35(m)>42(n*) 4.05 0.1301
(0.35)37( ©)>43( %)

(0.26)35( )>43( %)

(0.69)39(n)>44(c*) 4.09 0.0407
(0.69)40(n)>45(*) 4.29 0.0159
(0.34)35(m)>42(n*) 4.47 0.3131
(0.36)35(m)>43(n*)

(0.35)37(m)>43(n*)

(0.22)39(n)>45(xn*)

(0.20)37(m)>42(n*)

(0.66)39(n)>45(n*) 4.52 0.0428
(0.63)41(n)>46(c*) 457 0.0518
(0.25)41(n)>48(c*)

(0.46)35(m)>43(n*) 471 0.3399
(0.43)37(m)>43(n*)

(0.22)40(n)->46(c*)

(0.63)39(N)>46(c*) 4.85 0.0462
(0.24)39(n)->48(c*)

(0.66)41(n)>47(c*) 4.87 0.0134
(0.67)40(n)>47(c*) 4.90 0.0207
(0.60)41(n)>48(c*) 4.96 0.0339
(0.24)41(n)>46(c*)

(0.21)41(n)>47(c*)
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(0.61)40(n)>48(c*)
(0.23)40(n)>46(c*)
(0.65)38(ns)>44(c*)
(0.67)40(n)>50(c*)
(0.61)39(n)>48(c*)
(0.23)39(n)>47(c*)
(0.22)39(n)>46(c*)
(0.63)36(m)>44(c*)
(0.21)38(ns)>45(n*)
(0.64)41(n)>51(c*)
(0.65)35(m)>44(c*)
(0.60)40(n)>51(c*)
(0.21)40(n)>53(c*)
(0.61)41(n)=>52(c*)
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the B3LYP/6-

311++G(2d,2p)/SDD level of theory and oscillator strengths of the 1-4-TU cluster.

Only transitions below 5.7 eV with oscillator strength > 0.005

Orbital transitions AE (eV) f
(0.72)37(n)>39(x*) 3.66 0.0067
(0.69)37(n)>40(c*) 3.82 0.0091
(0.69)36(n)~>40(c*) 3.85 0.0177
(0.52)35(n)>40(c*) 4.09 0.3181
(0.44)33( ©)>38( 1*)
(0.52)33( ©)>38( %) 411 0.1450
(0.46)35(n)>40(c*)

(0.69)37(n)>41(x*) 4.22 0.0059
(0.69)36(n)>42(c*) 4.26 0.0173
(0.62)37(n)>42(c*) 4.58 0.0618
(0.31)37(n)>43( %)

(0.62)36(m)>42( o*) 4.62 0.0583
(0.31)36(m)>43(c*)

(0.62)35(n)>42(c*) 4.86 0.0626
(0.31)35(n)>43(c*)

(0.61)37(n)>43(c*) 4.92 0.0395
(0.33)37(n)>42(c*)

(0.61)36(n)>43(c*) 4.95 0.0309
(0.33)36(n)>42(c*)

(0.68)34(ns)>40(c*) 5.03 0.0727
(0.60)33(1)>39(n*) 5.11 0.0716
(0.24)36(n)>45(c*)

(0.20)37(n)>44(n*)

(0.43)36(n)>45(c*) 5.12 0.0376
(0.43)37(n)>44(n*)

(0.31)33(1)>39(n*)

(0.47)37(n)>44(x*) 5.16 0.0200
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(0.45)36(n)>45(c*)
(0.58)35(n)>43(c*)
(0.30)35(n)>42(c*)
(0.67)35(n)>45(c*)
(0.53)37(n)>47(c*)
(0.37)37(n)>46(c*)
(0.58)36(n)>47(c*)
(0.29)36(n)>46(c*)
(0.70)33(n)>41(n*)
(0.63)34(ns)>42(c*)
(0.67)34(n5)>43(c*)
(0.45)35(n)>47(c*)
(0.43)35(n)>46(c*)

MO 39
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0.0097

0.0051
0.0112

0.0079

0.0054
0.0354

0.0526
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MO 41

MO 44

Note: The nsare transitions from non-bonding orbital of the sulphur atom while n is
the iodide n (5p°)
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4.7.2 Experimental studies on the |- -TU clusters

4.6.2.1 Electron detachment spectra of the I~ TU clusters

Electron detachment (ED) yield of I"-TU clusters is displayed in Figure 4.16.
Although electron loss cannot be directly measured in our instrument, we calculate
it by assuming that any photodepleted ions that are not detected as ionic fragments

are electron loss.
Note that our instrument can only detect ions with m/z  >50

% Electron Detachment= [(Photodepletion ion-count - Y Photofragment ion-
count)/Intorr//(%.*p)

Wavelength (nm)
400 360 320 280 240
L 1 L 1

=. I"2,4-TU

30 4

% Electron Detachment Yield

T T T T T T
32 36 40 44 48 52 56
Photon Energy (eV)

Figure 4.16 % Electron Detachment yield of 1-2,4-TU, I"-2-TU and I"-4-TU clusters.
The solid line is a five-point adjacent average of data point.
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4.7.2.2 UV-VIS absorption spectra of the TU molecules

Figure4.17 displays the solution-phase spectra for TU molecules. The acquired
spectra will help in comparing and understanding the tautomer dominant in the
solution and gas-phase of the individual TU molecule. The absorption spectrum for
2,4-TU in Figure4.17a shows a low energy partially resolved band that peaks at 3.53
eV and well resolved broad peak at ~ 4.45eV.
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32 3.6 4.0 44 48 52 5.6
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Figure 4.17 Aqueous absorption spectrum of (a) 2,4-TU, (b) 2-TU and (c) 4-TU
across the range 3.1 — 5.8 eV (400 — 213 nm) in MECN/H.0 solvent at 10“*mol dm?.

Figurel7b is the solution phase spectrum for 2-TU with two very close unresolved
bands at 4.23 eV and 4.62 eV. The spectrum for 4-TU is displayed in Figure4.17c
with two bands that peak at 3.8 eV and 4.92 eV.

The spectra aid in assigning and interpretation of the photo-excited state transitions

within the I"-TU clusters.

118



Chapter 4

4.7.2.3 Higher-energy collisional dissociation of the I TU clusters

Higher energy collisional dissociation (HCD) was performed on isolated I-TU
clusters to determine the ground state thermal fragments. Figure4.18 displays the
relative intensities of the I-TU clusters parent ion and fragments production
intensities, respectively as a function of applied % HCD energy,.
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Figure 4.18 Parent ion dissociation curve for 1-2,4-TU, I-2-TU and I-4-TU
alongside production curves of fragments upon HCD between 0 and 20% energy.
The data points fitted with the curved lines are viewing guides to show the profile

for an individual fragment.

The HCD results obtained for the I"-TU clusters show the fission of the cluster as the
major pathway for thermal fragmentation. I ion is produced as a major fragment
with very high intensity and a low ion intensity [TU-H] all through the HCD
collision energy for the three clusters. The Eu2 values which shows the % HCD

energy for half the intensity of the parent ion to dissociate are 5.8, 4.0 and 4.3 for I’
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-2,4-TU, I'-2-TU and I"-4-TU clusters, respectively. This order is in good agreement

with the calculated BSSE corrected binding energy of the clusters.

120



Chapter 5

Chapter s

Exploring Riboflavin’s Propensity to Capture
Electrons through Direct or Dissociative
Attachment: Laser Excitation of lodide lon

Riboflavin Complex

5.1 Abstract

The excited states, intracluster electron transfer and accompanying photodegradation
pathways of iodide riboflavin (I"-RF) complex have been probed using anion
photodissociation spectroscopy (2.4-5.7 eV). Electron detachment processes
dominate the photodecay pathways followed by the formation of the molecular
anion, RF", a characteristic that is reported for the first time for the flavin family. The
absence of the deprotonated riboflavin as a photofragment is unique to the (I"-RF)
cluster and differs from all the iodide complexes previously studied. This may be
attributed to electron capture by RF not resulting in dissociative decay that support
the production of the deprotonated RF at a rate that can competes with the production
of smaller flavins (deprotonated lumichrome). We observed strong resemblance
between the intrinsic absorption spectrum of the uncomplexed RF and the
photodepletion spectrum of the cluster was observed, which demonstrates that the
cluster’s spectral profile is governed by chromophore excitations. The results are
discussed to gain a better understanding of the coupling of the electron detachment

continuum to RF-centred excitations.

5.2 Introduction

Flavins are of considerable biological importance because of their key roles in
photoreceptors and enzymes found in plants and animals.?22230309-312 They have
received a fair degree of attention in the solution phase in a number of photochemical

and photophysical studies because of their complex biochemical functions.33-31 The
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most well-known flavin derivatives: riboflavin (RF), flavin mononucleotide (FMN)
and flavin adenine dinucleotide (FAD) differ in the substituent at the N-10 position
of isoalloxazine, and are naturally found in foods like meat, eggs and cheese 31617
The involvement of flavins in various redox and photochemical applications is
attributed to the presence of the isoalloxazine ring structure.’'®%2° Flavin
mononucleotide (FMN) and flavin adenine dinucleotide (FAD) are the redox
moieties and active chromophores found in photoreceptors and enzymes which are
involved in important biological functions. Due to their versatile redox properties,
they are involved in cellular metabolism, beta-oxidation of fatty acids and DNA

repairs. 321327

a b.
18
o
14
NH
13
NS
N 12 ~017
11
Chemical Formula: C;,HyN,0, Chemical Formula: C;;H,,N,O¢
Exact Mass: 242.08 Exact Mass: 376.14

Figure 5.1 Schematic diagram of (a) lumichrome and (b) riboflavin

Riboflavin (vitamin B2) is a water-soluble vitamin which possesses fluorescence,
photosensitizing and redox properties. Understanding the photophysical and
photochemical behaviour of RF is very important because of its involvement in
numerous photo-biological processes. It is known to undergo non-radiative
intersystem crossing to an excited triplet-state on exposure to light,%?® and may be
employed in photodynamic therapy (PDT) therefore making the identification and
understanding of the photoproducts important.31%32° Although there are several
experimental studies supported by theoretical work on the flavins, there remains a
paucity of studies on them as isolated molecules. This has been attributed to

historical difficulties in the production of gaseous flavin molecules, 230-330-334
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Photoexcitation of RF and its derivatives in solution are known to generate
photofragments. The fundamental dissociation pathways for flavin derivatives in
solution as proposed by Song and co-workers was the production of lumichrome and
luminflavin as fragments,®*® while the complex processes involved in their
photochemical behaviour were shown by Moore and Baylor.®® The photolysis
studies performed by Vaid and co-workers on RF in aqueous solution identified
lumichrome, luminflavin and other photoproducts.®¥’ Recently, photochemical and
mass spectrometric studies done by Sikorski and co-workers on RF derivatives
showed similarities between the photochemical decomposition and the EI MS
results.®1® They indicated that the presence of the benzyl substituent gave stability to
the isoalloxazine core of the 3-benzyl RF, thus making it unyielding to both
photolysis and EI-MS 31

Recent studies have been carried out in our group using electrospray ionization and
laser photodissociation spectroscopy on the alloxazine and lumichrome molecules.
These are model chromophores and the building blocks of the biologically relevant
flavins, and their study has led to a better understanding on the intrinsic photophysics
and photochemistry of flavins.??%2% The evidence for the existence of protonated
alloxazine as two protonation isomers in the gas phase was identified by their
different electronic spectra and photofragmentation patterns. These suggested that
the photofragmentation dynamics are dependent on the location of the proton in the
ground state molecule.?°

Studies of the deprotonated lumichrome [LC-H]" molecules revealed the extent to
which the methyl group in the chromophore moiety influences its intrinsic electronic
behaviour. The results obtained suggest that the presence of the methyl group rotors
in deprotonated lumichrome at the molecular dipole will block the existence of a
transient negative ion that would facilitate valence electron capture and molecular
dissociation.??®

Deprotonated alloxazine [AL-H] was also studied because of theoretical interest in
simpler flavin molecules.31:332 The results obtained revealed a long-lived resonance
state which encouraged valence electron capture, and thus electronic dissociation.??®
These studies have helped in providing a benchmark for gas phase electronic
absorption characteristics for the simplest forms of the flavin chromophores.
Photochemical studies on more complex flavins have also received attention recently
in the gas phase, with studies emphasising the challenges faced in assigning
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protonation or deprotonation sites, and the importance of proton transfer in the
excited state dynamics.109317,338-342

Investigation of the photochemistry of FAD dianions using tandem ion mobility
spectrometry (IMS) compared with the action spectra and solution phase spectra of
flavin monoanions FAD, FMN and RF, studied by Stockett and co-workers revealed
that solvent effect blue shifts in the electronic absorption spectra of the isoalloxazine
group. This strongly suggests charge transfer in deprotonated isoalloxazine group,®’
and confirms the strong charge transfer character observed in RF on the measurement
of the photodissociation of deprotonated RF and the betaine zwitterion studied by
Nielsen et al 3

Despite the different studies done on the flavin molecules in the gas phase, no work
to the best of our knowledge has been done on investigating the photochemistry or
photophysics behaviour of neutral flavin molecules. The study of low-energy
electron flavin interactions using gas phase iodide ion-flavin complexes in which the
photo-detachment of the iodine ion generate low energy free electrons is not well
established. However, the iodide ion has previously been used as an initial electron
donor in the study of low energy free electrons interactions in pyrimidines, thiouracil
derivatives and other smaller iodide ion complexes,31253:260261282-285344.345 \\je
therefore present the first gas phase studies on iodide ion — large molecule complex
studies, using laser action spectroscopic studies of iodide-riboflavin ion(I-RF) to
explore the photodynamics of RF as transient negative ions in the presence of the
spectator iodine atom, which acts as the initial electron donor. The photo detached
electron from the iodide is captured by the RF moiety, thus resulting in fragmentation

to smaller anionic and neutral species.

5.3 Experimental and Computational Methods

5.3.1 Experimental Method

The gaseous ion absorption and photofragment spectra of I-RF were recorded in
vacuo using laser interfaced mass spectrometry (LIMS). The LIMS experiments
were conducted in a modified AmaZon quadropole ion-trap mass spectrometer as
described previously.2>%® UV photons were produced by an Nd:YAG (10 Hz,
Surelite) pumped OPO (Horizon) laser, giving 0.3 mJ across the range 516 - 222nm
(2.4-5.7 eV). using a 2 nm step size.
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The clusters were generated by electrospraying a solution of riboflavin (1 x 10 mol
dm®) mixed with droplets of caesium iodide (Csl) (1 x 10 mol dm) solution in
98% acetonitrile (MeCN) and 2% deionized water. Riboflavin (99%) was purchased
from Sigma-Aldrich and Csl was purchased from Avocado Research Chemicals
Limited. All chemicals purchased were used without further purification. Typical
operating conditions of our mass spectrometer provide mass resolution better than
0.3 amu. The solution was introduced into the mass spectrometer by electrospray
ionisation (ESI) using a nebulizing gas pressure of 9 psi, an injection rate 0.35 ml h°
1 a drying gas flow rate of 8 ml min and run-in negative ion mode at capillary
temperatures of 110°C. Photofragmentation experiments were run with an ion
accumulation time of 100 ms with a fragmentation time of 100 ms, (one laser pulse
interacts with each ion packet) thereby limiting multiphoton processes. UV excited
gaseous ions can fragment following excitation and produce a gas-phase absorption
spectrum by photodepletion?®242% for systems where fluorescence is negligible 2%
photodepletion (PD) and photofragment production (PF) were calculated as

described in Chapter 2.

