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Abstract

Understanding photochemical dynamics of biomolecules and their building blocks
in aqueous environments is crucial for advancing our comprehension of biological
processes such as photooxidation and luminescence. This understanding is essen-
tial not only for unraveling fundamental mechanisms but also for the rational design
of new biotechnologies. This thesis presents studies of the excited state dynamics
of molecules relevant to biology, providing insights that could aid fundamental un-
derstanding and practical applications. The first results are presented in Chapter
3 which presents an investigation of the photooxidation dynamics of phenolate, a
molecular motif found in many biochromophores. Photooxidation is integral to a
range of biological processes, such as the photocycle of photoactive proteins, yet
the mechanism of electron emission in phenolate, had been disputed. The work
described in Chapter 3 combined femtosecond transient absorption spectroscopy
(TAS), with liquid-microjet photoelectron spectroscopy and high-level quantum
chemistry calculations to unravel the wavelength dependant photooxidation dynam-
ics of phenolate. Then, Chapter 4 presents a study of methyl substituted pheno-
lates. TAS was combined with time-correlated single photon counting (TCSPC)
experiments and high-level quantum chemistry calculations to understand the im-
plications of systematic modifications to phenolate by substitution on the photoox-
idation mechanism. Chapter 5, then presents the first time-resolved photoelectron
spectroscopy (TRPES) data recorded on the UCL liquid microjet spectrometer. This
study focuses on aqueous phenolate following 1 + 1 resonance-enhanced photode-
tachment. The behavior observed in these experiments was compared to the corre-

sponding transient absorption data from Chapter 3 and and our preliminary results
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hint at faster electronic relaxation dynamics for molecules near a water-vacuum
interface compared to those in bulk water. Finally, Chapter 6 presents an investiga-
tion of the photoluminescence dynamics of the small molecule that lies at the heart
of firefly bioluminescent (oxyluciferin). This work focused on two model biolu-
minescent emitters, oxyluciferin and infraoxyluciferin, studying their excited state
dynamics using TAS to understand why infraluciferin is a less efficient emitter than
oxyluciferin. Infraoxyluciferin is an analogue of oxyluciferin with a red-shifted
emission. Bioluminescent probes have applications in in vivo imaging in medicine.
To design new bioluminescent probes for deeper tissue imaging, the emission max-
imum of these molecules needs to be red-shifted further and made brighter. By
improving our detailed understanding of the electronic relaxation of the molecu-
lar unit central to firefly bioluminescence and comparing it to the less efficient but
red-shifted infraoxyluciferin, we aim to design new, more efficient tools for biolu-

minescent imaging.



Impact Statement

Chromophores are small, essential molecules found at the heart of photoactive pro-
teins. They play a vital role in nature, and upon absorbing ultraviolet (UV) light,
they can transfer this energy into a physical response. These biologically relevant
molecules are of great interest due to their applications in bioimaging of cells and
as photovoltaic materials. The environment of the chromophore plays an essential
role in the biological response, as the surrounding photoactive protein amplifies the
structural changes of the chromophore after the absorption of UV light. The intri-
cate interactions between the chromophore and the protein are essential for driving
these biological processes. The study of chromophores and their building blocks
is essential for understanding their photostability and for aiding in the design of
new systems that could have applications in bioimaging. Conducting these studies
in aqueous solutions is crucial because water is the primary medium in which bi-
ological processes occur, thus mimicking their natural environment. Additionally,
studying chromophores in water can reveal how solvation impacts their electronic
structure and dynamics. The work presented in this thesis contributes to the study of
the dynamics of phenolate, substituted phenolates, and model bioluminescent emit-
ters, all in aqueous solution. Most of the work described focuses on using transient
absorption spectroscopy (TAS) to unravel the excited state dynamics of the three
systems mentioned, contributing to fundamental understanding while also aiding
efforts to design new bioluminescent probes for in vivo imaging in medicine. One
chapter describes the development of the capability for using time-resolved liquid-
jet photoelectron spectroscopy, a complementary spectroscopic technique, and its

application in the study of the dynamics of phenolate in aqueous solution. The
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results are compared with those obtained from TAS experiments, aiming to under-
stand the differences observed between dynamics in bulk solution and those closer
to the surface. The study contributes to a more fundamental understanding of how

chromophores behave in different environments.
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Chapter 1

Introduction

1.1 Motivation

Chromophores are molecules found in nature that efficiently convert photon energy
into physical responses, and they play a crucial role in several well-known processes
such as photosynthesis, vitamin D production, and vision [1-5]. A chromophore is
a small molecule central to photoactive proteins. In response to photon absorption,
the chromophore undergoes subtle structural changes, which are then amplified by
the surrounding protein. This process is crucial in various biological functions. For
instance, retinal, the chromophore in the rhodopsin protein, plays a key role in vi-
sion by initiating the phototransduction cascade. Similarly, para-coumaric acid, the
chromophore at the core of the photoactive yellow protein, is responsible for neg-
ative phototaxis in plants, guiding their movement away from light sources [6, 7].
These examples highlight the intricate interplay between chromophores and their
protein environments in driving essential biological processes. The work presented
in this thesis focuses on the photodynamics of phenolate and oxyluciferin. The
first system phenolate, is a common molecular motif found in several biologically
significant molecules, including the photoactive yellow protein, the green fluores-
cent protein, and tyrosine [8§—12]. The second system oxyluciferin, is the molecule
that lies at the heart of firefly bioluminescence. Bioluminescence, the phenomenon
where living organisms produce visible light from chemical energy, is particularly

notable for its high quantum yield (® = 0.41 ) [13]. This high quantum yield makes
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bioluminescent imaging advantageous over other techniques, as it does not require
an external light source, thereby eliminating background counts and resulting in a
much higher signal-to-noise ratio. To investigate the dynamics of these biologically
relevant systems in the condensed phase, two complementary experimental tech-
niques have been employed: transient absorption spectroscopy (TAS) and liquid

microjet photoelectron spectroscopy (LJ-PES).

1.2 Photophysics of Organic Anions

To understand the photophysics of an organic anion we must explore how the
molecule interacts with light, specifically ultraviolet (UV) radiation for the molec-
ular systems that are the focus of the work described in this thesis. In simple terms,
the molecule will be promoted from its ground electronic singlet state (Sp), via the
absorption of a photon, to a higher lying singlet state (S,). Following photoexcita-
tion, the nuclei may no longer be in their equilibrium positions and will therefore
move. In the excited state the molecule can redistribute its energy via a variety of
radiative and non-radiative processes and eventually the population will relax back
to the ground electronic state. Figure 1.2.1 summarises the various radiative and

non-radiative processes for an isolated typical neutral molecule in the gas-phase.



1.2. Photophysics of Organic Anions 18

IVR
IVR .
-3
= =
> S, v M\ p————
S, ¥ = IVR
T, v
(0]
(@]
C
(0]
c [&]
I3 2
a 5
g o
< 2
o v
SO

Figure 1.2.1: Jablonski diagram used to illustrate the possible radiative and non-radiative
relaxation processes the can occur after the absorption of a photon. Diagram
includes intramolecular vibrational redistribution (IVR) of energy, internal
conversion (IC), intersystem crossing (ISC), fluorescence and phosphores-
cence.

Absorption occurs on a timescale of approximately ~ 10~1° s, leading to the pro-
motion of the population from the Sy to S; by a photon, see Figure 1.2.1. This
process is several orders of magnitude faster than nuclear motion and is, therefore,
often considered to be effectively instantaneous. The assumption that nuclear and
electronic motions of a molecule can be considered separately due to the significant
difference in their timescales is known as the Born-Oppenheimer approximation
[14-16]. Following absorption, the molecule may possess excess vibrational en-
ergy. Coupling between the vibrational modes can lead to intramolecular vibra-
tional redistribution (IVR), the non-radiative process which typically occurs on the
timescale of 1-100 ps. The dissipation of excess vibrational energy from S, (v = n)
to the lowest vibrational mode S, (v = 0) can then be followed by fluorescence,
which is the relaxation of the population from the excited singlet state S,, back to

the electronic ground state Sy through the emission of a photon. Fluorescence, a
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radiative process, typically occurs on a tens of picosecond to nanosecond timescale.
There is often competition between ultrafast non-radiative and radiative processes.
For example, through internal conversion (IC), the excited-state population can
relax from an higher singlet state to a lower one. This process is usually signifi-
cantly faster than fluorescence, occurring on a few femtosecond to few picosecond
timescale. Another competing process is intersystem crossing (ISC) from S, to a
triplet state, which is non-radiative. ISC occurs on a 100 ps to several microsecond
timescale, and depends on the strength of spin-orbit coupling. Spin-orbit coupling
is the interaction between the magnetic fields produced by the orbital-angular mo-
mentum and spin of an electron. The triplet state can decay radiativly back to the
ground electronic state via phosphorescence, emitting a photon in the process. This

occurs on a relatively slow microsecond to second timescale.

Studying photochemical dynamics in the condensed-phase introduces an additional
layer of complexity. The solvent environment can influence the photochemical
behaviour of the solute through properties such as polarity, viscosity, and explicit
solute-solvent interactions on the microscopic level [17]. Studying photoactive
chromophores in solution is essential for understanding their photochemistry in
a more natural environment. An isolated gas-phase environment does not accu-
rately resemble the condition experienced by chromophores in nature. Although,
gas-phase studies serve as a useful initial model, they can be built upon by in-
creasing complexity with solvation. Solvation effects can be classified into two
groups: specific and non specific interactions. Specific interactions include phe-
nomena such as hydrogen bonding or hydrophobic effects, while non-specific
interactions encompass van der Waals and Coulombic forces.[18, 19]. Upon dis-
solving a chromophore, its electronic properties are altered due to the changing
solvent environment, which can lead to structural changes [20]. The surrounding
solute structure also changes shape. The introduction of a solvent can impact the
ground and excited electronic states of a chromophore, leading to changes in band

positions, intensities, and widths in the electronic absorption spectrum. These are
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static (equilibrium) solvent effects. Dynamical solvation effects can be observed
via ultrafast spectroscopy. Figure 1.2.2 displays a schematic diagram for a emissive
chromophore. In this example, the solvent molecules reorganise (both spatially and
orientationally) to stabilise the chromophore, a process that occurs slower than the

charge redistribution within the chromophore itself.

Vibrational coordinate

Figure 1.2.2: Schematic diagram of the potential energy surfaces involving some example
solvation dynamics. Reprinted (adapted) with permission from [17]. Copy-
right 2021 American Chemical Society.

In solution, the relative energies of the ground and excited singlet states of anions
are lower compared to the gas phase, with respect to the detachment threshold. The
anions are stabilised by hydrogen bonding from the surrounding water molecules in
the solvent, so the vertical detachment energies (VDE) in solution are usually much
greater than those of isolated anions. Additionally, it is also possible to observed
solvent dynamics following photoexcitation [21]. In the gas-phase organic molecu-
lar anions have typical detachment energies of around 7 eV, whereas the difference
in stabilisation energy between the closed shell anion and neutral radical is large
and makes detachment energies around 3 eV in aqueous solution. For example, in

the case of phenolate the VDE in aqueous solution is 7.1 4+ 0.11 eV [22] while in
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the gas-phase it is 2.26 £ 0.03 eV [23]. The aqueous environment also allows for
the formation of solvated electrons (e_(aq)). In water the solvated electron was first
discovered in 1962 by Hart and Boag [24]. The solvated electron is the most basic
of solvated anion and can be generated in water by direct solvent ionisation or pho-
todetachment of anionic solutes [25]. Understanding the dynamics of the solvated
electron is vital as light induced radiolysis is an fundamental reaction in biology and
chemistry. The dynamics have been studied by both liquid microjet photoelectron

spectroscopy and transient absorption spectroscopy [26—29].

1.3 Ultrafast Spectroscopy

Ultrafast spectroscopy is a field that utilised laser pulses with extremely short tem-
poral resolution, ranging from femtoseconds to attoseconds, to investigate photoin-
duced dynamics in various molecular systems and materials [30]. The short laser
pulses provide the temporal resolution necessary to observe photodynamics on very
short timescales, while the specific type of spectroscopic probe used determines the
detection method.Ti:sapphire and Ytterbium lasers are commonly chosen systems
for generating these ultrafast laser pulses. In this thesis, a Ti:sapphire laser system

was used, which is discussed in greater detail in Chapter 2.

1.4 Pump-probe Spectroscopy

The pump-probe method is used in a wide-range of time-resolved spectroscopic
techniques, including transient absorption spectroscopy and photoelectron spec-
troscopy - both of which are used for the work described in this thesis. This method
involves two laser pulses, known as the pump and probe pulses. These pulses are
overlapped in space and time-zero is said to be when pump and probe are tempo-
rally overlapped. The pump pulse excites the sample, with its photon energy tuned
to the electronic state of interest. Following this excitation, the probe pulse, which
arrives at varying time delays after the pump pulse, interacts with the sample to pro-
vide spectroscopic information. By selecting an appropriate spectroscopic method,
such as transient absorption or photoelectron spectroscopy, specific changes in the

sample can be detected and monitored over time.
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Different pump-probe techniques are tailored to suit specific applications and pro-
vide unique insights into molecular dynamics. For instance, in photoelectron
spectroscopy, the probe pulse ionises the sample, creating a photoelectron whose
kinetic energy can be measured. This technique is particularly suited for investigat-
ing the electronic structure of molecules and understanding the dynamics of excited
states, offering a direct view of the potential energy surfaces. In contrast, tran-
sient absorption spectroscopy typically employs a broadband white light probe to
track the dynamics by monitoring absorption signatures over time. This method is
ideal for following the evolution of electronic states, energy transfer processes, and
chemical reactions in real-time, providing a broad overview of the photophysical

and photochemical processes at play.