Higher-energy collisional dissociation (HCD) experiments were performed in an
Orbitrap Fusion Tribrid mass spectrometer (Thermo Fisher Scientific) to acquire a
wider fragmentation profile for the ground electronic states, as described
previously.182240241 |n these experiments, the following settings were employed:
spray voltage: 3600V; sweep gas flow rate: 1 arb; sheath gas flow rate: 10 arb; aux
gas flow rate: 5 arb; ion-transfer tube temperature: 275 °C; vaporizer temperature:
350° C.

5.3.2 Computational methods

Schrodinger’s MacroModel with mixed Monte Carlo torsional and low-mode
sampling parameters were employed to conduct conformational molecular dynamics
searches, with a view to generating possible conformers of the IRF clusters. These
possible conformers energy gradient were rapidly minimized with the OPLS3e force
field.1®8 365 conformational isomers were generated. The generated conformers were
arranged in cluster groups by average distance between all inter-cluster pairs linkage
criteria. This is based on generating a structure (nearest to the centroid) per cluster

normalised by applying the Kelley-Bryson penalty function technique for state-
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constrained control problems.3* Each structure of the grouped isomers is the closest
central structure representing a group of similar conformers. Out of the 26 grouped
conformers, 12 optimised real structures (structures with no negative frequencies)
were obtained. (Table 5.4, section 5.7.1.1)

The geometric structures of both the grouped and ungrouped I"-RF clusters were
further studied with Gaussian 09,'®” with optimisation at the B3LYP/6-
311++G(2d,2p) level of theory on C, N, O, and H, and 6-311G(d,p) on I, with the
iodine core electrons being described using the Stuttgart/Dresden (SDD) electron
core pseudopotential.?>® Frequency calculations were performed to ensure that the
optimised structures correspond to true energy minima. To calculate the electronic
excitations, time-dependent density functional theory (TDDFT) calculations (100
states) were performed on the lowest-energy I""RF optimised isomers and their

spectra convolved with a Gaussian of HWHM 0.25 eV.

5.4 Results

5.4.1 Geometric structures and TDDFT calculations of the I-RF cluster

The lowest energy ungrouped conformational isomer and 4 randomly picked isomers
with different binding motifs of relative energies within the range of 11 kJmol*
(range of significant Boltzmann population contributions) geometric structures of
the I'-RF cluster are displayed in Table 5.1. The generated I-RF cluster structures
showed energy difference for any small rotation of the ribose group, which results in
changes of its binding site and intramolecular average distances between all the inter-
cluster bonds. The TDDFT spectra acquired provide the relevant information
required to gain further insight into the nature of the electronic transitions involved
in the photoexcitation of the I-RF clusters, and thus aid in the interpretation of
experimental data. Table 5.1 shows structures of the selected isomers and their

relative energies.

The structures displayed in Table 5.1 differ in their average binding distance of the
hydrogen bond that exists between the iodide ion and the positions of the hydroxyl

groups of the ribosyl group of the RF moiety.
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Table 5.1: Calculated structures and relative electronic energies of the selected
ungrouped conformational isomers of Riboflavin iodide (I"-RF) clusters. Structures
were calculated at the B3LYP/6-311++G(2d,2p) level, 6-311G(d,p)/SDD on 1.
Energies are zero-point energy corrected.

0.0 kJmol ™ 4.29 kJmol

8.38 kimol! 10.41 kJmol!

6.45 kJmol!
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Structures with bonding that are linked OH3 (see Figure 5.1b for labelling) gave

more structures with lower relative energies.

Table 5.2 below shows the calculated bond lengths, the Boltzmann populations,
vertical detachment energies (VDE) and vertical dipole moments (VDM). The
calculated dipole moment of the neutral cluster at the ground-state geometry of the
anionic cluster (VDM) is polar enough to support a dipole bound state,2%+2%2-2% since

it is greater than 2.5D.

The calculated VDE for the clusters appears to be greater than other iodide ion

clusters, 261 however this is not surprising because they possess high VDM.

Table 5.2: Calculated bond lengths,? relative energies, % Boltzmann population,®
vertical detachment energy (VDE) and vertical dipole moment (VDM) of the
selected (I"-RF) clusters structures calculated at B3LYP/6-311++G(2d,2p) level, 6-
311G(d,p)/SDD on 1.

Bond Lengths (&) Relative | % Boltzmann | VDE | VDM
Structure | OHL»1 | OHZ -»1 | OH3—»1 | OH4»1 | Enersies population | (eV) | (D)
(kJmol?)

a X X 2.56 2.61 0.0 73.32 4.96 |9.27
b 2.55 2.65 X X 4.29 15 4.78 | 7.77
c X 2.52 2.62 X 8.38 33 4.86 | 7.73
d X X 245 X 10.41 148 477 | 8.72
e X X X 2.56 6.45 6.9 470 | 9.22

2 Non-covalent Bond-lengths below 3A. ®X = Not applicable.

¢ % Boltzmann populations calculated at 298 K.

These five conformational isomers are predicted to have significant Boltzmann
populations at 298 K, which indicates that a number of isomers may be present in
our gas phase experiment with (structure a) being the most populous. It is important
to mention that between the lowest energy tautomer (structure a) to (structure e)
which is the lowest randomly selected conformational isomer, there are 28 real
structures with no negative frequency. We may conclude that many structures
contribute to the spectra acquired in the gas phase, with (structure a) being the most

populated. The TDDFT spectra of the isomers from Table 5.1 displayed in Figure
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5.9 (section 5.7.1.3) show that the calculated electronic spectra are similar for each
of these clusters. The TDDFT spectra (Figure 5.9) show no significant difference in
the position of the Bands except for the ratio of their Band | and Band Il intensity.
This may be attributed to the excited state behaviour of riboflavin being determined
mainly by the excitation of the lumichrome moiety which is the chromophore found
in riboflavin. Figure 5.10 (section 5.7.2.1) presents an overlay of the calculated
TDDFT spectra with the experimental photodepletion spectra, showing good

agreement.

Figure 5.2 displays the TDDFT spectrum obtained for the lowest-energy isomer
(structure a). The accurate prediction of dipole bound-excited states is challenging
for TDDFT,?*+24 put such calculations have been used in the interpretation of the
electronic spectra of iodide clusters. 31:250:251.261 |t js notable that electronic excitations
that occur above the electron detachment threshold of an anion will correspond to
resonance states. Although the accurate theoretical prediction of such states is

beyond the scope of this work, the theoretical calculations presented are expected to

be useful for the interpretation of the experimental data.?5025
Wavelength (eV)

480420 360 300 240

M I | s 1 N 1
= l '
=
& - 04 g
8 @]
< X

- 0.0

24 28 32 36 40 44 48 52 5.6
Excitation Energy (eV)
Figure 5.2 TDDFT (B3LYP/6-311++G(2d,2p) level, 6-311G(d,p)/SDD on I)
excitation spectrum of the lowest energy isomer of I"-RF cluster for the structure a
shown in Table 1. The oscillator strengths (OSC.) on the y axis of individual
transitions > 0.005 are shown by vertical bars while the full line spectrum is a
convolution of the calculated spectrum with Gaussian function (0.25 eV HWHM).
The arrows represent the VDE). (The green line represents transitions from an iodide

p-orbital and the red lines represent transitions from riboflavin 7 orbitals).
The TDDFT spectrum presented in Figure 5.2 above also showed the strong presence
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of transitions from the iodide p-orbital(green) and riboflavin = orbitals(red) together

at Band I11. We will return to this in the discussion section.

5.4.2 Higher-energy collisional dissociation of the I-RF cluster

Higher-energy collisional dissociation (HCD) was performed on the isolated I"-RF
complex to determine the ground-state thermal fragments. Figure 5.3 displays the
relative intensities of the I-RF complex ion decay and the corresponding fragment
production as a function of applied % HCD energy. | is the only HCD fragment
produced via cluster dissociation, with no significant break down of the RF molecule.
It is notable that no deprotonated riboflavin is produced, although the deprotonated

fragment ion has been observed in the HCD of some iodide molecule complexes.

The same pattern of thermal fragmentation wherein I is the sole ionic fragment was
also observed in performing low-energy collision induced dissociation on iodide ion
pyrimidine clusters. However, I and deprotonated thiouracil were observed in the
HCD experiment of iodide ion thiouracil. The disparity in their behaviours could be
attributed to the differences in the pKa of the monomers. Riboflavin and pyrimidines

have close pKa (> 9) while thiouracil has a lower pKa of <8.

100 1
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n
[—]
1

0 5 lll] 15 20 25

% HCD
Figure 5.3 % Fragment ion yield from the dissociation of I"-RF cluster upon HCD
between 0 and 25% energy, illustrating fragmentation of the complex into iodide and
riboflavin. The data points fitted with the curved lines are viewing guides to show
the profile for an individual fragment.
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A small amount of I" is observed even at 0% HCD, revealing that the complex is
slightly metastable. This is probably due to incomplete cooling of the relatively large
I"-:RF complex in the ion trap, rather than the complex being intrinsically unstable.
Having established the thermal ground state behaviour, we now move to exploring

the photoexcitation characteristics of the cluster.

5.4.3 Photodepletion Spectrum of the I-RF cluster

The photodepletion spectrum of I""RF across the range 516 — 222 nm (2.4-5.6 eV) is
displayed in Figure 5.4. This spectrum corresponds to the gas-phase absorption
spectrum of the complex in the limit where fluorescence decay of the excited state is
negligible.?® It is important to note that as the system is anionic, for energies above
the detachment energy, the photodepletion spectrum (PD) will reflect contributions
from electron detachment, as well as intra-cluster electronic excitations.

The I"RF photodepletion spectrum displays an area of low-intensity absorption in
the range 2.6-3.0 eV, followed by three Bands with Amax at ~3.13 (Band 1), ~3.65
(Band I1) and ~4.75 eV (Band I11). Photodepletion rises strongly above 5.2 eV
(IV). The photodepletion spectrum mirrors the solution phase spectrum with blue
shifts of 0.35 and 0.33 eV for Bands | and 1, respectively, in the photodepletion

spectrum compared to the solution-phase spectrum.

Wavelength (nm)

. 480 400 320 240
Z i 1 1 ) ]
Z 24 VDE
8

= l
L]

=

3

k>

&

=

=}

3

=

ﬁqo_

e\c L L L L T I |

24 2.8 3.2 3.6 4.0 44 4.8 5.2 5.6
Photon Energv (eV)

Figure 5.4 Photodepletion spectrum of the I"RF cluster. The line is a five-point

adjacent average of the data points. The arrow indicates the calculated VDE of 4.95

eVv.
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The observed shift is expected and can be attributed to solvent effects in the solution
phase, although Band 111 seems not to be perturbed with just a Band shift < 0.09 eV.
The photodepletion spectrum of gaseous deprotonated lumichrome displays three
Bands that peak at 2.6 eV, 4.03 eV, 4.74 eV and a fourth at > 5.6 eV which mirror
same pattern as seen in this experiment on I-RF cluster. Comparison of the solution
phase spectrum of deprotonated lumichrome to its photodepletion spectrum revealed
Band shifts at Bands | and 11. These Band shifts are suggested to have resulted from
the strong influence on electronic transition by solvent interaction.??® To further
explore the nature of the excited states, we next turn to inspecting the action spectra
for the photofragments that are produced across the same spectral region.

5.4.4 Photofragmentation of the I-RF cluster

Figure 5.5 displays the photofragment mass spectra obtained when I"-RF is excited
at 4.37 eV. At 4.37 eV, the most intense photofragment corresponds to m/z 376, the
riboflavin anion. m/z 241, which corresponds to deprotonated lumichrome, [LC-H]
and m/z 127 (the iodide ion) also appear as prominent photofragments along with
m/z 198 as a more minor photofragment. Table 5.3 lists the photofragments along

with assignments of the accompanying neutral fragments.
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Figure 5.5 Photo-fragment mass spectrum (laseron-laserosr) of the I"-RF cluster

excited at 4.37eV. * represents the parent ion mass spectra.
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Table 5.3 Lists of photofragments with assignments observed at the Band | maxima

of the I"-RF clusters, shown with the HCD fragments.2

Fragments (m/z) | Photofragments | HCD fragments | Neutral fragments
376 v [RFT X [

241 < [LC-HT X | + CsH1204

127 v (1 Y1) RF

198 Ng X HNCO + ‘CsH1104

aX indicates fragment not observed in HCD.

To gain further insight into the production pathways for the photofragments from I’
‘RF cluster, it is useful to consider their production spectra. Figure 5.6 displays the
spectra for RF", I, [LC-H] and m/z 198, which are presented with the photodepletion
spectra for comparison. Overall, the production spectra profiles of the RF, [LC-H]
and I" photofragments are similar across the 2.4 — 5.6 eV range, with their
photofragment production profiles largely mirroring the photodepletion spectrum in

terms of the shapes and positions of the spectral features.

All the photofragments were produced across the whole region of the photodepletion
spectrum, although with some modifications on the position of the Bands which can

be attributed to the excited states decay pathway through which they are produced.
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Figure 5.6 a) Gas phase photodepletion spectra of the I-RF cluster and
photofragments spectra b) RF", ¢) [LC-H], d) I and e) [m/z 198] generated on
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photoexcitation of mass selected I-RF cluster ions, across the range 2.4-5.6 eV (516-

222 nm). The solid line is a five-point adjacent average of data points.

They display onset at about 2.4 eV except for m/z 198 that shows at a slightly higher
energy onset at 2.9 eV. The position and features of the low intensity Band I in the
photodepletion spectrum is the same for all the photofragments produced. Band 11
of the I ion showed a broad Band of width ~0.74 eV without any prominent peak,
which is the same feature seen in the photodepletion spectrum. This may be
attributed to their production by all the excited states involved in the photoexcitation
of the I"RF cluster. The photofragment m/z 198 has a low production intensity that
is like a flat extension of Band I, and which lies between 3.34 and 4.18 eV in the
region of Band Il. This behaviour is different from that seen in the production of the
other photofragments, which have better enhanced intensity in this region. [LC-H]
(Figure 5.6¢) has well resolved Band |1, which lies across 3.34 and 4.18 eV at 3.62
eV. We note that the most intense photofragment RF" (Figure 5.6b), although having
a Band Il that is within this same region, had its peak shifted to a slightly higher
energy at 3.78 eV. Band Il is the highest in intensity of the three Bands for all the
photofragments and lies between 4.18 and 5.12 eV, which is in good agreement with
the photodepletion spectrum. The photofragments production peaks at ~ 4.62 eV,
except for the I" ion, which shows an extended Band beyond the photodepletion peak

at ~ 4.82 eV in this region.

However, the relative intensities of the photofragmentation spectral features below
4.2 eV compared to those above 4.2 eV, are higher than in the photodepletion
spectrum. For example, if we compare the I" production spectrum with the
photodepletion spectrum, and consider the energies 3.64 eV and 4.74 eV, the relative
spectral intensity for I is 0.62 (~0.28/0.45), while it is 0.26 (5/19) for photodepletion.
This effect is probably associated with enhanced electron detachment at higher
energies. To explore this directly, we next turn to considering the electron yield

detachment spectrum.