1.5 Transient Absorption Spectroscopy

Transient absorption spectroscopy (TAS) is a well established technique that is
widely used to follow the excited-state dynamics as function of time by mon-
itoring changes in absorption signals [31, 32]. However, it is helpful to con-
sider steady-state absorption spectroscopy first. When electromagnetic radiation
is passed through a sample at specific wavelength, absorption will occur if the radi-
ation induces a transition from the ground state to a higher lying electronic excited
state, as described above. To characterise the absorption of a sample the Beer-

Lambert law can be used [33]:

1
A= —logo(~) = ecl (1.5.1)
Il

Where A is absorption, I is the incoming intensity, / is the transmitted intensity, €
is the molar extinction coefficient, c is the concentration of the sample, and [/ is the
path length of the sample. TAS offers the added benefit of time-resolution, allowing
for the interrogation of the excited-state dynamics as they evolve. The change in
absorption between the ground and excited state is measured as a function of pump-

probe delay time and wavelength, AA(A, t). At each time delay, both pump-on and
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pump-off measurements are recorded. This allows for the isolation of absorption

signatures in the excited state, and the difference signal (A) A can be obtained from:

Lyump-
AA = —log, (22T (1.5.2)
pump-off

Where Iyump-on 18 the intensity of the light measured with the pump-on and Iyymp-off

with the pump off. Figure 1.5.1 is a illustration of a typical TAS spectrometer.

Grating

/

|

CCD array

Figure 1.5.1: Schematic diagram of a typical transient absorption spectrometer.

1.6 Absorption Signatures in Transient Absorption

Spectroscopy

Typically TAS spectra contain contributions from up to four different processes.
These features can be identified from the shape and amplitude of the probe wave-
length plotted against the change in absorbance. Obviously spectral features will be

unique to the molecule of interest. These can be observed in Figure 1.6.1.
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Figure 1.6.1: Graph showing an example TA spectrum at one pump probe delay time. The
signal has contribution from GSB, SE and ESA. Below is a schematic dia-
gram of the ESA, GSB and SE contributions.

(1) A ground state bleach (GSB) would present itself as a negative contribution in
a TA difference spectrum. This is due to the depletion of the ground state popula-
tion due to excitation from the pump pulse. Hence, absorbance of the probe-only
spectrum will be less in the region of the steady-state absorption spectrum of the
molecule, resulting in negative signal in the corresponding region. This feature
will be present in the region of the probe spectrum that matches the steady-state

absorption spectrum.

(2) Stimulated emission (SE) occurs following photoexcitation of a singlet ex-
cited state by the pump pulse. The probe pulse can then induce emission, therefore
releasing a photon. Due to the larger number of photons seen by the detector in
the pump-probe spectrum in comparison to the pump-only spectrum a negative dif-
ference spectrum is obtained. This typically will present itself in the region of the
probe spectrum matching the steady-state emission spectrum, making it beneficial

to know what the photoemission spectrum looks like before beginning to analyse
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TAS data. The SE is observed to shift to longer wavelengths than the GSB.

(3) Excited state absorption (ESA) portrays itself as a positive signal in a TA
spectrum. Following photoexcitation to a singlet state by the pump pulse, the probe
can induce further excitation of the system to higher lying excited singlet states.
Since, the sample absorbs some of the incident probe photons there will be a greater
number of photons in the relevant region in the pump-only spectrum, therefore a
positive signal arises. The position of the ESA signal in the spectrum depends on
the energy difference between the populated electronic excited state and the higher-

lying electronic excited state that becomes accessible due to the probe pulse.

(4) Product absorption (PA) also results in a positive AA signal. The principle
is the same as that of ESA, except the absorption of the probe photons is due to a

transient product being formed after photoexcitation.

There a various different approaches to analysing and interpreting a TAS spectrum

that has many overlapping features, and these are discussed in detail in Chapter 2.

1.7 Photoelectron Spectroscopy of Liquids

Photoelectron spectroscopy is a extremely useful and widely used technique to
determine the electron binding energies of molecules. The work described in this
thesis exploits time-resolved photoelectron spectroscopy (TR-PES) to study the
photochemical dynamics of phenolate (Chapter 5) to compare with measurements
made using TAS (Chapter 3). Although, it is possible to use this technique on
neutrals and it can also be applied in the solid- and gas-phase. The development
of the liquid microjet in the late 1990s enabled the application of photoelectron
spectroscopy to liquid samples [34-36]. The liquid microjets were first used at
synchrotrons with intense x-ray pulses [37]. The use of liquid microjets combined
with laboratory UV and EUV sources to measure photoelectron spectra is now a

very active area of study [38—41]. The work presented in this thesis will utilise
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UV pump and UV probe photoelectron spectroscopy. A major advantage of this
technique is the ability to use solutions with low concentrations. In contrast, when
using x-ray probes in order to obtain a spectrum of decent quality solutes have
to have concentration of >[42] 0.2 M. This is so adequate signal to noise can be
obtained as the photoelectron spectrum of water (56 M) has to be subtracted. Due
to concentration limits, many organic molecules are excluded, as they are weakly

soluble in water.

The arguments presented are similar for neutral molecules, but since this thesis
focuses on molecular anions, the discussion will be framed within that context.
Following the absorption of a photon by the molecular anion an electron can be

detached, via the photoelectric effect, and the process can be summarised as:

Mo e (1.7.1)
Where M~ is a the closed-shell anion, AV is the energy of the photon, M is the
corresponding neutral radical formed after photodetachment and e~ is the electron
produced from photodetachment. The photon energy is tuned to initiate photode-
tachment via a resonant or non-resonant process and then the electron kinetic en-
ergy (eKE) distribution of the ejected photoelectrons is measured. From the eKE
the electron binding energy (eBE) of the molecule can be determined from the fol-

lowing:

eBE = hv —eKE (1.7.2)

This relies on Koopmans’ theorem: in a closed-shell system the first ionisation
energy is equal to the negative of the orbital energy of the highest occupied molec-
ular orbital (HOMO). [43] This assumes there is no reorganisation of the remaining
electrons after photodetachment. Therefore, the electron binding energy can be de-
scribed by 1.7.2. The timescale of electron photodetachment is significantly faster

than nuclear rearrangement, thus within the limit of the Born-Oppenheimer approx-
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imation. Therefore, the profile of the spectrum is dictated by the Franck-Condon
overlap of the two electronic states. In other words, the overlap of the vibrational

wavefunctions of the anion and the neutral radical formed after photodetachment.
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Figure 1.7.1: Potential energy curves in the ground electron state (Sg) and the correspond-
ing neutral radical (Dg) plotted as a function of the nuclear coordinate. The
VDE is represented by the blue arrow and the ADE by the black arrow.

In a photoelectron spectroscopy experiment, the measured electron binding energies
are characterised as the vertical detachment energy (VDE) and the adiabatic detach-
ment energy (ADE), as depicted in Figure 1.7.1. The VDE is defined as the energy
difference between the anion and the neutral radical when the anion is in its ground
vibrational state. In contrast, the ADE is the same energy difference, but when both
the anion and the neutral radical are in their respective vibrational ground states.
In the experimental data photoelectron data presented in kinetic energy, the VDE

and ADE are assigned as the peak maxima and the onset of a transition, respectively.

In the gas-phase picture, the valence electrons of a molecular anion are weakly
bound, so a single UV photon usually has sufficient energy to initiate photode-

tachment. The mechanisms of electron detachment from molecular anions can be
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classified into direct and indirect detachment processes. Photoelectron spectra will
have contribution from both of these processes. Direct detachment will give rise to
a photoelectron spectrum where the maximum eKE is determined by the overlap of
the Franck-Condon vibrational wavefunction of the ground electronic singlet state
(Sp) with the neutral radical (Dg). In contrast, as the valence electrons are weakly
bound almost all of the electronic excited states of the molecular anion are above the
ADE. Therefore, they are susceptible to indirect detachment and the photoelectron
spectra will have contributions from both direct and indirect detachment. Molecular
anions that do not undergo significant changes in geometry during photodetachment
tend to conserve vibrational energy. Hence, if photodetachment to Dy occurs via a
resonant electronic state, such as S,,, it results in photoelectrons with kinetic energy
eKE ~ hv - E (Dg) - Eyijp. Here, Eyjp, represents the excess vibrational energy in S,

(where Ey;p, = hv—E (8,,)), which is conserved in D.

Often, a single photon of UV light does not provide sufficient energy to initiate
photodetachment, meaning its energy is lower than the VDE. Therefore, there are
two different methods for initiating photodetachment. A non-resonant multiphoton
ionisation, where the ground state absorbs multiple photons and the cumulative
energy is larger than the VDE and there are no nearby resonances at the single pho-
ton level, see Figurel.7.2. Alternatively, resonant multiphoton ionisation, where
the first photon promotes the molecule to an excited state (So — S;,), and then a
second photon exceeds the energy of the VDE. Both these processes are illustrated

in Figure 1.7.2.
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Figure 1.7.2: Schematic energy level diagram illustrating: Left: a non-resonant multipho-
ton ionisation and Right: resonant multiphoton ionisation. Blue arrows are
the photon energy used to initiate photodetachment and red arrows are the ki-
netic energy of the photoelectrons measured in a photoelectron spectroscopy
experiment.

Photoelectron spectroscopy must be conducted under high vacuum conditions to
minimise the scattering of ejected photoelectrons. This presents a unique challenge
when applying the technique to liquids, as these conditions can cause liquid sam-
ples to freeze or evaporate. The liquid microjet delivers the liquid sample into the
vacuum chamber with high-velocity laminar flow. The liquid beam is typically
10-25 um in diameter. These conditions reduce the surface area exposed to vacuum
and maintains the liquid in a stable flow within the laminar region, preventing it
from breaking up into droplets. This and other technical challenges are discussed

in Chapter 2.

The ability to study photochemical dynamics in solution is of great advantage due
to the large influence solvation can have. The solvent can have various implications

on chemical and biological processes [17]. Examples include; the excited-state
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photochemistry [44], structural and function of biomolecules [45], and the ther-
mochemistry of chemical reactions [46, 47]. Time-resolved photoelectron spec-
troscopy utilises the pump-probe technique described earlier. The pump is resonant
with an excited electronic state and the delayed probe pulse detaches the electron,
thus employing a photodetachment via a resonant process (see Figure 1.7.2). The
capabilities of this approach, along with preliminary data, will be discussed and
presented in this thesis. Figure 1.7.3 provides an example of the potential energy

pathways in time-resolved photoelectron spectroscopy.
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Figure 1.7.3: Schematic energy level diagram illustrating electronic and vibrational dy-
namics in a time-resolved photoelectron spectroscopy experiment.

Another added challenge that arises from photoelectron spectroscopy of liquids is
the inelastic scattering of the ejected photoelectrons, resulting in the distortion and
loss of the kinetic energy thus changing the measured distribution. After photoex-
citation the photon is absorbed by the system of interest, resulting in the electron
detaching into the liquid conduction band. The electron travels through the liquid

and then eventually escapes into the vacuum.
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The mean free path (MFP) is defined as the distance the electron can travel through
the liquid before it experiences scattering. The inelastic mean free path (IMFP) is
the average distance an electron can travel before experiencing inelastic scattering,
which results in loss kinetic energy. The elastic mean free path (EMFP) is analogous
to the IMFP but refers to the average distance an electron travels before undergo-
ing elastic scattering, where the electron’s kinetic energy remains unchanged. The
IMFP characteristic plot is commonly known as the universal curve. For kinetic
energies ranging from 0 to 4 eV, the IMFP typically spans from 2 to 3.5 nm. While
the shape of the IMFP curve varies significantly depending on the material, for
liquids, direct measurements are challenging, leading to considerable uncertainty

about the precise shape of the curve [48].

A major challenge in performing liquid microjet photoelectron spectroscopy with
UV laser pulses is the limited universal understanding of the effects of inelastic scat-
tering on low electron kinetic energy (eKE) electrons [26, 49, 50]. Previously, three
methods have been employed to extract accurate electron binding energies. The
method developed by the Fielding group builds upon this prior work by combining
elements of the two earlier approaches[51-53]. This method integrates Monte Carlo
simulations of electron scattering with spectral inversion, based on the assumption
that extreme UV measurements yield the true photoelectron spectra[54]. The differ-
ent concentration profiles associated with solutes of differing solubility were also
taken into consideration. A key finding from their work was that for weakly soluble
organic molecules whose concentration profiles peak around 1 nm or less into a
liquid from the surface of the jet, is that the inelastic scattering is < 0.1 eV which
is around the limit of accuracy of liquid jet measurements. Therefore, for the work
presented in this thesis presented in chapter 5 inelastic scattering can be ignored for

the time-resolved measurements.
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1.8 Summary

This chapter has introduced some of the basic photochemistry/photophysics of
molecules following the absorption of UV and the two experimental techniques.
Studying chromophores in the condensed phase allows us to understand how the
environment affects their dynamics, providing a closer approximation to what their
behavior would be like when they are found in nature. The next chapter will provide
a detailed discussion of the transient absorption and liquid microjet spectrometers
used to record the data presented in this thesis and the data processing and data
analysis tools used to interpret the data. Following this, Chapters 3, 4, and 6 will
present three different transient absorption spectroscopy studies. Finally, Chapter
5 will present and discuss preliminary time-resolved liquid microjet photoelectron

spectroscopy data of aqueous phenolate.



Chapter 2

Experimental Methods

This Chapter outlines the two experimental setups and the procedures for data col-
lection and processing employed to obtain the experimental data presented in Chap-
ters 3, 4, 5 and 6. The first technique discussed is femtosecond-transient absorption
spectroscopy used to study the photoinduced dynamics of aqueous phenolate, sub-
stituted phenolates and derivatives of oxyluciferin. The second technique is liquid-
microjet photoelectron spectroscopy employed as a complementary technique to
transient absorption spectroscopy to investigate the photoinduced dynamics of aque-

ous phenolate.