5.4.5 Electron Detachment Yield Spectrum of the I"RF

The electron detachment yield spectrum for I"RF is shown in Figure 5.7. Figure
5.11(section 5.7.2) presents the electron detachment spectrum overlaid with the
photodepletion yield (PD*) spectrum for comparison.

135



Chapter 5

Wavelength (nm)
4$|§0 4(')0 3%0 2¢|10

_.
s

| I B B BN BRI B |
24 2.8 3.2 3.6 4.0 44 4.8 5.2 5.6
Photon Energy (eV)

% Electron-Detachment
Intensity

Figure 5.7 % Electron Detachment yield of I"-RF cluster. The solid line is a five-

point adjacent average of data points.

The electron detachment yield spectrum mirrors the photodepletion spectrum of the
I"RF cluster and the electron detachment yield is of higher intensity than the
photofragmentation yield. This indicates that ionic photofragmentation is a minor
excited state decay pathway for the I"RF cluster at all the wavelengths scanned (2.3-
5.6 eV). Here production of the RF" photofragment is the most prominent ionic
fragment (Figure 5.6a). The production of low intensity ionic photofragments
compared to the photodepletion is similar to all the iodide ion clusters we have
studied.31-%! Although the production of the monomer anion has been observed for
some of the I"thiouracil clusters studied previously®*, however the characteristics of
RF being the most produced ionic photofragment with higher production intensity
than the iodide ion appears to be unique to the I"RF cluster. The absence of the
production of deprotonated RF is also peculiar to the I"RF cluster when compared

to other iodide ion clusters studied.3%2%*

5.5 Discussion

5.5.1 Overview of the I""RF Decay Channels
It is useful to review the possible decay pathways for I"-RF, prior to discussing the
photofragmentation dynamics. The first group of cluster decay channels result in
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direct fragmentation of the precursor cluster. For I"-RF this would correspond to

pathways such as:

I"RF + hv — I+ RF Equation 5.1a
— I"+RF Equation 5.1b
— HI + [RF-H] Equation 5.1c

Secondary fragmentation can also occur through break up of hot primary
photofragments (Equation 5.1d).

I"RF+hv — I+RF — I +[LC-H]" +CsH1204 Equation 5.1d
Alternatively, above the detachment threshold, electron detachment can occur, either
via direct detachment (Equation 5.2a) or indirectly from an excited state of the cluster
(Equation 5.2b). Electron detachment can also occur from hot photofragments, e. g.
(Equation 5.2c) and (Equation 5.2d).

I"RF — I'RF +¢ Equation 5.2a
— [I-'RF]* —  [I'RF]+e¢ Equation 5.2b
— HI+[RF-H]* — HI+[RF-H]+ &  Equation5.2c
— I+RF* — [|+RF+e¢ Equation 5.2d

5.5.2 Assignment of the observed excited states from the photodepletion spectra

There are three Band peaks with Amax at 2.78, 3.32 and 4.66 eV in the solution-phase
spectrum of RF over our spectral scanned region. The photodepletion spectrum
displayed a low intensity absorption within the visible region with its Bands I, Il and
111 blue shifting in the UV region with peaks at 3.18 and ~4.74 eV for Bands | and
111 and a broad Band 11 centred around ~3.74 eV. The shift is attributed to solvent
effects as mentioned earlier. These peaks occur at energies close to Bands in the
solution-phase spectrum indicating that there are strong cluster excited states in these
regions associated with n-n" localized transitions of the RF moiety. The extremely
sharp onset at ~3.0 eV for Band | has been observed in the photoexcitation of
deprotonated gaseous alloxazine and lumichrome although above 3.8 eV (Band I1)
in their photodepletion spectrum.??® Dipole-bound excited states have been seen to
occur in the region of the measured VVDE for iodide ion uracil and iodide ion thymine
clusters. It is also worth noting that the calculated VDE is found around this region
in other iodide molecules previously studied.32532! Thus we expect any dipole-
bound excited state to occur around the region of the calculated VDE of I"-RF, i.e.
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around 5 eV. The calculated VDEs are observed to shift by ~ 0.2 eV towards higher
energy from the measured VDEs. 31253261 The gbservation of dipole-bound excited
states with our experimental method has been established with the signature of
dipole-bound excited states observed upon near threshold excitation of iodide-
pyrimidine clusters®® and anionic salt clusters (I-MI where M = Na, K, Cs).2%
Having established the relationship between the experimental and calculated VDE,

we turn to assign the excited states of the I'-RF clusters in the higher-energy region.

The photodepletion spectrum does not really show the sharp fall-off in
photodepletion intensity that is typically observed at the high-energy edge of the
dipole-bound excited state,??®2%® around Band 111 but the I"-RF spectrum displays a
strong photodepletion onset around 4.18 eV, peaking at 4.75 eV which is around the
region of the predicted VDE (Band I11). This near-threshold Band is followed by
the rising edge of Band 1V above 5.6 eV and within the vicinity of dominant electron
detachment. This spectral behaviour is consistent with a dipole-bound excited state
followed by a region of direct electron detachment,?*>3% and has been observed in
iodide ion-polar molecule clusters studied previously,?%?% so it is not possible to
conclude that the dipole-bound excited state exists for I'-RF from its photodepletion

spectrum without exploring other aspects of the results.

The photodepletion spectrum of the I'-RF cluster shows similar features to the
solution-phase spectrum of RF, with Amax of 2.78, 3.32 and 4.66 eV for Bands I, 11
and 11, respectively. There is strong agreement between the photodepletion
spectrum and solution-phase spectrum within our scanned region except for the Band
shifts which have earlier been addressed as coming from solvent effects. The features
of the solution-phase spectrum are related to n-n" transitions of the RF chromophore.
The lower-energy Bands (I and I1) of the photodepletion spectrum of I'-RF cluster
are associated mainly with n-n” transitions but considering observations from other
studied iodide ion clusters, the Band Ill region may also include a dipole-bound
excited state as well as excitation of the higher-energy strong RF -r” transition as
was observed in the recent study of iodide ion thiouracil molecules, and will be

discussed later.

TDDFT calculations predict n-n* localized transitions well but are less successful at
predicting dipole-bound excited states. There is good agreement between the
calculated TDDFT spectrum and our photodepletion spectrum except for a slight

narrowing of ~0.05 eV in our experimental photodepletion spectrum for Band I11.
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This agreement seen for I"-RF cluster shows that n-n* RF-localized transitions
dominate the experimental spectrum although the strong presence of transitions from
iodide p-orbital around this Band are also present in the TDDFT spectrum. The
explored molecular orbital models showed strong contributions from n-n* and n-*

in this region,

We next turn to discuss the I"-RF cluster’s photofragment production spectra below.

5.5.3 Photofragment production

Intra-cluster electron-transfer processes involve the trapping of the ejected low
energy electron of the I" in a diffuse orbital i.e. dipole-bound excited state formation
or direct charge transfer from I to the RF valence orbitals. This is one of the
mechanisms by which ionic photofragments can be produced.?®” The mechanism is
expected to generate through the decay of a dipole-bound excited state, a dipole-
bound anion or the deprotonated form of the RF as observed for the iodide-
thionucleobases studied previously.*

Another mechanism to produce photofragments is based on the electronic excitation
of the RF chromophore. This excitation is expected to result in fragmentation into
smaller flavins, as seen previously.?%34” When RF-localised transitions dominate in
a photoexcitation, if the electronic relaxation to electronic ground state occurs by
ultrafast decay, followed by thermal fragmentation, we would expect the same ionic
fragments as those obtained upon low-energy collision induced dissociation.?4%:261
Higher energy collisional dissociation (HCD) was done on the I"-RF clusters to
identify the ground state thermal fragmentation ionic fragments. The result revealed
I" as the only ionic fragment which mirrors the behaviour of iodide-nucleobase
complexes previously studied.?®22%3261  Although the production of I as a
photofragment could be explained as originating from the ultrafast decay of
excitations within the RF moiety, the production of other photofragments suggest the
photodissociation of I-RF clusters is non-statistical and its excited state does not
decay solely by ultrafast internal conversion followed by loss of energy through
thermal fragmentation on the ground-state surface.

Riboflavin is known to possess excited states that can decay to a long-lived triplet
state via an intersystem-crossing transition from where non-radiative dissipation of

energy to electronic ground state can occur. FMN (which shares the same tri-cyclic
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iso-alloxazine chromophore with RF) has been suggested to decay by a non-radiative

channel which includes electron detachment or inter-system crossing.34®

Time-resolved photoelectron spectroscopy of iodide - native nucleobases dipole-
bound, and nucleobase localized excited states reveal that both decay with long
lifetimes.?6:2% Thus there is a need to explore the photofragments production profile
to help assign the nature of the excited states of these photofragments. The
photofragment production spectra show that around Band I, all the photofragments
reveal similar spectra features. They are thus likely to be produced by the decay of
the same excited states, which could be assumed to be dominated by a riboflavin
localized m-c* transition. It has a similar profile to the photodepletion spectrum in
this region. The intensity of the production of this Band compared to Band 11 differs

for the individual photoproducts.

The Band Il region showed features that are different for the individual
photofragments. The I" production spectrum shows a broader Band, with an onset
from ~3.32 extending to ~4.12 eV. This band has no resolved peak, and the
production is approximately the same intensity as Band I. The production of the m/z
198 photofragment appears as a flat extension from Band I in this region. The most
intense photofragment is [LC-H]" when compared with its Band 1. This
photofragment has a well resolved band that peaks at ~3.67 eV. The RF
photofragment spectrum displays a band in this region with a peak at 3.8 eV. The
band is blue shifted by ~0.13 eV from the peak of m/z 198 and [LC-H] although it
is within the region of the photodepletion of the parent ion peak and the production
of the I photofragment. Despite the differences in the spectra features, the excited
state decay in this region may be attributed to the contributions of localized riboflavin

n-n* electronic transitions, from the TDDFT calculation.

Band 111 is the region that displays the highest photodepletion intensity. All the
photofragments are also produced in their highest intensity in this region. The
photofragments m/z 198, [LC-H] and RF" possess well-resolved bands that peak at
4.62 eV. This is slightly below the energy of the peak for Band IIl in the
photodepletion spectrum (4.75 eV), while the I" photofragment has its peak in this
region at 4.82 eV - a higher energy compared to the peak of the photodepletion
spectrum. The presence of this near-threshold band just below the calculated VDE,
could be association with the strong influence of a dipole-bound excited state of the

cluster, although there was no evidence of a sharp fall in intensity around the
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observed VDE for any of the photofragments. The cluster’s calculated VDM above
2.5D, which indicates that it will support a dipole bound excited state. The spectral
pattern in this region has also been observed in the iodide pyrimidines studied.?®
The TDDFT calculation suggests a strong n-n* transition within the RF moiety in
the region of this band too. The strong coupling of the two distinctive excited states
has been identified earlier in the photoexcitation studies of iodide thiouracil
complexes.3! Thus we assign the decay of the coupled excited states as the

contributors in this region.

It is worth mentioning that electron detachment is very strong in all the band regions,
and despite the observed spectra differences, all photofragments approach the base-

line at the same energy before the onset of the next band.

With the observed differences in the spectral profile of the different photofragments,
we can discuss, suggest, and assign transitions to the production of the individual

photofragments.

The most intense photofragment RF- was produced around the Band I and 11 regions
which are associated to a riboflavin localized excited state. The production of an RF
photofragment around this region is not surprising, because a similar profile has been
observed for the photofragment production of 2,4 thiouracil anion [2,4-TU] in the
studies of the iodide -2,4 thiouracil complex.3! This profile was simply explained as
due to the proximity of the thionucleobase excited state with the cluster dipole-bound
excited state, resulting in strong coupling of the two excited states. RF may be
identified as a valence anion because it resulted in the production of other flavin

photofragments. This is a known photo-property of large flavin molecules.3*’

The I photofragment produced across the scanned region has a profile that is like
that of the photodepletion spectrum except, for further extension of its Band 111 by
~0.20 eV towards higher energy. The similarity suggests that I is produced by the
decay of all the excited states existing in the excitation of the I"-RF cluster. This
behaviour has earlier been observed in studies of iodide pyrimidine and iodide
thiouracil clusters.3%?%? Although direct detachment to the upper P12 neutral state
has been identified around 5 eV has been identified using photoelectron spectroscopy
for iodide-ion uracil and iodide-ion thymine complexes,?*?% the photodepletion
spectrum does not clearly display an upper-spin orbit dipole-bound state,®* The
extension in the I" Band 111 which occurred with a peak at 4.82 eV might be a
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modification in the Band as a result of a contribution from the decay of the upper
spin-orbit dipole- bound state coupled with other excited states (n-n* localised

transitions and dipole bound excited states of the cluster) identified in this region.

The m/z 198 photofragment spectrum to a large extent mirrors the production profile
of [LC-H]" and has earlier been identified as a photofragment from the
photoexcitation of [LC-H]".2%° In that work, the m/z 198 photofragment is produced
through the photodepletion of [LC-H]" but with a surprising lack of its production in
the region of the second Band 11 (4.03 eV) of the photodepletion spectrum of the
[LC-H] 2% In this region [LC-H] photo depletes by electron loss.??® The spectral
profile of the m/z 198 photofragment in the region of Band Il in our work is in
agreement with the features of the m/z 198 photofragment spectrum produced from
the photodepletion of [LC-H]". The photodepletion of [LC-H] by electron loss only
in the Band 11 region accounts for the very low and almost flat profile observed in
the m/z 198 photofragment production spectrum around the Band 11 (~3.38 — 4.1 eV)
region from the photodepletion of I"-RF cluster. This is a significant difference in the
spectra of the [LC-H]™ and m/z 198 photofragments, thus confirming that m/z 198 is
a secondary photofragment from [LC-H]". This behaviour in this Band 11 region has
been identified as due to the electron capture by RF in this resonance region not
resulting in dissociative decay at a rate that can compete with the electron auto
detachment decay pathway.??°

5.6 Further Discussion & Concluding Remarks

The formation of a dipole-bound state which is a doorway to valence-anion
formation and hence molecular dissociation is an established fact.?60.261.286:349. ging
time-resolved anion photoelectron spectroscopy, Neumark and co-workers have
presented work on dipole-bound states which may auto-detach or lead to the
formation of a valence anion that eventually dissociates.?®***° The photophysics and
photochemistry of the I'-RF clusters mirrors those of the iodide-thiouracil earlier
studied.®! Here electron detachment is the dominant pathway for photoexcitation
decay, and production of ionic photofragments is a minor pathway. In the studies of
I-4-TU and I"-2,4-TU clusters, initial photoexcitation in the VDE region accesses a
dipole-bound excited state that decays into stable valence [4-TU] and [2,4-TU]
molecular anions.3! The presence of RF" as a photofragment in the photoexcitation
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of I"RF clusters most probably follows the same mechanism. The resemblance
between the photodepletion spectrum and the absorption spectrum of the
uncomplexed RF shows that the spectrum is dominated by RF localized m-n*
transitions. This is also in good agreement with what was seen in the studies of I"-4-
TU and I"-2,4-TU clusters. Thus, there could be an improvement in the coupling of
the electron detachment continuum to chromophore-centred transitions due to the

intrinsic properties of the RF molecule and its large electric dipole moment.

In the absence of the deprotonated form of the RF present as an ionic photofragment,
it is meaningful to attribute the production of the [LC-H]" to secondary fragmentation
occurring through the breakup of the hot primary photofragments RF- (Equation 3d).
This secondary fragment in turn photofragments through two different pathways.
Production of m/z 198 around Band | and 111 and auto electron detachment in Band
1. The production of m/z 198 has earlier been identified to be a photoproduct of the
fast decay of the excited state, which is followed by thermal fragmentation on the
electronic ground state surface.??® This pathway may be different in this study,
because none of the photofragments were identified as fragments in the collision-
induced dissociation of the I'-RF cluster, (with the exception of the I") Thus RF,

[LC-H] and m/z 198 are assumed to be direct excited state photofragments.

In conclusion, it is important to mention that to the best of our knowledge, nothing
has been reported on the existence of RF as a stable valence anion. Therefore the

production of RF observed in our experiment is the first in this regard.
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5.7 Supplementary Information

5.7.1 Computational studies on I -RF clusters

5.7.1.1 DFT calculations of grouped conformational isomers of the I -RF cluster

Conformational molecular dynamics search on I" ‘RF clusters generated 26 cluster
groups by average distance between all inter-cluster pairs linkage criteria. This is
based on generating a structure (nearest to the centroid) per cluster normalised by
applying the Kelley-Bryson penalty function technique for state-constrained control
problems. 12 out of the 26 optimised conformers are real structures with no negative
frequencies. (Table 5.4) The relative energies are in relation to the optimised lowest

energy group conformer.

Table 5.4 Optimised I"RF clusters grouped conformers generated using
Schrodinger’s Macro-Model with mixed Monte Carlo torsional and low-mode
sampling parameters minimised with OPLS3e force field. The structures were
optimized at B3LYP/6-311++G(2d,2p) level of theory.

7.34 kd/mol

p!

13.1748 kd/mol 16.0208 kJ/mol 16.9371 kJ/mol
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18.51 kJ/mol

22.19 kJ/mol

28.55 kJ/mol

30.61 kJ/mol

by

31.67 kJ/mol

41.54 kJ/mol

5.7.1.2 Direction of the dipole moment of the RF molecules in the I -RF cluster

The direction of the dipole moment shows the iodide ion is bound away from the

direction of the dipole moment in the I -RF cluster but close to the direction of the

dipole moment in the RF monomer.

a. RF monomer

Figure 5.8 The vector direction of the axis of the dipole moment of (a) RF monomer

145

b. I ‘RF cluster



Chapter 5

and (b) I'-RF molecule, calculated for the neutral molecule at the geometry of their

optimized ion-molecule respectively.

5.7.1.3 TDDFT calculations for individual selected conformational isomers of the I
‘RF clusters

TDDFT calculations were performed for the selected conformational isomer
structures displayed in Table 5.1 as isolated gaseous ions. Their acquired excitation
spectra are presented in Figure 5.9. The overlaid TDDFT excitation spectra selected
conformational isomer and the experimental photodepletion spectrum for

comparison are shown in Figure 5.10.
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Figure 5.9 TDDFT excitation spectra of the selected conformational isomers of I’
‘RF clusters for the structures shown in Table 5.1. The oscillator strengths (OSC.)
on the y axis of individual transitions > 0.005 within the experimental scan range are
shown by vertical bars while the full line spectrum is a convolution of the calculated
spectrum with Gaussian function (0.25 eV HWHM). The arrow shows the position
of the calculated VDE.
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Figure 5.10 Overlaid TDDFT excitation spectra of the selected conformational

isomers and the experimental photodepletion spectrum of I'-RF cluster.

5.7.1.4 Molecular orbitals involved in the TDDFT transitions of the lowest energy
selected conformational isomer (structure a) of I-RF cluster
Table 5.5 Calculated TDDFT transition energies at the B3LYP/6-
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311++G(2d,2p)/SDD level of theory and oscillator strengths of the I"-RF cluster.
Only transitions below 5.6 eV with oscillator strength > 0.005

Orbital transitions AE (eV) f
(0.69)100(x)> 104(x*)  2.89 0.1440
(0.54)95((m)>104((x*)  3.30 0.0120
(0.31)96((m)> 104((1*)

(0.29)99(()=> 104((n*)

(0.32)96((1)>104((n*)  3.40 0.0849
(0.59)99((m)~> 104((m*)

(0.39)95(m)~> 104(x*) 3.44 0.0172
(0.52)96(m)~> 104(x*)

(0.19)99()> 104(m*)

(0.65)97(1)> 104(m*) 3.65 0.0893
(0.42)102(n)>106(c*)  3.98 0.0083
(0.55)102(n)>107(x*)

(0.65)92(m)> 104(n*) 4.26 0.0146
(0.20)100(r)=> 105(n*)

(0.63)103(n)>108(c*)  4.48 0.0077
(0.22)103(n)=> 109(z*)

(0.63)103(n)>109(x*) 453 0.0148
(0.26)103(n)=> 108(c*)

(0.63)102(n)>108(c*)  4.56 0.0055
(0.22)102(n)>109(x*)

(0.61)102(n)>109(x*)  4.61 0.0136
(0.26)102(n)~> 108(c*)

(0.54)88(m)> 104(n*) 4.66 0.0326
(0.30)89()> 104(n*)

(0.21)90(1)> 104(m*)

(0.56)100(m)>105(n*)  4.72 0.4386
(0.22)103(n)> 111(x*)

(0.24)100(m)>105(x*)  4.73 0.0774
(0.25)103(n)-> 110(x*)

(0.54)103(n)>111(xn*)
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(0.64)101(n)> 108(c*)
(0.63)101(n)> 109(r*)
(0.23)101(n)>108(c*)
(0.64)103(n)> 112(x*)
(0.22)97(m)> 105(n*)
(0.37)99(m)> 105(n*)
(0.46)100()> 107(r*)
(0.23)101(n)> 110(*)
(0.60)101(n)>111(x*)
(0.56)89(m)> 104(n*)
(0.24)100(m)> 107(n*)
(0.43)95(m)> 105(n*)
(0.21)97(m)> 105(n*)
(0.32)99(m)> 105(n*)
(0.31)100()> 106(c*)?
(0.57)103(n)> 114(x*)
(0.26)103(n)> 115(*)
(0.32)103(n)> 1 14(*)
(0.61)103(n)> 115(n*)
(0.53)102(n)> 114(n*)
(0.25)102(n)> 115(x*)
(0.31)95(m)> 105(n*)
(0.21)96(m)> 105(n*)
(0.40)99(m)> 105(m*)
(0.59)103(n)> 116(r*)
(0.23)103(n)> 118(r*)
(0.59)102(n)> 116(r*)
(0.24)102(n)> 118(x*)
(0.56)101(n)> 114(x*)
(0.32)101(n)> 115(n*)
(0.23)101(n)> 1 14(x*)
(0.40)101(n)> 115(*)
(0.21)103(n)> 116(r*)
(0.45)103(n)> 118(r*)

4.74
4.80

4.83

4.95

4.98

5.02

5.07

5.08

5.12

5.16

5.17

5.24

5.32

5.34

5.37
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0.0217
0.0510

0.0052

0.0179

0.0071

0.0112

0.0066

0.0210

0.0051

0.0460

0.0050

0.0086

0.0182

0.0301

0.0118
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(0.29)102(n)> 116(r*)
(0.59)102(n)> 118(r*)
(0.61)103(n)>119(r*)
(0.27)103(n)> 120(r*)
(0.26)97(m)>105(n*)
(0.23)100(m)=> 108(c*)
(0.46)101(n)> 116(r*)
(0.59)100(m)=>108(c*)
(0.30)101(n)> 116(r*)
(0.35)97(m)>105(n*)
(0.25)99(m)>107(x*)
(0.23)100(m)> 107(x*)
(0.23)100(m)~> 108(c*)?
(0.28)101(n)> 116(r*)
(0.25)103(n)> 119(r*)
(0.57)103(n)> 120(r*)
(0.23)101(n)> 116(*)
(0.56)101(n)> 118(r*)
(0.22)102(n)> 120(*)

5.44

5.49

5.50

551

5.52

5.54

5.62

0.0196

0.0063

0.0127

0.0161

0.2310

0.0382

0.0249
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5.7.2 Experimental studies on I -RF clusters

5.6.2.1 Overlaid electron detachment and photodepletion spectra of I:RF clusters

Electron loss cannot be directly measured in our instrument. We calculate it by
assuming that any photodepletion that is not detected as an ionic photofragment is
caused by electron loss. This assumption is reasonable for the system studied,

considering that both parent ions and fragment ions have close values of m/z.
N.B. Our instrument can only detect ions with m/z >50.

% Electron Detachment = [(Photodepletion ion count -Y Photofragment ion
count)/Intorr//(%.*p)

The electron detachment spectrum (red) at ~4.98 eV is in good agreement with our
calculated VDE.

Wavelength (nm)
4?0 4?0 3%0 240

—
[ ]
1

% Photodepletion
Intensity

% Electron-Detachment
Intensity

0 ~ -0
| R, R R W B, O

i T
2.4 2.8 32 3.6 4.0 44 48 52 5.6
Photon Energy (eV)

Figure 5.11 Overlaid % Electron Detachment yield (red) and % photodepletion
intensity (green) of I"-RF clusters. The solid line is a five-point adjacent average of

data points.
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Chapter 6

Collision-induced  dissociation and laser
photodissociation spectroscopy of N-aromatic

metalloporphyrin complexes

6.1 Abstract

Laser photodissociation spectroscopy is applied to iron centred metalloporphyrin
complexing with N-aromatics (pyridine, quinoline, isoquinoline). The clusters
(FeTPP*-py, FeTPP*.iQ and FeTPP*-Q) are produced in the gas-phase using
electrospray ionization mass spectrometry. Our results reveal that the photodepletion
and higher-collisional dissociation (HCD) produced same fragments with m/z 668 =
FeTPP* as the most intense fragment followed by sequential loss of the substituent
groups of the FeTPP* moiety, respectively. Photodepletion spectra of the clusters
show that the extinction coefficient of the metalloporphyrins studied does not reduce
on ligation. The excited state of the clusters is suggested to decay by one and two
photon absorption processes in the Soret band region and only one photon process
in the Q-band region. The spectra difference between the photofragment m/z 668 and
other photofragments in the Soret band region are attributed to contributions from
the ultrafast decay of S; state through internal conversion followed by ergodic
dissociation of the ground state cluster in the production of all the photofragments
while intersystem crossing to a lower lying triplet state which is longer lived, decay
results only in the production of m/z 668. Computational results have been used to
assign the bands to our experimental results. The experimental results are hence
discussed with regard to the contributions of ligation and the intrinsic properties of
the N-aromatics to the binding preferences, binding energies and photochemistry of
the clusters compared to the uncomplexed FeTPP*. These are the first experiments
to characterise all the photofragments produced from the photodepletion of the
clusters therefore giving a full picture of the effect of ligation on the photochemistry

of iron centred metalloporphyrins.
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6.2 Introduction

Porphyrins are heterocyclic macrocyclic tetra pyrrole organic compounds that are
common in nature. They make up the red colour in blood (heme), the green colour
in leaves (chlorophyll)®° and are found in a variety of enzymes, especially those
involved in biological oxidation and reduction.35°-35 Porphyrins play important roles
in processes involving light absorption, charge transfer and emission. They also have
complexing properties because of their highly conjugated ring structure and excited

state characteristics,?7and have recently been applied in many areas.

Figure 6.1 Schematic diagram of porphin which is the simplest form of porphyrin.

Metalloporphyrins (MPs) play important roles in a lot of biological and chemical
processes, again because of their highly conjugated ring structure and its associated
properties. MPs possess unique photochemical, photophysical, and photo-redox
properties which are adjustable by structural modification.®*® MPs have received a
lot of attention in relation to understanding and characterizing their electronic
structure and spectra. This is because of their multiple applications based on their
novel excited state properties in many areas including photodynamic therapy,
molecular electronic devices, nanoelectronics, petroleum and conversion of solar
energy, biological imaging, nonlinear optics, drug design, magnetic resonance

imaging, etc. 37-365

The understanding of the binding of MPs with other directly complexed molecules
has also become a current topical focus of research. Recently too, the desire for
materials with low bandgaps in the field of nanoelectronics, has resulted in a lot of
efforts being geared towards gaining a better understanding of the interactions
between the spectroscopic and photophysical properties of MPs with other
molecules. This can be explained by their robust coordination chemistry, optical
oscillator strength and the polarisability of their complexes.®%6367 Another area of
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interest is the detection of MPs via UV-VIS spectroscopy in crude oil. This process
is by no means an easy one because the MPs do not display their usual strong
extinction coefficients in the crude oil, a phenomenon that has been attributed to
complexation of the MPs with various composite molecules of the crude oil.3% With
respect to antimalaria drug design, understanding the ligation of malaria

chemotherapeutics with iron centre MPs has also gained significant attention. 368:369

To obtain a better understanding of the spectroscopy of porphyrins, a small number
of experiments have been conducted on MPs and their complexes in the gas phase
previously. Even and Jornter performed the first of such experiments by conducting
laser-induced fluorescence spectroscopy on complexes in a supersonic jet expansion.
Complexes of Zinc octaethylporphyrin with selected solvent molecules (water,
methanol, acetonitrile, benzene, and pyridine) were studied to get information on
spectral shifts.®® Performing these experiments was difficult because the porphyrin
was first heated to vaporise it, an approach that generally will lead to the thermal
decomposition of the porphyrin ring. More recently however, Nielsen and co-
workers have performed spectroscopic experiments on porphyrins in which they
have transferred them into the gas-phase by using electrospray ionization. This
allowed the experimental characterisation of the excited-state behaviour of the
porphyrins using an electrostatic ion storage ring to measure lifetimes of different
excited states (10 -100pus) of isolated porphyrin ions in vacuo.®%® They found that the
initial singlet excited state decayed to the ground state more rapidly than the triplet
state. They have also studied weakly bound complexes of Fe Ill heme cations with
the NO ligand to ascertain the effect of ligation on the absorption spectrum using
photo dissociation yield to measure absorption. In the experiment, they observed
surprisingly a blue shift (to 357 nm) upon complexation of heme* to NO for the Soret
band, when compared to isolated heme* with a band maximum at 380 nm.%"! The
finding is surprising because a red shift is expected rather than a blue shift on NO
ligation within a protein.3* This observation contrasted to previous work done by
van Eldik and co-workers in which they concluded that a red shift occurred on going
from metamyoglobin to metamyoglobin ligated with NO in the Soret band and as
large as 30nm in the Q band.*? The Q band result for heme*-NO complex is in good
agreement with that of metamyoglobin ligated with NO.3"® Another work done by

them on the isolated molecules of heme* ligated to histidine showed that the Soret
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band broadened to the blue and the Q band remained unchanged when compared

with the Soret and Q bands of the heme™ cation.3 37

Theoretical approaches have also been employed in understanding the effect of
complexation and dimerization on the optical and electrochemical properties of
MPs.366. 376-378 Hohza and co-workers has recently reported a work on investigating
the complexation of iron (I1) phthalocyanine (FePc) and Fe (11)-porphyrazine (FePz)
with carbenes [IMNH2, IMN(CHz3)2, ImMN(CF3)2, and ImN(CClz)2] using quantum
chemical calculations to explore the possibility of stabilising both singlet and triplet
spin states of the FePc/FePz-carbene complexes from an isolated quintet spin state
of FePc/FePz, depending on the carbene selected.®® Previous work on iron (II)
phthalocyanine (FePc) adsorbed on graphene and nitrogen-doped graphene has
revealed that noncovalent interactions can be used to modify the spin state of the
MP.38  They have also reported an expanded study on fused MP moieties by
investigating their electronic behaviour using density functional theory (DFT). This
work was based on previous reports of extensive modulation in the electronic
properties of such complexes depending on the type of link between the MPs unit.
366 They observed that an increase in electronic interaction between the MP’s unit
resulted in the lowering of the HOMO-LUMO gap which is a very important

phenomena in obtaining higher electric conductivity.3"®

In this work, we report the formation of complexes of iron (111) metalloporphyrin
with N-aromatic molecules (FeTPP*-N-aromatics, (N-aromatics = pyridine,
quinoline and isoquinoline) in Figure 6.2b) in the gas-phase, exploring the effect of
complexation on the photochemistry of these complexes compared with the
uncomplexed free MP (FeTPP*, Figure 6.2a) using laser photodissociation

spectroscopy.

a. b. N-aromatic

Q4 O |

o = O

FeTPP* FeTPP*-N-aromatic
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Figure 6.2 Schematic diagram of a.) tetraphenyl porphyrin iron 11l cation (FeTPP*)
and b.) FeTPP*-N-aromatic complex where N-aromatics = pyridine, quinoline and

isoquinoline).