2.1 The Femtosecond Laser System

A commercially available Coherent Astrella-HE laser system was used to gener-
ate femtosecond laser pulses for all the experiments discussed in this thesis. The
Coherent Astrella-HE laser system is a titanium-doped sapphire (Ti:sapphire) laser
system that includes a Vitara mode-locked oscillator that generates femtosecond
pulses at an 80 MHz repetition rate with a central wavelength of 800 nm. The Vi-
tara is pumped by a Verdi continuous wave 532 nm Nd:YLF laser. Upon leaving
the Vitara, the laser pulses are temporally stretched before entering a regenerative
amplifier, where the Ti:sapphire crystal serves as the lasing medium. A Revolu-
tion nanosecond 527 nm Nd:YLF laser then pumps the crystal. Every millisecond,
a pockel cell traps a pulse inside the cavity, where it is amplified and then finally

emitted. The emitted compressed pulses have been measured to have duration of
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32 fs and a central wavelength of 800 nm. The Coherent Astrella-HE operates at a
1 kHz repetition rate and the outputted pulses are 9 mJ. The 9 mJ, 32 fs pulses are
split among several experimental end stations. For the work presented in this thesis
the focus will be on the transient absorption spectroscopy and the liquid microjet

photoelectron spectroscopy end stations.

2.2 Transient Absorption Spectroscopy

The principles behind transient absorption spectroscopy (TAS) are described in
Chapter 1. A commercial TAS spectrometer, Ultrafast Systems Helios Fire, was
used to record the data presented in Chapters 3, 4, and 6. The Coherent Astrella-HE
provides 2.4 W of power to the TAS setup. Of this, 1.21 W is used to generate
tunable pump laser pulses, while the majority of the remaining power is allocated
to the femtosecond stimulated Raman beam line, with a small proportion used to
generate the broadband probe beam. The tuneable pump beam is generated by an
optical parametric amplifier (OPA, specifically the Coherent OPerA Solo). The
wavelength of the pump beam is confirmed with a spectrometer (ocean optics). For
the work presented in Chapters 4 and 6 it came to my attention whilst writing this
thesis that the spectrometer used to set the wavelength of the OPA had become
uncalibrated in mid 2023, so for measurements made since then, the scattered light
observed in the TAS data was used to define the pump wavelength instead. The 800
nm pulses allocated for the generation of the probe pulses are directed to a cube
retroreflector mounted on a mechanical delay stage with a maximum delay of 8 ns,
achieved by two double passes. The 800 nm pulses are then focused into a crystal,
where the broadband probe is generated. The Helios system uses three different
crystals for the generation of the probe pulses, each tailored for specific wavelength
ranges: 350-650 nm (UV, calcium fluoride), 450-750 nm (visible, sapphire) and
800-1600 nm (near-infrared, YAG). The pump pulse is directed by mirrors through
a lens tube, allowing the focal length, and thus the spot size of the beam to be
adjusted. The pump pulse is focused around 1 mm in front of the sample cell win-

dows to avoid burning sample on to them. Both the pump and probe pulses are then
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spatially overlapped within the sample. This is achieved by adjusting the pointing
of the final pump mirror before the sample holder. Pump-on and pump-off mea-
surements are achieved by passing the pump beam through a mechanical chopper
operating at 500 Hz, half the repetition rate of the laser. The probe beam travels
straight through the sample to the CCD detector for UV and visible or to a fibre

detector for the nIR.

There are two options for sample holders: a cuvette that can be rastered or a
Harrick flow cell used with a peristaltic (Masterflex 77390-00) pump. The Harrick
flow cell can be constructed with varying path lengths (6 uM to 1 mm), with a
100 um path length used for the results presented in this thesis. The peristaltic
pump that flows the liquid sample through the cell ensures each laser pulse interacts

with fresh sample.

When setting up a TAS measurement, both the pump and probe beams are first
aligned down the table. In the Helios software, the desired probing region is se-
lected, prompting the software to move a mirror to the corresponding crystal for
generating the broadband probe pulse. The probe spectrum is optimised by adjust-
ing a neutral density filter to control how much 800 nm light it is pumped with. The
optimal position is when a broad stable white light spectrum spanning the entire
desired wavelength region required can be observed on the software, an example

spectrum is displayed in Figure 2.2.1.
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Figure 2.2.1: Example of the probe pulse white light spectrum generated from focusing a
800 nm pulse into a sapphire crystal.

The polarisation of the pump pulse is set using a Berek waveplate so that the relative
polarisations of the pump and probe pulses are at the magic angle. Spatial overlap of
the pump and probe pulses is then found using a reference sample that gives a very
large absorption signal, usually zinc porphyrin. The pump pulse should be larger
than the probe pulse at the point of spatial overlap to ensure only the excited state
population is probed. Time zero is then defined in the Helios software as the pump-
probe delay time at which the absorption signal begins to grow on the blue edge of
the spectrum. Before time zero there should be no signal. Then the pump power is
adjusted using a neutral density filter to the value desired for the experiments. The
sample of interest, typically in a Harrick flow cell, is then placed in the path of the
overlapping pump and probe beams. This setup is mounted on a small translation
stage, which is adjusted to ensure that the laser pulses overlap in the middle of the
cell. Scattering of the pump laser is often detected, and to reduce this signal, the
probe beam directed to the detector is often irised. The pump-probe delay times are

then defined in the software and then the data can be collected.

2.3 Pre-processing of Transient Absorption Spectra

Before a TAS spectrum can be interpreted some steps to process the data have to be
undertaken. Specifically, these steps involve subtracting the solvent-only spectrum

from the solute spectrum, background subtraction to remove any time independent
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contributions, and finally performing the chirp correction. All processing of TAS

data in this thesis was carried out using the Surface Xplorer software.

2.3.1 Solvent Subtraction

When recording a TAS spectrum of a solute, it is considered best practice to also
record a spectrum of the solvent without the solute. This solvent-only spectrum
serves as a reference, helping to identify any background signals or artifacts arising
from the solvent itself. This ensures that the recorded data accurately reflects the
true dynamics and spectral features of the solute under study. In the Surface Xplorer
software this is a built in feature that simply allows the data matrix of the solvent
to be subtracted from the solute. All transient absorption spectra in this thesis were
recorded in aqueous solution, so no solvent features were observed. Solvated elec-
trons can be generated in aqueous solution; therefore, the pump power used was
kept low enough to avoid this issue. An example of TAS data before and after sol-
vent subtraction is presented in Figure 2.3.1. There is minimal difference between
the before and after subtraction data since the solvent spectrum has zero signal. Sol-
vent subtraction can add noise to TAS data and is not always necessary if there is

no solvent signal.
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Figure 2.3.1: An example of transient absorption data before and after solvent subtraction.
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2.3.2 Background Subtraction

To eliminate any non-time-dependent contributions to the spectrum, a background
subtraction is performed. An example of such a contribution is scattered light from
the pump beam reaching the detector. The process involves averaging several spec-

tra recorded before time zero and subtracting this average from the entire dataset.

2.3.3 Determining the Instrument Response Function

The IRF defines the temporal resolution of the experiment. The solvent-only data is
fitted to a sum of Gaussian functions at various probe wavelengths using the Surface
Xplorer software. This fitting process determines both the IRF and the position of
to at each specific probe wavelength. The instrument response function (IRF) for
the data present in Chapters 3, 4 and 6 are all determined in the following way. An
example fit to determine the instrument response function is displayed in Figure

2.3.2.
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Figure 2.3.2: An example fit to determine the IRF. Fit is conducted at a probe wavelength
of 620 nm and the IRF was found to be 0.17 ps.