A series of nitrogen-based aromatics were chosen to complex with the MPs, namely
(pyridine(py), quinoline(Q) and isoquinoline (iQ), since these aromatics are
ubiquitous in nature and have been postulated to be present in crude oil. They have
been suggested as complexes which could mask the extinction coefficients of the
MPS.365

a b. c.
N X N
= = _~N
N N
Pyridine (py) Quinoline (Q) Isoquinoline (iQ)

Figure 6.3 Schematic diagram of pyridine, quinoline and isoquinoline.

6.3 Experimental and Computational Methods

6.3.1 Experimental methods

All experiments were conducted in a modified Bruker AmaZon quadrupole ion trap
and Orbitrap Fusion Tribrid mass spectrometers as described in chapter 2.

The CID graphs were typically recorded over 10-15 minutes with each voltage step
given one minute and each individual data point being a 3 run average of its intensity.
Initial samples of FeTPPCI were prepared in 80% MeOH and 20% DCM which gave
good solubility for the dye, but it was very difficult for clusters to be formed in this
solvent system. This may be the result of the MeOH competing with the
complexation molecule (i.e. the molecules we are trying to complex to the porphyrin)
and forming MP-MeOH clusters instead. Enke and Mudring and co-workers have
both discussed the differences for electrospraying MPs in methanol and
acetonitrile.3°38 The use of acetonitrile as a solvent in studies where the aim is to
form complexes via electrospray has also been recommended by Mcindoe and co-

workers.38!

158



Chapter 6

Therefore, FeTTP*-N-aromatics clusters were prepared by electrospraying solutions
of FeTTPCI at 1x10°°® M concentration and 20 pL of the N-aromatics at 1x10° M
concentration in 100% acetonitrile (MeCN) with choice of MeCN based on the
experiences of the supportive environment given to formation of clusters in our
instrument. All the chemicals used were purchased from Sigma Aldrich and were

used without further purification.

HCD experiments were performed using the operating software’s automatic tuning
capabilities at a flow rate of 5 pL min! in the positive ion mode; spray voltage,
3500V; sweep gas flow rate, 1 arb; sheath gas flow rate, 10 arb; aux gas flow rate, 5

arb; ion transfer tube temperature, 250°C; vaporizer temperature, 300 °C.

Solution-phase UV absorption spectrum of FeTPP* (1 x 10° mol dm® )100%
acetonitrile (MeCN) was obtained using a UV-1800 UV-Visible spectrophotometer
(Shimadzu, Kyoto, Japan) with a 1cm cuvette.

The UV photodissociation experiment was conducted as described in Chapter 2
using a 0.6 neutral density filter (NDF) fixed to the optics to reduce the intensity of
light entering the mass spectrometer trap with fractional transmittance of 25%. This
was important because of the high absorbance of our sample thus resulting in rapid
photodepletion of the parent ion. The data was acquired at a laser power range of
0.03 -1mJ across different wavelengths. This was important because of the high
absorbance of our sample thus resulting in rapid photodepletion of the parent ion.

6.3.2 Computational methods

Guassian 09 software was employed for all the DFT, BSSE and TDDFT
calculations using the B3LYP functional with the 6-31G and 6-31G* polarised basis
sets to support the experimental work. Harmonic frequencies were calculated to
confirm global minima structures.’®” BSSE (basis set superposition error) corrected
binding energies calculations were done to support the experimental binding energies
(E12) of the complexes and TDDFT to predict the electronic spectra.®*1% The
relatively low level of theory was chosen for this study due to the size of the

complexes.

6.4 Results and Discussion
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6.4.1 Low energy collisional induced dissociation of FeTPP*- X clusters

Figure 6.4 displays the % CID fragmentation decay curves for FeTPP*-py,
FeTPP*-iQ and FeTPP*- Q clusters, with plots of onsets of the fragment obtained
upon low-energy CID. The full ion mass spectra showed that the clusters were
produced with strong ion signals, along with the uncomplexed FeTPP* monomer.
(Section 3.6.1.3)

FeTPP"py ——> FeTPP' + py

Equation 6.1
FeTPP"- iQ — FeTPP'+iQ Equation 6.2
FeTPP"- Q — FeTPP'+Q Equation 6.3

The low-energy CID conducted on these clusters showed similar fragmentation
pathways as the clusters fragmented by simple fission of the cluster (Equations 6.1,
6.2 and 6.3). This reveals that the initial clusters were made up of intact molecular

components of FeTPP* and the respective N-aromatics monomer units.
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Figure 6.4 Parent ion dissociation curves for FeTTP*-iQ, FeTTP*-Q and FeTTP*-py
alongside fragment production curves upon low-energy CID between 0 and 10%

energy. Standard experimental errors obtained from repeat runs were + 3%.

It is evident that no fragmentation pathways related to reactions between the FeTPP*

and the N-aromatics were observed for these clusters.

The % CID fragmentation curves for the three clusters displayed were obtained
within the 0 -10 % CID range. It is worthy to note that the precursor cluster ions
formed were stable molecular complexes and did not undergo metastable decay
before the application of resonance excitation. 1317 The fragmentation curves show
that the three clusters had high fragmentation onsets but at different % CID energies.
This behaviour can be attributed to the different individual intrinsic properties of the
N-aromatic binding strength to the MP. The results of the fragmentation experiments

are summarised in the Table 6.1.

Table 6.1 Ey» fragmentation energies, fragment ions and neutral fragments for

FeTPP*-N (N = pyridine(py), quinoline(Q) and isoquinoline (iQ)) complexes

Complexes Ei» Fragmentions | Neutral loss
FeTPP*- iQ 8.95 FeTPP* iQ
FeTPP*-Q 7.52 FeTPP* Q
FeTPP*. py 6.91 FeTPP* py

aEy2 values are for 50% depletion of the precursor cluster.

In conclusion, measurements of low-energy CID of FeTPP*-N clusters give further
evidence that the clusters studied are composed of intact moieties of FeTPP* and N-
aromatics. The binding energies of the clusters are different as seen by the E1/» values,
and thermal dissociation of ground-state potential energy complex, which gave the

same cationic fragment (FeTPP*) for each of the clusters.

6.4.2 Comparison of the fragmentation energies of the complexes

The overlaid fragmentation curves for the FeTTP*-X clusters are shown in Figure

6.5 illustrating that the clusters decay at different fragmentation energies with E1

values of 6.910, 7.520 and 8.95 for FeTTP*-py, FeTTP*Q and FeTTP*iQ

respectively. This indicates that FeTTP*-py has the lowest fragmentation barrier
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height while FeTTP*-iQ has the highest of the three complexes. The results shown
in Figure 6.5 are in good agreement with the order iQ > Q > py predicted by
Kovalenko and co-workers from calculations which used an approximate global

softness method to predict binding energies.*®

1007== FeTPP™ py

1 « FerPP™Q

s FeTPPTiQ

Relative Intensity
e
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=
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(4]

10
%CID

Figure 6.5 Parent ion dissociation curves for FeTTP*-iQ, FeTTP*-Q and FeTTP*-py
upon CID was between 0 and 10% energy. Standard experimental errors obtained

from repeat runs were * 3%.

In the interpretation of fragmentation energy patterns, it is important to understand
that fragmentation energies map the barrier height into the dissociation channel
rather than providing the cluster binding energy (dissociation energy of the
cluster).%83384 There is a correlation between the cluster binding energies and
fragmentation energies for molecular systems dissociating by single inter or intra
molecular bond breaking but not for those systems that disintegrate by multiple bond

separation or rupture, 385386

The BSSE-corrected binding energies at the B3LYP/6-31G* level for the FeTTP*-X
clusters calculated for the global minima structures in N-ligation are shown in Table
6.2, with structures shown in Figure 6.6. The results show that the calculated
corrected binding energies for the FeTTP*-py complex has the highest binding
strength followed by FeTTP*-iQ and then FeTTP*-Q complexes. This did not match
the experiment results, possibly due to the level of theory used in the calculation.
Kovalenko and co-workers had earlier stated that the B3LYP functional did not

perform well in estimating the threshold between the degrees of strength for axial
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bound molecules. They also noted that steric effects were not accounted for in their
calculations.®? Durrant and co-workers have also reported that B3LYP functional
and Lanl2DZ basis set is known to give a preliminary quantitative template for
relative bond energies of some transition metal complexes. The information
provided at this level of theory is sufficient in giving comparative relative bond
energies for related complexes but does not predict quantitatively correct bond
energies.®"-3% There has been discussion of the ability of the B3LYP functional to
predict the ground-state spin of Fe complexes especially for high-spin configurations
of transition metal complexes. Hybrid exchange correction functionals eg. OPBE are
known to perform better in this regard,*3%? however a combination of B3LYP
functional with triple-zeta polarised basis set and solvent corrections have been
reported by de Visser and co-workers to produce reliable bond energies for
biologically important Fe complexes if the calculated data is normalised to

experimental data.®%

Iron 111 porphyrins have been identified to display different spin states, S = 1/2 (low

spin), S = 3/2 (intermediate) and S = 5/2 (high spin), although when the energy gap
between the intermediate and high spin are close to the spin coupling constant, a
linear combination of the two spin state is formed.3**3% The presence of an axial
ligand and the configuration of the porphyrin moiety, strongly contribute to

determining the spin state. The spin state for a simple Fe (111) porphine is S = 3’/2 39

but this can change depending on the effect of the axial coordination and the
substituents group attached to the MP. A test run on different Fe (I11) porphine
complexes by Durrant with different functionals and basis sets revealed that the
pyridine and quinoline complexes favoured a 3/2 spin state, 8 however complexes
of two strong N ligand and electron-withdrawing substituents in the Fe (I11) porphine

are known to favour the low spin S = 1/2 state.3%4397:3% |n this our work, we have

used the S = 1/2 spin state, based on the above knowledge however further
computational work is desirable on other spin states in the future.

Although we used the double-zeta polarised basis set (6-31G(d)) in our calculation,
the Fe-N bond length for N-coordination is in good agreement with that obtained by
Durrant in his work on computational study of binding ligand affinities to iron 11l
porphine (1.857-2.280A) using B3LYP/6-311+G(d,p).%® Interestingly, they

observed the same trend in which pyridine had a higher binding strength compared
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to quinoline.3® This trend may be attributed to stronger steric effects in the quinoline.
Durrant has also related the trend to the fact that quinoline has experimentally been
noted to interact more favourably with iron (I11) ferriprotoporphyrin IX (FePPIX) by

n-m  stacking rather than N-coordination. *%%° |t is  worthwhile

noting that in the absence of a protic competing environment, most basic donor atoms
form the strongest complexes with an Fe (111) center.%% Pyridine and isoquinoline are

known to be more basic than quinoline. The proton affinities for the N-aromatics are

930 kJ/mol, 952 kJ/mol and 953 kJ/mol for pyridine, isoquinoline and quinolone

respectively. This characteristic may be attributed to the fact that there is steric
repulsion of the close ring that makes it difficult for the positive charge on the N
atom of the quinoline moiety to solvate compared to the pyridine which has lesser

steric hinderances.
399,400

399,400

Association through n-stacking are supported by increase in the number of n-
electrons in the aromatic ring system, which actually indicates that the quinoline has
a preference of interacting by n-stacking because it possesses higher number of z-
electrons compared to pyridine (6 and 10 respectively). Therefore, the disparity in
the trend for our experimental results obtained for the clusters compared to the
computational results could possibly be because they are fragmenting over different
barriers since different types of interaction have been noted for the three different
clusters. The different types of interactions are identified to be dependent on the
individual intrinsic properties of the N-aromatic compounds as mentioned above.
Alternatively, the level of theory used in our calculations could also have contributed

to the disparity in the results.

Table 6.2 BSSE-corrected binding energies in (kJ mol™?) for the N-coordination
structures of FeTTP*-py, FeTTP*-Q and FeTTP*-iQ clusters.

FeTTP*-py FeTTP*Q FeTTP*iQ
Binding Energy | 84.68 78.79 81.76
=773 6.91 7.52 8.95

aResults obtained from calculations at B3LYP/6-31G* level of theory.

A repeat of the calculated BSSE binding energies for the three clusters with the

interaction of the N-aromatics in the m-stacking position (Figure 6.6) showed a trend
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that gave the highest dissociation energies for the FeTTP*-Q cluster, and FeTTP*-py
displaying the lowest binding energy. (Table 6.3)

Table 6.3 BSSE-corrected binding energies in (kJ mol™?) for (n-stacking) structures
of FeTTP*-py, FeTTP*iQ and FeTTP*-Q clusters.

FeTTP py FeTTP™-Q FeTTP™iQ
Binding Energy | 10.21 34.48 12.38
Eir 6.90 7.50 8.95

2Results obtained from calculations at B3LYP/6-31G* level of theory.

Although the n-stacking structures were associated with the FeTTP*-Q cluster being
the most strongly bonded by ligation, this result is still limited by the level of theory
used. The FeTTP*iQ cluster possesses a binding energy that is less than FeTTP*-Q
but higher than that of FeTTP*-py might be attributed to the isoquinoline’s intrinsic
properties that support both N-coordination and m-stacking. Isoquinoline is more
basic than quinoline and possesses a greater number of n-electron than pyridine that
may have contributed to the trend in the results presented above. It is also worthy to
mention that although the optimized structures displayed in Figure 6.6 all have no
negative frequencies, the true structures for these complexes may be between two
extremes (especially at room temperature) thus more advanced functionals that better
account for dispersion interactions eg. MOG6-2X are suggested for the re-optimization

of the structures as future work.

6.4.3 Geometric structures and time-dependent density functional theory
calculations (TDDFT) on FeTTP*-N clusters

The DFT B3LYP/6-31G(d) calculated structures of the FeTTP*N clusters (N =
pyridine(py), quinoline(Q) and isoquinoline(iQ)) gave structures that are global
minima without any negative frequencies for both N-coordination and n-stacking
interactions. The different N-aromatics are in direct heteroatomic coordinated
interaction with the Fe (111) centre and stable structures were obtained for these. For
every one of the clusters the lowest energy geometry is presented with each of them
being axially bound to the porphyrin moiety. The quinoline cluster showed the
longest Fe-N bond length of (2.05A) while the isoquinoline and pyridine clusters had
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very close bond lengths of (1.96A and 1.97A), respectively. The Fe-N bond lengths
are within the range measured by Durrant for N donor ligands on axial
coordination.®® The general structures correspond to the nitrogen atom of the N-
aromatics interacting with the Fe-centre of the porphyrin. It is evident from other
calculations conducted that those structures not axially bound to the porphyrin

moiety are at higher energy.