2.3.4 Chirp Correction

At early pump-probe delay times, it is typical to observe the signal shifting from
blue to red wavelengths due to the difference in the group velocity of each wave-
length. This phenomenon is known as chirp. In other words the longer wavelengths

arrive later in time than the shorter ones [31]. The chirp correction must be carried
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out on every TAS data set to determine the true value for time-zero. The chirp cor-
rection is carried out in the Surface Xplorer software where the following function
is fit to the data:

bAZ—1

o = ——— +d. 2.3.1

Figure 2.3.3 shows example transient absorption data before and after chirp correc-

tion.
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Figure 2.3.3: An example of transient absorption data before and after chirp correction

Where a,b,c,d are the parameters determined during the fit, A is the wavelength,
and 7( is time zero. The chirp was corrected using a spectrum of the neat solvent,
which in this thesis is water, where a non-resonant pump-probe signal can be clearly
observed at time zero for all probe wavelengths. This signal has been attributed to
impulsive and stimulated Raman scattering of both the pump and probe pulses [55,

56].

2.4 Analysis of Transient Absorption Spectra

TAS data is challenging to interpret due to the high likelihood of numerous over-
lapping absorption features in the spectrum (see Chapter 1 Section 1.6). These
features are also likely to have different timescales associated with them and thus

the dynamics typically involve various overlapping signals, resulting in a mixture of
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different components in the kinetics and amplitudes. There are various approaches
to deconvolute the overlapping spectral signals such as applying a kinetic model
to the data or employing a global analysis method. A kinetic model is typically
applied when there is some level of understanding of the dynamics present in the
TAS spectrum. When there is less prior knowledge about the system it is often

more appropriate to employ a global analysis method.

For the data in Chapter 3 all possible contributions to different spectral regions
were considered, and they were systematically removed so that instrument func-
tions convoluted with exponential rises and decays could be fitted to extract the
relevant time constant. Various software packages exist for the analysis of TAS data
examples are Glotaran, Pyglotaran, and KOALA [57, 58]. For the deconvolution
of the dynamics in the TAS data presented in Chapters 4 and 6 the University of
Bristol’s KOALA software was employed[59]. This software extracts the kinetics
by fitting a basis function to each feature in the TAS spectrum at every pump-
probe delay time. The details of how this analysis was approached in this thesis
is described in Chapters 3, 4 and 6, focusing on the study of the photooxidation
dynamics of phenolate in aqueous solution, the impact of methyl-group substitution
on the photooxidation dynamics of phenolate in aqueous solution, and the emission

properties of bioluminescent emitters, respectively.

2.5 Liquid-microjet Photoelectron Spectroscopy

Liquid-microjet photoelectron spectroscopy (LJ-PES) is a powerful experimental
technique that allows for the measurement of electron binding energies to be mea-
sured directly for molecules in aqueous solution. A schematic diagram of the UCL
liquid-jet photoelectron spectroscopy experimental apparatus is displayed in Fig

2.5.1.

The spectrometer in comprised of three sections: the interaction chamber, time-of-
flight (TOF) chamber and the detection chamber. In the interaction chamber, as

displayed in Figure. 2.5.1, the solution is pumped through a 20 um fused silica
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Figure 2.5.1: Schematic diagram of the liquid-microjet photoelectron spectrometer. The
inset displays the interaction region of the spectrometer and shows; (1) 1 T
magnet, (2) assembly holding the liquid-microjet nozzle, (3) the skimmer,
(4) the catcher, (5) the heating element for the catcher, (6) inner PTFE sleeve
with a groove for the solenoid, (7) the solenoid, (8) outer PTFE sleeve and (9)
double p-metal tube. (10) cold trap. (T1-4): are the turbomolecular pumps
operating at speeds of 1000 (T1), 600 (T2 and T3) and 220 (T4) 1s~!. While
there is liquid a pressure of around 2x 10~ mbar is achieved in the inter-
action region. (M1-3): xyz translation stages which allow for movement of
the liquid-microjet (M1), the magnet (M2), and the catcher (M3). (C1-2):
CMOS cameras used to aid alignment of the liquid-microjet to the catcher
(C1) and observe the flourescence of the phosphor screen behind the mi-
crochannel plates (C2). The time-of-flight chamber has (11) a flight tube and
(12) a drift tube. The detection chamber contains a double-stack microchan-
nel plate (MCPs). Reproduced from Ref. [60]

nozzle (2) by a high-performance liquid chromatography (HPLC) (Microliquids
02) pump. The flow rate of the HPLC pumps was optimised for each experiment in
order to help minimise the streaming potential (see Section 2.5.5). For a solvent of
water the pump was typically operated with flow rates between 0.5-0.8 mL min~".
Usually, the jet of liquid is aligned at atmospheric pressure to be in the centre of
the 500 um hole in the top of the heated catcher (4) using the M1 motors and
then is recirculated. However, due to some technical problems with the motors
this meant that for the results presented in Chapter 5 the catcher could not be used.
Therefore, a liquid nitrogen cold trap mounted in place of the catcher was used.
Experiments could be conducted for approximately 6 hours before the trap was full.

The nozzle tip should be ~2 mm above the point of ionisation and then the catcher

should be ~1 mm below this. For the case of the cold trap the nozzle tip should
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also be ~2 mm above the point of ionisation. The stream of liquid maintains lami-
nar flow for approximately 3-4 mm. A peristaltic pump was operated between 160

- 170 rpm to efficiently removed the liquid from the bottom of the catcher assembly.

Within the interaction region there is a 1 T magnet (1) mounted on a xyz trans-
lation stage (M2) and opposite is the skimmer (3). There is also a gas nozzle used
for calibrating the spectrometer with xenon and nitric oxide gas. Components in the
interaction region are coated in Aquadag, a water based colloidal graphite coating.
The graphite is applied to the the magnet, skimmer, catcher, liquid microjet nozzle,
and gas nozzle. This ensures all components in the interaction region have the
same work function and therefore, a constant vacuum level around the ionisation
point. For operation during experiments the nozzle is positioned in the centre of
the skimmer and the magnet with ~2 mm of space either side. The alignment
of the magnet and the laser can be checked with the CMOS camera that images
the phosphor screen with +5000 V applied to it. The distribution of the photo-
electrons on the phosphor screen can be monitor while ionising Xe (2+1) with
249.7 nm. This will produce a line of photoelectrons on the phosphor screen, which
corresponds to electrons emitted along the axis of the laser. The length of the line
corresponds to the skimmer diameter. The alignment is optimised when the line
of photoelectrons its sharpest. The femtosecond laser light interacts with the lig-
uid perpendicular to the axis of the magnet and the skimmer. The photoelectrons
ejected from the liquid are directed by the magnet through the skimmer into the
TOF tube. A turbomolecular (Leybold TURBOVAC 1000c) differentially pumps
the interaction region to a pressure of 2 x 107> mbar during operation with the
liquid-microjet running, and approximately 1 x 10~® mbar without it. This pump
operates at 1000 1s~! and is backed by a rotary pump (Edwards 28) with a max-
imum operating speed of 32.3 m*h~!. The TOF region is differentially pumped
by two turbomolecular pumps (Leybold TURBOVAC 600c) operating at 600 1s~!
maintain a pressure of 2 x 10~/ mbar. The detector region has another smaller

turbomolecular pump (Edwards EXT250) operating at 250 Is~! and the pressure in
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this region is 4 x 10~/ mbar. The turbomolecular pumps in the TOF and detector
regions are backed by two scroll pumps (Leybold Scrollvac SC15D and SC30D)

and they have maximum pumping speeds of 15 and 30 m*h~!, respectively.