Table 6.4 displays the lowest energy geometric structures obtained for the
FeTTP*-py, FeTTP*-Q and FeTTP*-iQ clusters for N-coordination and n-stacking.
The N-coordinate interactions with the Fe in the porphyrin centre are indicated with
the dashed lines connecting to the Fe-center. In these structures, we note that opposite
phenyl groups go in and out of plane on ligation at different angles with the highest
distortion seen in the FeTTP*-Q. The cluster structures selected for the different
interactions have no negative frequencies, and our calculations suggest that N-ligated
structures should be present in our experiment.

Table 6.4 Lowest obtained energy geometric structures of FeTTP*-py, FeTTP*-iQ
and FeTTP*-Q clusters for N-coordination?® and n-stacking?® obtained at (B3LYP/6-
31G (d)) level of theory.
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The energies are the relative zero-point corrected energies of the N-coordination
structures to the n-stacking structures. The N-coordination structures have the lowest
energy for the three different clusters. The bond lengths obtained for the N-
coordination structure are 1.96A, 2.05A and 1.97A respectively as indicated by the
connecting dashed line. The Fe atom lies out of the plane of the four nitrogen atoms
in the porphyrin and is elevated towards the ligand at 0.78 A, 0.48 A and 0.42 A
respectively above the plane.

Figure. 6.6 displays a TD-DFT B3LYP/6-31G (d) calculated UV-VIS spectra of the
three FeTTP*N clusters and the different band maxima at the Q and Soret band
regions as listed in Table 6.5. The associated assigned excitations are also listed in
Table 6.6. The calculated spectra of the clusters and monomer each contain two band
regions within the experimental region scanned (2.2 — 3.86 eV).

The FeTTP* calculated spectrum displayed band maxima at 2.20 eV and 3.12eV that
can be assigned as the Q (labelled 1) and Soret (labelled I1) band regions,
respectively. The calculated Q and Soret bands of the FeTTP*-py cluster (bands | and
I1) displayed maxima at 2.52 eV in band | region, two band maxima at 3.20 eV and
3.56 eV and a split at 3.40 eV in the region of band I, respectively. The Q band of
the FeTTP*-iQ cluster has the same band maximum as the FeTTP*-py cluster, one
band maximum at 3.20 eV and a shoulder with an onset at 3.40 eV which are the
same energies as one of the peaks and the split displayed in the FeTTP*-py cluster
spectra in the Soret band region.
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Table 6.5 Band maxima at the Q and Soret band regions of the TDDFT calculated
spectra for FeTTP* monomer, FeTTP*-py, FeTTP*iQ and FeTTP*-Q clusters and

corresponding band shifts are listed.

Q-Band Soret-Band Other  Band
Region Band Region Band Features (eV)
(MaximumeV) | Shift (Maximum eV) Shift
FeTTP* 2.20 J— 3.12 —_ —
FeTTP*py | 252 0.32(B) |3.20° 0.08(B) | 3.40(S)
3.52° 0.40 (B)
FeTTP*iQ | 2.52 0.32(B) |3.20 0.08 (B) | 3.40 (SH)
FeTTP*Q |220 X 3.20 0.08 (B) | 3.64 (HEBM)
2.74 0.46 (B)

—— = Not Applicable, X= Not seen, B = Blue Shift, S = Split, SH = Shoulder Onset, HEBM =
Higher Energy Band Maximum

8peak before the split, ® Peak after the split

The Q and Soret bands of the FeTTP*-iQ and FeTTP*-py are blue shifted by 0.32 eV
and 0.08 eV (for the first peak in the FeTTP*-py cluster spectrum) respectively when
compared to the FeTTP* monomer. However, the first band in the Q band region of
the FeTTP*-Q cluster is predicted not to be perturbed by the ligation with a maximum
at 2.20 eV and the second blue shifted by 0.46 eV. The Soret band of the FeTTP*-Q
cluster is also blue shifted by 0.08 eV and a low absorption band with band maximum
at 3.64 eV was also observed. The splitting and the shoulder observed in the Soret
bands of the FeTTP*-py and FeTTP*iQ clusters respectively were absent in the
FeTTP*-Q cluster spectrum. The spectra of the clusters displayed features of
broadening towards the blue edge of the Soret bands while the Q bands remain
unchanged in this regard. These results disagree with the predictions made by
Kovalenko and co-workers on red band shifts because of axial coordination of N-

aromatics to some metalloporphyrin in their Q and Soret band.3%2
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Figure. 6.6 TDDFT excitation spectra for the N-coordination structures of the (a)
FeTTP*-py, (b) FeTTP*iQ, (c) FeTTP*-Q clusters and (d) FeTTP*monomer. The
vertical bars represent the individual transitions of the oscillatory strength, and the
full line spectrum gives a convolution of the calculated spectrum with a Gaussian
function (0.15 eV HWHM).

The splitting of the Soret band seen here for the FeTTP*-py cluster has been predicted
previously in the calculations of Kovalenko and co-workers, 2 and was also reported
by Noro et al in their work on the axial coordination of pyridine to vanadium
octaethyl porphyrin (VOOEP).3%4% Resonance Raman spectra of VOOEP in
pyridine solvent displaying two V=0 bands in the Q-bands has also been
reported.®* This observation has been explained by El-Bayoumi and co-workers to
be evidence of sufficiently strong transitions existing in the molecular aggregates’

component molecules.*%?
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Table 6.6 TDDFT calculated transition energies (3.56-2.48 eV) and oscillator
strengths of the FeTTP*-py cluster, calculated at the B3LYP/6-31G (d) level.

Transition energies (eV) | Transitions Oscillator strength
3.56 n- ¥ 0.1145
3.55 n- ¥ 0.1350
3.45 - ¥ 0.0690
3.33 - ¥ 0.0261
3.24 n- ¥, CT 0.4241
3.13 - ¥ 0.0207
311 - ¥ 0.0779
3.09 n- ¥ 0.1123
3.06 - ¥ 0.0111
2.85 n- ¥ 0.0414
2.50 - ¥ 0.4160
248 - ¥ 0.0218

CT= Charge Transfer

Investigation of the molecular orbitals of the FeTTP*-py clusters involved in the
excitations with oscillator strength > 0.005 within the experimental range show
transitions from the ground state cluster where the orbitals are centred on the FeTTP*
moiety, or orbitals with their electron density on the porphyrin ring substituents, with
minor delocalization of the FeTTP* moiety. The excited states are localised either
within the FeTTP* unit or a pyridine n* orbital. The most intense transition at 3.24
eV has been assigned to have a mixed character of n- n* and charge transfer and has
been noted by Lehnert and co-workers in their work on detailed assignment of
transitions in UV-VIS spectra of high-spin FeTPPCI axially coordinated (with
respect to the CI) around this photon energy.*®3* This assignment is in good
agreement with the contour model of our molecular orbital and assignment of

transitions as shown in Section 6.6.2.2.

To investigate the gas phase UV-VIS photophysics and photochemistry of the
FeTTP*-N-aromatics clusters and the FeTTP* monomer, their ions were photoexcited
from 2.2 - 3.86 eV (564 -322 nm). The solution phase UV-VIS spectrum of FeTPPCI
is included in Section 6.6.1.2 and TDDFT calculated spectra for the different systems
studied experimentally are used as guides to assign the gas-phase absorption

spectra.t’3%% The photodepletion spectra of the FeTTP*-N-aromatics and FeTTP*
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monomer are presented together to aid in comparing the band shifts, broadening of
the Soret band and to assess any reduction in the absorption intensities of
metalloporphyrin’s because of complexation, as predicted by Kovalenko and co-

workers.38?

6.4.4 Photodepletion spectrum of FeTTP*-py cluster
The photodepletion spectra of FeTTP*-py and the FeTTP* monomer, displayed in
Figure 6.7, have absorption features over the range of 2.2 — 3.86 eV peaking at

locations labelled I (Q band region) and Il (Soret band region).
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Figure 6.7 Photodepletion (absorption) spectra of (a) FeTTP*-py and (b) FeTTP*
monomer across the range of 3.86 - 2.2 eV (322-564 nm). The solid lines are five-

point adjacent averages of the data points.

The FeTTP*-py photodepletion spectrum displays a peak maximum at 2.40 + 0.01

eV, a second broad band centred at 2.70 + 0.01 eV at in the band I region and a broad

band Il region from 3.0 - 3.86 eV. Band Il show one local peak at 3.08 + 0.02 eV, a

drop at 3.22 + 0.01 eV and a wide peak from 3.22 — 3.80 eV, centred at 3.54 + 0.05

eV. The spectral absorption intensity increases gradually with increasing photon
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energy. The FeTTP* monomer photodepletion spectrum (b) show a peak in band |
region at 2.38 £ 0.01 eV and a wide peak that is centred at 3.18 + 0.03 eV in band 1l
region. It also displays a shoulder to higher energy with an onset at 3.41 + 0.02 eV
and centred at 3.6 + 0.02 eV in the band Il region.

6.4.5 Photodepletion spectrum of FeTTP*-iQ cluster

Figure. 6.8 displays the photodepletion spectra of the FeTTP*-iQ cluster and the
FeTTP* monomer. The FeTTP*iQ photodepletion spectrum also displayed
absorption features from 2.2-3.86 eV peaking at features labelled | (Q band region)
and Il (Soret band region).
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Figure. 6.8 Photodepletion (absorption) spectra of (a) FeTTP*-iQ and (b) FeTTP*
across the range of 3.86 — 2.2 eV (322-564 nm). The solid lines are five-point
adjacent averages of the data points.

Band I is only weakly visible, peak centred at 2.58 + 0.03 eV and the band Il displays
a wide peak with band maximum intensity from 3.14 eV to 3.34 eV centred at 3.24
+0.03 eV. Band Il again displays a shoulder to higher energy centred at 3.72 + 0.02
eVv.
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6.4.6 Photodepletion spectrum of FeTTP*-Q cluster

The photodepletion spectra of FeTTP*-Q cluster and the FeTTP* monomer is
displayed in Figure 6.9. The spectra features are labelled I (Q band region) and Il
(Soret band region).
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Figure. 6.9 Photodepletion (absorption) spectra of (a) FeTTP*-Q and (b) FeTTP*

across the range of 3.86 — 2.2 eV (322-564 nm). The solid lines are five-point

adjacent averages of the data points.

The FeTTP*-Q cluster photodepletion spectrum displays absorption all through the
scanned region with a peak at 2.41 + 0.01 eV labelled as band I in the region of the
Q band. Band Il consists of peaks at 3.01 + 0.01 eV and 3.4 + 0.01 eV, a drop in
absorption at 3.18 + 0.01 eV, and a higher-energy absorption feature centred at 3.72
+0.03eV.

Summary of the Soret and Q bands features of FeTTP*:N aromatics cluster
photodepletion spectra with corresponding band shifts when compared to FeTTP*

photodepletion spectrum are listed in Table 6.7.
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Table 6.7 Band maxima at the Q and Soret band regions of the experimentally
acquired spectra of FeTTP* monomer, FeTTP*-py, FeTTP*iQ and FeTTP*Q

clusters and corresponding band shifts are listed.

Q-Band Soret-Band Other Band
Region Band Region Band Features (eV)
(Maximum eV) | Shift (Maximum eV) Shift

FeTTP* 2.38+£0.01 J— 3.18+£0.03 —_ 3.41(SH) £ 0.02

FeTTP*py | 241+0.01 |0.03(B) | 3.08%+0.02 | 0.10 (R), | 3.20(S) % 0.01
2.70+0.01 |0.32(B) | 3.54°+0.05 | 0.36 (B)

FeTTP*iQ | 2.58+0.03 |0.20(B) | 3.24+0.03 | 0.06 (B) | 3.62(SH) + 0.02

FeTTP*Q |2.41+0.01 |0.03(B) | 3.01°+0.01 | 0.17(R) | 3.18(S) % 0.01
3.40°+0.01 | 0.22(B) | 3.72(HEBM)
+0.03

—— = Not Applicable, B = Blue Shift, R= Red Shift, S = Split, SH = Shoulder Onset, HEBM =
Higher Energy Band Maximum

8peak before the split, ®Peak after the split

The absorption profile of the experimental photodepletion spectra of the FeTTP*-py
(Figure. 6.7 a) and FeTTP*iQ (Figure. 6.8 a) clusters, mirror that of their respective
TDDFT calculated spectra (see Figure 6.21 and Figure 6.22 for overlaid spectra).
The TDDFT calculated spectrum of the FeTTP*-py cluster showed some weak
transitions that matched with the position of the second partially resolved band seen
around the assigned Q band region of the FeTTP*-py spectrum when shifted by — 0.1
eV towards lower energy (see Figure 6.21). The features of the TDDFT spectrum for
the FeTTP*iQ cluster matched the photodepletion spectrum without any form of
band shift. The agreement between the TDDFT and photodepletion spectra for the
FeTTP*-py and FeTTP*-iQ cluster might indicate that the N-coordinated optimized
structures are their real global minimum structures and thus the same structures of
the molecular ions populate our experiments. The spectral features of the
photodepletion spectrum of the FeTTP*-Q cluster (Figure 6.9 a) is different in the
Soret band region except for the higher energy absorption feature that was also
displayed in the TDDFT spectrum (see Figure 6.23). This disparity may be an
indication that the N-coordinated optimised structure used in the TDDFT calculation

is different from the structure present in our experiment. It has been mentioned
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earlier that quinoline prefers to complex through n- m stacking. 33" An extensive
theoretical study on the n- & stacking interaction of the FeTTP*-Q cluster will be

important in the future to unravel this disparity.

The FeTTP*-Q cluster photodepletion spectra surprisingly —mirrors the
photodepletion spectra of FeTTP*-py cluster except for minimal band shifts around
band 11 and absorption feature on the higher energy side of the band. FeTTP*-py and
FeTTP*-Q spectra both displayed minimal blue shift of ~ 0.03 eV in their Q bands
region although the FeTTP*-py spectrum showed a second band that is blue shifted
by ~ 0.32 eV in this region too. The FeTTP*-py and FeTTP*-Q spectra showed red
shifts by ~ 0.1eV and ~ 0.17 eV respectively in their Soret bands region when
comparing their band before the split and the band of the Soret band of the FeTTP*
monomer, respectively. Blue shifts of ~ 0.36 eV and ~ 0.22 eV are also observed
when the band after the split in the Soret band region spectra of the FeTTP*-py and
FeTTP*-Q clusters are compared with the peak of the Soret band of the FeTTP*
monomer, respectively. Latos-grazynski and co-workers stated that the presence of
covalent linker improves the fusion of coplanar chromophores which results in the
split of the Soret and red-shifted Q-bands.*** There is no covalent linker in our
clusters studied, however we observed a split of the Soret band but no red shift in
our Q-band. The red-shift of the first peak in the Soret band region of both clusters
within + 0.01 eV error in our band maxima agrees with the red-shift observed by van
Eldik and co-workers in their studies of metamyoglobin and metamyoglobin ligated
to NO but not in the Q-band because they observed a red shift.3> Again, the result
agrees with the predictions made by Kovalenko and co-workers on red band shifts
because of axial coordination of N-aromatics to some MPs in their Soret and Q
band.%¥2 This result does not agree with our result for the Q-band as we observed a
minimal blue shift (0.03 eV + 0.01 eV error).

A contrasting result is seen with the FeTTP*iQ cluster when compared with the
FeTTP* monomer as it is blue shifted by 0.2 eV and 0.07 eV in the Q band and Soret
band, respectively. The blue shift in the Soret agrees with the result reported on
comparing the Soret band of heme* and ligation of heme* to NO by Brondsted
Nielsens and co-workers. However, the shift on the Q-band of the FeTTP*-iQ cluster
is in contrast as their result reported that the Q-band was red shifted.*”* Blue shifts
are also observed for the second peaks after the split in our FeTTP*-py and FeTTP*-Q

spectra.
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The broad absorption Soret bands displayed by the three clusters are in good
agreement with the prediction of Kovalenko and co-workers,*®? and in line with the
spectra of the MP complexes recorded by Brondsted Nielsens and co-workers.3”® The
shoulder seen on the higher energy side of the Soret band of the FeTTP* monomer,
FeTTP*iQ and FeTTP*-Q clusters has been identified to be likely due to ligand-

metal charge transfer.5’

A comparison of the photodepletion intensities of the clusters and the FeTTP*
monomer reveal that the intensity of the Soret band does not decrease upon ligation.
This result firmly contradicts the suggestion by Kovalenko and co-workers that
complexation reduces the intensity of the Soret band of MPs, which was put forward
to explain the fact that MPs cannot be observed by UV-VIS in samples of crude

0ils.3%2

6.4.7 Photofragmentation spectra of the FeTTP*-N-aromatics clusters
6.4.7.1 Photofragmentation spectra of the FeTTP*-py cluster

Figure. 6.10 displays the photofragmentation production spectra pattern associated
with the FeTTP*-py cluster. The photofragment spectrum for the FeTTP*-py cluster
shows m/z 668 as the most intense photofragment. The m/z 668 photofragment
spectrum displayed similar features in the Q and the Soret band as the photodepletion
spectrum. It also clearly reveals some features that were only partially visible in the
photodepletion spectrum. This is not surprising because the photodepletion spectrum
has been noted in some of the systems we have studied previously not to clearly
capture all the excited state features of the studied molecule.’?! The m/z 668
photofragment spectrum showed visible bands that peak at 2.41 + 0.01 eV and 2.70
+0.01 eV in the Q band and a split at 3.20 £ 0.01 eV eV, a resolved peak at 3.08 +
0.02 eV and a second broad band in the Soret band region that increases in intensity
as photon energy increases. This infers that it is produced throughout the entire
region for the photodepletion of the cluster. The other photofragments (m/z 590, m/z
514 and m/z 512) display two visible low intensity peaks in Q band region and
different features as the m/z 668 in the Soret band region.
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Figure. 6.10 (a) m/z 668 (b) m/z 590 (c) m/z 514 and (d) m/z 512 photofragment
production spectra for FeTTP*-py cluster across the range of 3.86 — 2.2 eV (322-564
nm). The solid lines are five-point adjacent averages of the data points. Note: m/z
591 is also present with very low intensity (see Section 6.6.1.4, Figure 6.18).

They show a single broad band with an onset at ~ 3.0 eV to 3.86 eV centred at 3.41
+ 0.03 eV with no features of the first peak and split present in the Soret band region
as was observed in the photofragment m/z 668 and photodepletion spectrum. The
intensity of this broad band drops at higher photon energies. The change in the Soret
band spectral features of the photofragments (m/z 590, m/z 514 and m/z 512) may be
because they are photoproduced by the decay of a different excited state.
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6.4.7.2 Photofragmentation spectra of the FeTTP*-iQ cluster

Figure. 6.11 displays the photofragmentation production spectra for the FeTTP*iQ
clusters. The photofragment production spectrum of m/z 668 has similar spectral
features as the photodepletion although it is produced in the Soret band with higher
intensity as photon energy increases. The other photofragments (m/z 590, m/z 514
and m/z 512) are produced with low intensity and their spectral features display
similar features as the m/z 668 in the Q band region. The spectra show broad low
intensity absorption features with two partially resolved bands. Again, they show
different spectral features to the spectrum of the m/z 668 and the photodepletion
spectrum in the Soret band.
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Figure. 6.11 (a) m/z 668 (b) m/z 590 (c) m/z 514 and (d) m/z 512 photofragment
production spectra for FeTTP*-py cluster across the range of 3.86 — 2.2 eV (322-564
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nm). The solid lines are five-point adjacent averages of the data points. Note: m/z

591 is also present with very low intensity (see Section 6.6.1.4, Figure 6.18).

The Soret band displays a well resolved narrow band with a band width of 0.34 +
0.03 eV that peaks at 3.2 eV £ 0.01 eV. The band sharply drops down at higher
energy edge.

6.4.7.3 Photofragmentation spectra of the FeTTP*-Q cluster

The photofragment production spectra of the photofragments m/z 668, m/z 590, m/z
514 and m/z 512 of FeTTP™Q clusters are displayed in Figure. 6.12. The
photofragment m/z 668 spectrum shows strong resemblance to the photodepletion
spectral profile except for the second broad absorption band observed in the Q band
region. The band has an onset at 2.61 + 0.02 eV to 3.0 £ 0.01 eV.

The photofragments, m/z 591, m/z 590, m/z 514 and m/z 512 display spectral profile
that are different from that of m/z 668 and the photodepletion spectrum in the Soret
band region. Although there is the presence of a very low intensity second absorption
feature in their Q band region, it is shifted to lower energy compared to the onset of
the second band in the Q band region of the m/z 668 spectrum.Their spectra show a
low intensity band that peaks at 2.39 + 0.02 eV, an unresolved low intensity
absorption feature with onset at 2.48 + 0.01 eV to 2.63 + 0.02 eV, a well resolved
high intensity band with band width of 0.58 + 0.02 eV which peaks at 3.1 + 0.01 eV
and a low intensity band with onset at 3.21 + 0.01 eV to0 3.6 £ 0.01 eV.
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Figure. 6.12 (a) m/z 668 (b) m/z 590 (c) m/z 514 and (d) m/z 512 photofragment
production spectra for FeTTP*-Q cluster across the range of 3.86 — 2.2 eV (322-564
nm). The solid lines are five-point adjacent averages of the data points.

The spectral features for these photofragments match those observed in the TDDFT

calculated spectrum for N-ligated optimised structure of FeTTP*-Q cluster (see
Figure 6.24).
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The m/z 668 = FeTTP* is the most intense photofragment and no protonated form of
the N-aromatics was seen as a photofragment for all the three clusters studied.
Higher-energy collisional dissociation (HCD) experiment was conducted on the
clusters and the % HCD spectra acquired to gain information on the ground state
thermal fragments. (see % HCD spectra in Section 6.6.1.1). The HCD experiment
was performed as described in Chapter 2. Table 6.6 lists the photofragments and
HCD fragments observed and their assignments. The photofragments (m/z 591, m/z
590, m/z 514 and m/z 512) are the same fragments produced from the CID
fragmentation of FeTTP* (Figure 6.15).

Table 6.8 Photofragments and HCD fragments observed for the FeTTP*-iQ cluster,

with assignments.

m/z Assigned Fragment Photofragment HCD
668 FeTTP* Vv Vv
591 FeTTP*- CsHs" v v
590 FeTTP*- CsHs v v
514 FeTTP*- 2CsHs" v v
512 FeTTP*- 2CsHs v v

The HCD fragmentation pathway with the production of the monomer and
sequential loss of the porphyrin substituent groups has earlier been observed by
Nielsen and co-worker.3"* The photofragments m/z 590, m/z 514 and m/z 512 were
reported by Bohme and co-workers on the collision induced dissociation of
FeTTPCL.*® The absence of m/z 591 as one of the reported fragments may be
attributed to the limitations of their instrument resolution, although a closer look at
their reported fragmentation mass spectrum showed a very low intensity peak at the
position of m/z 591. The loss of the substituent groups from the FeTPP* moiety
during collisional excitation experiments has been attributed to a known reaction
which involves the peripheral substituent groups of the porphyrin undergoing B-

cleavage reaction,*06-410

The nature of the photofragmentation spectra of the clusters illustrates the
complexity of the system and may be attributed to complicated excited state

behaviour of the clusters. The broad absorption bands observed in the photodepletion
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spectra of these clusters support ultrafast decay to the electronic ground state as has

been identified by von Helden and co-workers.*!t

6.4.8 Laser power dependence of photofragments production of the FeTTP*-N-

aromatics clusters

6.4.8.1 Laser power dependence of photofragments production of the FeTTP*-py
cluster

Power studies was conducted on the FeTTP*-py cluster at 360 nm (3.44 eV) and 402
nm (~ 3.08 eV) which is around the maximum for the two bands in its Soret band
region to probe the laser power dependence of the production of m/z 668 = FeTPP*
and m/z 590 from the photodepletion of FeTTP*-py cluster (Figure 6.13 and Figure
6.14).

Figure 6.13a shows that the production of the m/z 668 = FeTPP* increases linearly
with the pulse energy of the laser in the Soret band region with band maximum
around 360 nm (~ 3.44 eV) which indicates that only one-photon processes occurred
in this region during our experiment. Surprisingly, the production of the m/z 668 =
FeTPP* displays an exponential increase with the pulse energy of the laser in the
Soret band region with band maximum around 402 nm (~ 3.08 eV) (Figure 6.13b)
which suggests that one and two photon processes are involved in this region. This
non-linearity in the Soret band region has earlier been reported by Nielsen and co-
workers in their spectroscopic study of heme*-NO complexes. They suggested two
pathways that resulted in the one and two photon absorption processes observed.
When ions are electronically excited to Sz excited state, they quickly go through
internal conversion (IC) to the S excited state. In the Sy excited state, some of the
ions undergo internal conversion and ultrafast decay to the electronic ground state
followed by rapid thermal dissociation of the ground state cluster. They associated
this with a one-photon contribution while the remaining ions go from the S: excited
state through intersystem crossing (ISC) to a lower-lying triplet state that is longer
lived. They made this suggestion since ions in the S; excited state possesses enough
internal energy to conquer any barrier from Sy to T1 potential energy surface. The
ions in the Ty excited state do not possess enough energy to dissociate thus there is a
need for a second photon to be able to obtain a considerable degree of dissociation
of the ions therefore accounting for the two-photon contribution to their fragment.
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Figure 6.13 Power studies comparing the production of the most intense
photofragment m/z 668 = FeTTP* with the laser pulse energy at 360 nm (3.44 eV)
and 402nm (3.08 eV) (around the location of the maximum of the two bands in the

Soret band region of the FeTTP*-py), respectively.

Our experimental power studies for the photofragmentation production of m/z 668
show that there are two electronic excited states decay that led to its production in
the Soret band region. We can therefore explain that the linear relationship displayed
in Figure 6.13a for the photofragment production yield of m/z 668 shows that one
photon absorption process is involved in its production within the second broad band
in the Soret band region that increases in intensity as photon energy increases. This
means that it is produced from the ultrafast decay of the S1 electronic excited state
to the electronic ground state followed by thermal dissociation. Figure 6.13b shows
that the production of the m/z 668 at the first band in the Soret band region that peaks
at 3.08 + 0.02 eV is from the contributions of one and two photon absorption
processes thus it is produced in this region from the decay of the lower lying triplet

state.

Figure 6.14 show linear relationship in both bands of the Soret band region for the

probe of the laser power dependence of the production of m/z 590.
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Figure 6.14 Power studies comparing the production of the photofragment m/z 590
with the laser pulse energy at 360 nm (3.44 eV) and 402nm (3.08 eV) (around the
location of the maximum of the two bands in the Soret band region of the
FeTTP*-py), respectively.

The linear relationship signifies that m/z 590 is only produced from ultrafast decay
of the S1 state to electronic ground state followed by ergodic decay of the electronic
ground state cluster. This is a one-photon process. The photofragments m/z 514 and
m/z 512 are also assumed to be produced from the same pathway because they have
same spectral features as the m/z 590 photofragment. The absence of the first band
that peak at 3.08 + 0.02 eV in the Soret band region of these photofragments but
present in the spectral profile of the photofragment m/z 668, this may be attributed

to the T1 excited state decay.

This electronic excited state does not possess enough energy to result in both the
fission of the cluster and the dissociation of the m/z 668 moiety. It is worthy to
mention that the photofragments m/z 591, m/z 590, m/z 514 and m/z 512 are also
fragments produced from the ground state collision induced dissociation of the
FeTTP*=m/z 668 ion (Section 6.6.1.3, Figure 6.19).

This trend of disparity in the spectral features between the m/z 668 photofragment

and the other photofragments in the Soret band region is also seen in the
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photofragments production spectra for the FeTTP*-iQ and FeTTP*-Q clusters. In the
FeTTP*-iQ photofragment production spectra for the m/z 590, m/z 514 and m/z 512
photofragments, they displayed a single narrow peak and band. This behaviour is
also associated with their production from the decay of only the S: electronic excited
state to the electronic ground state which is followed by thermal dissociation at the
electronic ground state. The photofragments production spectra of m/z 591, m/z 590,
m/z 514 and m/z 512 for the FeTTP*-Q cluster also showed disparity in the Soret
band region from the m/z 668 spectrum. The m/z 591, m/z 590, m/z 514 and m/z 512
spectra also exhibited unique behaviour in that their spectra profile matched that of
the TDDFT calculated spectrum for the N-ligated structure of the FeTTP*-Q cluster.
This might indicate that although they are produced from the decay of the S:
electronic state, there might be the contributions of different structures for the
FeTTP*-Q cluster in our experiment. The TDDFT calculated spectrum for the -
stacking optimised structure for the FeTTP*-Q cluster presented in Table 6.4 mirrors
that of the spectrum obtained for the N-coordinated structure (Section 6.6.2.1, Figure
6.25). This is not surprising because B3LYP is known not to account properly for
dispersion interactions as was mentioned earlier or it might indicate that the real
structure of the cluster present in our experiment is between two extremes (The
cluster may also fluctuate between the two different structures at the ambient
temperature of the experiment.). There is therefore a need for future computational
work to establish the real structure of FeTTP*-Q cluster using a more advanced

functional (eg. M06-2X) that better accounts for the dispersion interactions.