2.5.1 Optical Layout

Section 2.1 discusses in greater detail the optical layout for femtosecond laser sys-
tem employed in these experiments (Figure 2.5.2). Figure 2.5.2 is a schematic dia-
gram of the pump and probe beam lines from the laser system to the chamber. The
pump beam is generated by an optical parametric amplifier (OPA, Coherent OPerA
Solo) providing tuneable wavelengths from 235-2600 nm. When two-colour ex-
periments are performed, the probe is generated by the process of third harmonic
generation (THG). A portion (1.47 W) of the 800 nm pump laser is passed through
a B-barium-borate (BBO) crystal to frequency double via second harmonic genera-
tion (SHG). The 400 nm produced is then spatial and temporal overlapped with the
residual 800 nm to produce 267 nm from the process of THG. For time-resolved ex-
periments, the 267 nm probe beam is delayed mechanically with respect to the pump
beam using a 125 mm delay stage (Newport, DL125). After the delay stage the
probe beam is reflected off a dichroic mirror (chosen depending on required wave-
lengths) and the pump beam is transmitted through the back of the same dichroic
mirror. This makes the beams collinear and then they are directed by three mirrors

to a lens with a 30 cm focal length where both beams are focused into the chamber.
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Figure 2.5.2: Diagram of the optical layout. 800 nm beams are shown in red and all UV
beams are displayed in blue. The Astrella-HE provides 800 nm which is di-
vided by a beam splitter to the OPA and the third harmonic generation (THG)
unit. The OPA arm generates the tuneable pump beam and the THG arm
generates the 267 nm probe. The probe beam is delayed with respect to the
pump beam with a mechanical delay stage. Then both beam are combined
with a dichoric mirror, and from here travel collinear with one another to the
vacuum chamber. Mirrors are labelled M1-MS.

2.5.2 Interaction Region

Figure 2.5.3 is a photograph of the inside of the vacuum chamber, showing the inter-
action region where the laser pulses interact with either a liquid or gas to generate
photoelectrons. The liquid micro-jet nozzle is inserted into the interaction region
and sits between the skimmer (1) and the magnet (2). The liquid stream is aligned
into the recirculating catcher (note the procedure for doing this is described in Sec-
tion 2.5.6 ) (3) to remove the liquid from the vacuum chamber. The strong 1 T
magnet is comprised of two magnetised cylinders made of SmyCoy7. The tip of the
magnet is a 15 mm iron cone. As stated previously, photoelectrons are generated
by the laser pulses interacting with either the liquid or gaseous sample. Once gen-
erated, the ejected photoelectrons are directed by a 1 T permanent magnet, which is
mounted on an XYZ translation stage to ensure precise alignment of the magnetic
bottle. The magnet’s tip is positioned 1 mm away from the microjet nozzle and
2 mm from the skimmer. The skimmer, with a 300 um orifice, allows for differen-

tial pumping between the interaction region and the time-of-flight chamber. After
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passing through the skimmer, the photoelectrons travel down the flight tube, where
their velocities are measured to determine their kinetic energies. Photograph of the

nozzle is shown in Figure 2.5.4

Figure 2.5.3: Photograph of the interaction region. 1. Is the skimmer, 2. Soft iron cone of
the 1 T magnet, 3. catcher and, 4. Torch, so inside of chamber can be seen
on camera. The skimmer, magnet, catcher and liquid microjet nozzle (when
present) are all graphite coated to ensure they have the same work function,
which minimises the potential gradients.

N
Figure 2.5.4: Photograph of the the graphite coated 20 pum fused silica nozzle.

2.5.3 Magnetic Bottle Time-of-Flight Spectrometer

The UCL liquid microjet spectrometer employs a magnetic bottle time-of-flight

(TOF) method to measure the photoelectrons. Although various other detection
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methods are available, such as velocity map imaging and hemispherical analysers
[61, 62], the magnetic bottle TOF technique is preferred for its high collection ef-
ficiency and ability to detect low-energy electrons effectively. TOF spectroscopy
operates on the simple principle: a photoelectron is ejected and travels a known
distance before its arrival time is recorded by a microchannel plate (MCP) coupled
with a phosphor screen (Beam Imaging Solutions, BOS-25). From the recorded

arrival time, the velocity of the photoelectron can be determined using the equation:

d
V= —.
!

(2.5.1)
Where v is velocity, ¢ is the measure arrival time, and d is the distance traveled.
From the determined velocity the kinetic energy of the photoelectron can be deter-
mined from:

L

E,= Emev . (2.5.2)

Where E} is kinetic energy, m, 1s the mass of the electron, and v is velocity. The
magnetic bottle component of the spectrometer is formed by combining the mag-
net in the interaction region (see Section 2.5.2) with a solenoid placed in the drift
tube. The 1 T magnet provides a strong inhomogeneous magnetic field in the in-
teraction region; the solenoid provides a weak homogeneous field of 2 mT, which
was previously determined. Pressures of ~ 5 x 10~/ mbar are maintained, with the
liquid microjet running, through the use of differential pumping which is essential

to reduce electron scattering and allowing for the operation of the MCP detector.

2.5.4 Conversion of Time-of-Flight Data to Photoelectron Ki-

netic Energy

Data recorded using the UCL spectrometer is collected in the form of electron
counts as a function of their TOF. The raw data has to first be transformed into
electron kinetic energy and then has to be corrected for the instrument function
(efficiency of collection efficiency as a function of electron kinetic energy), the

streaming potential and the vacuum level offset (see Section 2.5.5). To calibrate
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the spectrometer we use gaseous specious (NO and Xe), which have well known

ionisation potentials so can be used to convert of TOF to eKE.

Figure 2.5.5 is an example calibration curve, with the magnet in the close posi-

tion. A series of non-resonant multiphoton ionisation TOF spectra of nitric oxide

(NO) vibronic transitions (X2I1,, v’= 0) — NO (X! Y, v*) and the resonant
2

xenon (Xe) 'Sy — 2P; | transitions are recorded at both magnet close and magnet

3
29

[

far positions.
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Figure 2.5.5: Exemplar calibration curve for magnet close position. Kinetic energy of pho-
toelectrons from non-resonant NO vibronic transitions (circles) NO (X?I1;,
2

v’=0) — NO (X' ¥, vT) and resonant Xe transition 'Sy — 2P% 1 (squares).