All the photofragments of different FeTTP*-N-aromatic clusters have similar
features at the Q band region which can be attributed to their production from one-
photon absorption process. This is because when the ions are excited directly to the
S1 excited state, they do not possess sufficient internal energy that can cause
geometry change, therefore they cannot undergo ISC to the T: excited state. The
pathway of relaxation in this region is by IC to the electronic ground state which is

also followed by ergodic decay electronic ground state cluster. 20173

The presence of the photofragments produced through IC and ultrafast decay to the
electronic ground state as fragments in our HCD experiment both in terms of identity
and relative intensity suggests statistical fragmentation. Statistical fragmentation has
been reported for an IC decay pathway for Heme* and Heme*-Histidine by Nielsen

and co-workers.*%
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6.5 Conclusion

Isolated clusters of MP complex cations bound to individual N-aromatics were
prepared using an electrospray ionization mass spectrometer. Ground-state collision
induced dissociation was used to first confirm the intrinsic stability of the individual
molecules and complexes, and then investigated to establish the ground-state thermal
fragments. CID dissociation energy trends for the clusters (FeTTP*-iQ > FeTTP*-Q
> FeTTP*-py) are in good agreement with predictions of preferential binding strength
of the N-aromatics.3% The disparity between the experimental and the calculated
binding energies could be attributed to the differences in individual intrinsic
properties of the N-aromatics which contributes to their preferred type of ligation
and the limitations of the level of theory used. TDDFT calculated spectra for the N-
ligated structures of the FeTTP*py and FeTTP*iQ clusters matched our
photodepletion spectra thus suggesting that their N-coordinated structures are good
descriptions of their geometric structures and that our experiments are populated by
these structures. The photodepletion and TDDFT spectrum features for FeTTP*-Q
clusters do not match, but the spectra of its photofragments m/z 591, m/z 590, m/z
514 and m/z 512 do match the TDDFT calculated spectrum for the N-coordinated
structure which suggests there might be the presence of two structures in our
experiment. Alternatively, it may be that the resolution of the TDDFT simulated
spectrum (i.e. the line width chosen for the electronic excitations) did not account
for the features represented by the transitions in the TDDFT spectrum properly. This
is unique to FeTTP*-Q cluster. This disparity might also be attributed to the unique
quinoline preferential ligation through m-stacking and the B3LYP functional not
accounting for dispersion interactions properly, so that the real structure might be

between two extreme possible structures.

The differences between the spectral features of the photofragment m/z 668 from the
other photofragments m/z 591, m/z 590, m/z 514 and m/z 512 indicate that there is an
additional decay of an excited state that contributed to its production. The m/z 668
photofragment of the clusters have been assigned to be produced from the
combination of the ultrafast decay of the Sy excited state, a lower lying T1 electronic
excited state in the Soret band region and the solo decay of the S; in the Q-band
region, while the other photofragments m/z 591, m/z 590, m/z 514 and m/z 512 are
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produced by the decay of only the Sy electronic excited state in both the Soret and Q
band regions. One and two-photon absorption processes have been identified to be
involved in the decay of S1 and Ty electronic excited states in the Soret band region
of the clusters, respectively. The ergodic decay of the electronic ground state cluster
from the ultrafast decay of the S; state through IC has also been noted to result in
statistical fragmentation. The photofragments corresponds to the HCD fragments

which also supports the proposed statistical fragmentation.

The band shifts in the Soret and Q bands are different for the three clusters and the
extinction coefficient of the MP studied does not reduce on ligation as was initially
predicted.®? This work has contributed to the better understanding of the UV-VIS
photo absorption properties of iron centred metalloporphyrin and the effect of
ligation on their photochemistry. This is essential because of its applications across
various fields of endeavour, therefore making its various complexations with such
molecules very topical. Future work is desirable to fine tune the preliminary spectra
and theoretical work reported using functionals that describes the dispersion

interactions better.
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6.6.1 Experimental studies on FeTTP* -N-aromatics clusters

6.6.1.1 Higher energy collisional dissociation of FeTTP* -N-aromatics clusters
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Figure 6.15 Parent ion dissociation curve FeTTP* -N-aromatics clusters alongside

production curves of fragments upon HCD between 0 and 17% energy. The data

points fitted with the curved lines are viewing guides to show the profile for an

individual fragment.
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6.6.1.2 Solution-phase spectrum of FeTTPCI in MeCN
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Figure 6.16 Absorption spectrum of FeTPPCI at (1 x 10°mol dm) in MeCN.

6.6.1.3 Parent ion mass spectra of FeTTP* -N-aromatics clusters
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Figure 6.17 Parent ion mass spectrum of FeTTP* -py cluster with m/z 749.
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Figure 6.18 Parent ion mass spectrum of FeTTP*-iQ cluster. FeTTP* -iQ and FeTTP*

-Q clusters have same mass-to-charge ratio (m/z 797).
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Figure 6.19 CID fragmentation mass spectrum of the FeTPP* monomer at 10% CID

energy.
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6.6.1.4 Photofragment mass spectra of FeTTP* -N-aromatics clusters
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Figure. 6.20 The photofragment mass spectra of a) FeTTP* -iQ, b) FeTTP* -iQ and

c) FeTTP* -Q clusters irradiated at 3.52 eV, 3.24 eV and 3.30 eV, respectively.

6.6.1.5 Overlaid TDDFT and photodepletion spectra of the FeTTP* -N-aromatics

clusters.
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Figure. 6.21 Overlaid experimental (red) and computational (blue) spectra for a)
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FeTPP*-py and b) FeTPP* with -0.1 eV shift of the TDDFT spectrum of a and b
towards lower energy. The features of both the experimental and computational
spectra matched.
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Figure. 6.22 Overlaid experimental (red) and computational (blue) spectra for a)
FeTPP*-iQ and b) FeTPP™ cluster with no shift in (a) and -0.1 eV shift in (b) to the
TDDFT spectrum towards lower energy, respectively. The features of both the
experimental and computational spectra matched.
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Figure. 6.23 Overlaid experimental (red) and computational (blue) spectra for a)
FeTPP*-Q and b) FeTPP* cluster with -0.1 eV shift to the TDDFT spectrum of a and
b towards lower energy. The features of both the experimental and computational
spectra did not match.
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Figure 6.24 a.) The photofragment production spectrum (red) of m/z 591 obtained
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from the photodepletion of the FeTPP*-Q cluster and b.) the TDDFT calculated
spectrum (blue) of the FeTPP*-Q cluster with -0.05 eV shift towards lower energy.

6.6.2 Computational studies on FeTTP* -N-aromatics clusters

6.6.2.1 Overlaid TDDFT spectra for N-/igated and n-stacking optimised structures

of FETTP* -Q cluster.
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Figure 6.25 Overlaid TDDFT calculated spectra for N-ligated and m-stacking

optimised structures of FeTTP* -Q cluster.

6.6.2.2 Molecular orbital (MO) predictions by TDDFT calculations for FeTPP*-py

cluster.

Table 6.9 Calculated TDDFT transition energies at the B3LYP/6-31G(d) level of
theory and oscillator strengths of the FeTPP*-py cluster. MO transitions that
contributed more than 20% to the excitations and with oscillator strength > 0.005 .

St 3.5620eV (348nm) f=0.1145

190A (m) phenyl 197A (m*) porphyrin moeity
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179A () porphyrin moeity

S2

3.5547eV (349 nm)

190A (m) phenyl

195A(n*) .

P d

-
J)‘)

a 9
9 “‘ 9
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189B (n) 195B(n*)

Ss 3.327 eV (373 nm)

B —
187B (1) 195B(n*)
S 3.2357eV (383 nm) f=0.4241
a—SPIN
HOMO = -0.29036 LUMO =-0.21722

193A (m) 196A (n*)
B- SPIN

HOMO = - 0.20064 LUMO = -0.28698

192B (n) 198B (n*), Predicted CT or a

d and p orbital mixing
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Chapter 7

Summary and Outlook

This thesis has presented the results of gas-phase photodissociation spectroscopy
experiments of pharmaceutically and biologically relevant molecular and cluster ions
performed within a laser-interfaced commercial mass spectrometer (LIMS). The aim
of these studies has been to understand the fundamental photophysics and
photochemistry of these biomolecular and cluster ions and to ascertain their
fragmentation pathways on electronic photoexcitation. The studies also gave
attention to the ability of the LIMS instrument to permit the detection and acquisition
of all the photofragment ions produced at different wavelengths with masses above
the mass cut-off of the mass spectrometer. All through this thesis, analytical

information has been produced for the various molecular systems studied.

In Chapter 3, gas phase laser photodissociation spectroscopy is performed on the
deprotonated and protonated forms of 2-thiouracil (2-TU), produced using
electrospray ionization mass spectrometry across the UVA-UVC regions. This
experiment was conducted to explore the effect of protonation and deprotonation on
thionucleobase photochemistry, and therefore to probe the effect of pH on their
photophysical properties at the molecular level. Our results show that the
deprotonated form of 2-thiouracil ([2-TU-H]") decays predominantly by electron
detachment and resulting in the production of free-radical species. Other anionic
photofragments at very low intensities were also observed. Photoexcitation of
protonated 2-thiouracil ([2-TU-H]*) produces a cationic fragment which corresponds
to ejection of an "HS radical from the precursor ion as the major photofragment. This
ion was identified to be a product of direct excited state decay. Fragment ions related
with decay of the hot ground state (i.e., the ions we would expect to observe if 2-
thiouracil was behaving like UV-dissipating uracil) are observed as more minor
products. This behaviour is consistent with enhanced intersystem crossing to triplet
excited states compared to internal conversion back to the ground state. Two
tautomers have been identified as present in our gas-phase absorption spectra for the
protonated 2-TU. Although our calculation did not predict the presence of the second
tautomer at the temperature of our experiments, higher-energy tautomers have

previously been observed as present in our gas phase experiments.?” The results for
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the dissociative photochemistry of 2-TU and identification of the photoproducts are
significant, given that it is an important nucleobase analogue with applications in
molecular biology and pharmacology.??® The fact that electron detachment is the
dominant decay pathway on photoexcitation of ([2-TU-H]") across the UV, followed
by free radical production, leads to questions as to whether such decay pathways
occur in the condensed phase. Future work to explore this directly will be useful in
understanding this point, possibly using electron paramagnetic resonace (EPR)
spectroscopy to detect the free radical species.*? Again, ion mobility mass
spectrometry could be combined with our laser interfaced mass spectrometer (LIMS)
to separate the protonated tautomers, hence providing structurally pure gaseous ions
from the solution phase for the experiment. Hole-burning experiments would also be

useful to confirm the presence of the tautomers.

In Chapter 4 we explored iodide complexes of non-nucleobases, 2-thiouracil (2-TU),
4-thiouracil (4-TU) and 2,4-thiouracil (2,4-TU) using laser photodissociation
spectroscopy. This technique made it possible to probe the thionucleobase electron
capture properties and the modifications on the excited state behaviour of these novel
molecules due to the presence of one or more sulphur atoms. Photodecay of the
clusters is dominated by electron detachment for the three complexes. The respective
molecular anions were photoproducts for I-4-TU and 1"-2,4-TU clusters, but were
not seen in the photodecay of 1--2-TU cluster. The I"-4-TU and 1"-2,4-TU clusters
also displayed similar general photodepletion spectra showing strong resemblance to
the intrinsic absorption spectra of the respective uncomplexed thiouracil molecule.
This indicates that these clusters’ spectral profiles are determined by nucleobase
chromophore excitations. This contrasts with the 1"-2-TU photodepletion spectrum
profile, where the near-threshold dipole-bound excited state is the only distinct
spectral feature. This profile is attributed to the fact that the I"-2-TU cluster has a
weaker cluster binding energy and vertical dipole moment than I"-4-TU and I"-2,4-
TU clusters, due to the relatively lower dipole moment of 2-TU. The possibility that
the stronger dipole moments of 4-TU and 2,4-TU are enhancing the coupling of the
electron detachment continuum to nucleobase-centred transitions has been suggested
as a conclusion of this work. Future experimental and theoretical works are required
to aid in understanding the photophysics of how molecular excited states couple to
the electron detachment continuum given that it is an area of emerging interest.
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Furthermore, probing other thionuleobases derivatives may be useful in this regard

given that derivatization creates significant changes to the molecular dipole.

The technique of probing the electron capture properties of biological relevant
molecules is extended to the study of a larger biological molecule in Chapter 5.
Photodissociation spectroscopy is conducted on the iodide riboflavin (I"-RF)
complex to understand further the photophysics and photochemistry of the riboflavin
(RF) molecule, because of its involvement in many photo-biological processes. The
study reveals that the I'-RF cluster’s behaviour mirrors that of the iodide thiouracil
clusters. Electron detachment is the dominant pathway for photoexcitation decay,
and the production of ionic photofragments a minor decay pathway. The strong
resemblance between the photodepletion spectrum and the absorption spectrum of
the uncomplexed RF shows strong coupling of the electron detachment continuum
to the chromophore-centred transitions again. This can be attributed to the intrinsic
properties of the RF molecule, primarily its large electric dipole moment. The
production of riboflavin molecular anion (RF’) photofragment around the region
associated to a riboflavin localized excited state is simply attributed to the proximity
of the riboflavin excited state to the cluster dipole-bound excited state which results
in strong coupling of the two distinct excited states. All photofragments observed for
the RF molecule are assigned as direct excited state fragments because of their
absence as thermal ground state fragments in collision-induced dissociation (CID)
investigation of the ground state I"-RF cluster. In the absence of the deprotonated
form of the RF as an ionic photofragment, the production of the deprotonated
lumichrome [LC-H] is attributed to secondary fragmentation occurring through
breakup of the hot primary photofragment, RF". This is the first time RF has been
seen as a stable molecular anion. Time-resolved photoelectron spectroscopy
experiments and high-quality theoretical calculations on the non-valence states of the
RF are required to establish the nature of RF anion (i.e. valence or dipole bound
anion).*'® Further work to explore the electron capture properties of flavins would be
useful for other large flavin molecules because of their involvement in numerous
biochemical processes. This work will also help us to understand the photophysics

of how molecular excited states couple further to the electron detachment continuum.

In Chapter 6, laser photodissociation spectroscopy is performed on the complexes of

iron 111 metalloporphyrins (FeTPP*) and N aromatic molecules (pyridine, quinoline

and iso- quinoline) and compared with the uncomplexed free metalloporphyrin
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(MP). The objective is to probe the effect of ligation and photo-absorption properties
of iron-centred metalloporphyrins. This molecule is relevant to a wide range of
applications such as photodynamic therapy, drug design, biological imaging,
magnetic resonance imaging etc. CID measurements revealed different
fragmentation onsets for the complexes, in the order iQ > Q > py which reflects the
different binding strengths for each of the complexes. The disparity between the
experimental and the calculated binding energies is attributed to the individual
intrinsic properties of the N-aromatics, their preference for different ligation
interactions, and steric effects which are presumed to be inadequate in the theoretical
calculations performed. Photoexcitation of the complexes produced the same
photofragments, with the excited state relaxation pathways presumed to follow very
quick relaxation of the cluster to the electronic ground state. This is accompanied by
redistribution of the vibrational energies resulting in cluster fragmentation, which is
in line with collisional excitation of the ground electronic state. The band shifts and
broadening of the Soret and Q bands are cluster-dependent, hence it is inferred that
both the ground state and excited state properties are highly influenced by the
intrinsic properties of the N-aromatics. Complexation did not reduce the absorption
strength of the MP. Future work is desirable to refine the preliminary spectra
presented in this thesis, alongside the necessary theoretical work. It would also be
useful to explore extending these measurements further to other iron-centred

metalloporphrin complexes of pharmaceutical importance.

In this thesis, laser interfaced mass spectrometry within a commercially adapted ion
trap along with computational chemistry has effectively been used to study a variety
of gaseous ions, spanning small organic molecules and iodide-molecule complexes,
where the molecule is biologically relevant to metalloporphyrin complexes. The
acquisition of mass spectra and the recording and processing of the production of
multiple photofragments as a function of wavelength using the commercial software
has confirmed the reliability of the use of this type of instrumentation in
photodepletion and photofragmentation experiments. Although several advances
have been made using similar instruments to conduct spectroscopic experiments for
over a decade, the experiments presented in this thesis are among the first to make
contributions to such instruments as confirmed tools for photochemical analysis,
electron detachment measurements alongside photofragmentation for the anions, and

to establish the identification and stability of molecular anions in its experiment.
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