Figure 2.5.7 shows an example of four No spectra recorded in the magnet close
position. Both are required as experimental data is recorded in the magnet close
position, but the streaming potential measurements are made in the magnet far po-
sition (see Section. 2.5.5). This is because the jet is translated during the streaming
potential measurements and there is not enough space to do so if the magnet is in
the close position. Wavelengths range from ~ 235 - 266 nm. Measurements with
the magnet in the close position are carried out with the magnet tip ~ 2 mm away
from the ionisation point and the magnet in the far position is ~ 8 mm away. The
ionisation energies of NO and Xe are well known [63, 64] and therefore, can be

used to determine the conversion between TOF and eKE. As displayed in Figure
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2.5.5, the expected kinetic energy of the electrons from the ionisation of NO and Xe
are plotted against the measured TOF of the photoelectrons. The peak maxima of
each vibronic transition in NO is determined by fitting a Gaussian function. From
the known ionisation potential and the photon energy used to ionise the electron

kinetic energy (eKE) can be determined by the following equation:

eKE = nhv — IP, (2.5.3)

n is the number of photon, A4V, and IP is the ionisation potential. The peak maxima
of the NO vibronic transition and Xe are plotted against eKE. The peak positions

are then fit to with the following function:

me  §%

eKE is the expected electron kinetic energy from the measured multiphoton ionisa-
tion of NO and Xe, m, is the mass of the electron (9.11 x 103! kg), s is the length
of the TOF tube, ¢ is the measured TOF of each transition, 7 is the temporal offset
between the laser trigger and the digitiser, and Ej is the energy offset that accounts
for any stray electric fields. The calibration constants obtained from the fit in Figure
255are s=0.70£0.01 m, ¢t =65+3ns, and £y = 0.97 £0.02 eV. For all data
presented in Chapter 5 the calibration was recorded on the week the experiments

were conducted.

The obtained calibration constants from Equation 2.5.4 were then used to con-
vert the TOF data to eKE, and an example of this transformation is shown in Figure

2.5.6.
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Figure 2.5.6: 1+1 resonant detachment of 0.1 mM Phenolate with 1.8 mM NaOH.
Apump =287 nm and Aprope =267 nm. Left: shows the raw experimental data
plotted in time-of-flight. Right: Plot of the transformed data to kinetic en-
ergy. Jacobian transformation has been applied.

The relationship between the TOF of the photoelectrons and their kinetic energy
is non-linear. The flight time of the photoelectrons is determine by recording their
arrival time at the MCP detector as a histogram. The photoelectron counts are sorted
into 0.5 ns bins. The points in TOF are equally spaced and once transformed to eKE
the lower energy electrons become closer together and the higher energy electrons
are more spread out. Thus, the TOF spectra have to be appropriately scaled with a

Jacobian transform, shown in Equation 2.5.5, 2.5.6.

deKE
/ S(eKE)deKE = / S(eKE(1)) = dr. (2.5.5)
Substituting for the derivative of eKE:
2
/S(@KE)CZCKE = /S(GKE(t))memdt (256)
—1lo

The intensity of each bin in TOF must be multiplied by the Jacobian factor,

2
s
n, (

- This ensures the intensity of the eKE spectrum is correctly scaled.
0)3

Atlow eKE (<~ 0.3 ev) the collection efficiency of the spectrometer is much lower.
As the eKE tends towards zero the influence of stray fields is greater and thus the

reduction in collection efficiency at lower eKE has to be characterised. In order to
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determine the collection efficiency of the spectrometer, referred to as the instrument

function, NO spectra were recorded at photon energies between 235-250 nm, four

example spectra are shown in Figure 2.5.7.
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Figure 2.5.7: Example spectra of the multiphoton ionisation of No recorded at 235.0 nm
(top left), 240.7 nm (top right), 242.9 nm (bottom left) and 249.7 nm (bottom
right). Black lines represent the experimental data. Red, green, dark blue and
light blue Gaussians represent the V* = 0,1,2, and 3 states of NO™, respec-

tively.

All photoelectron spectra are normalised to the v = 0 transition, since it can be

observed at all photon energies. Figure 2.5.8 shows an example fit to determine the

instrument function. The data points are fit to with an exponential decay (Equation

2.5.7), this is to determine the low energy cut-off which will be approximately the

x-intercept.

S(eKE) = Ae

ale

(2.5.7)
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Figure 2.5.8: An example of the instrument function. Relative intensities of the v =1
(green), v™ = 2 (dark blue), and v = 3 (light blue) transitions of NO plotted
as a function of eKE. All the peak heights are scaled relative to the v = 0.
The vt =1 (green), v = 2 (dark blue), and v = 3 (light blue) transitions
are then normalised to peaks with energies of 0.3 eV within the same vibronic
transition. The black line is the exponential function (Equation 2.5.7). Then
typically the parameters determined from the fit are used to correct the pho-
toelectron data for the decrease in collection efficiency.

S(eKE) is the normalised intensity of the NO vibronic transitions, A and T are
the parameters that are fit to. All photoelectron spectra in Chapter 5 are divided
by the instrument function. The instrument function fit is approximate because it
increases to infinity as the exponential function tends towards zero. This is not a
true representation, so we cut off our photoelectron spectrum at very low eKE. The
spectra presented in Chapter 3 are preliminary, and an accurate instrument function
was not recorded at the time. Therefore, they are cut off for kinetic energy < 0.3 €V,

although previously, the value would be in the region of < 0.1 eV.

2.5.5 Streaming Potential and Vacuum Level Offset

Photoelectron spectra of liquids are also effected by the streaming potential of the
liquid microjet. This streaming potential is the electrostatic charging of the liquid.
The liquid microjet nozzles are made of quartz or crystalline silica meaning an
electric double layer can form at the liquid-nozzle interface. This results in a build
up of electrostatic charge and thus induces an electric field that can raise or lower

the vacuum level with respect to the skimmer. The gradient between the ionisation
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region and the skimmer, depending on the amplitude and sign of this streaming
potential causes the ejected photoelectrons to be accelerated or decelerated which

shifts the measured photoelectron spectra to higher or lower eKE.

Three methods have been employed in the literature [65-67] for reducing the
streaming potential: the addition of salt to the solution, the changing of the flow
rate to alter the velocity profile of the liquid-jet and the application of a voltage bias
to the solution [61, 68]. For all measurements in this thesis a low concentration of
sodium hydroxide (NaOH), ~ 1.8-2 mM, was added to deprotonate phenol to make
phenolate and also minimise the streaming potential. This minimises the streaming
potential effectively, and then to get it to as close to zero as possible the flow rate is

adjusted, 0.6-07.5 mL min—!.

In order to correct the measured photoelectron spectra for the streaming potential
it must be experimentally quantified. This is achieved by recording photoelectron
spectra of the Xe'Sy —2 P% transition at different distances between the liquid-
microjet and the skimmer. The magnet is translated to the far position for these
measurements to ensure the nozzle does not hit it. Then in increments the nozzle
is moved away from the ionisation point and a photoelectron spectrum is recorded
at each distance. An example of a streaming potential measurement and fit is

displayed in Figure 2.5.9.
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Figure 2.5.9: Plot of the measured eKE of the multiphoton ionisation of Xe (black circles)
to its 2P state at 249.7 nm as a function of distance from the liquid jet. The
solid liné is the fit of Equation 2.5.9 to the data. This example has a streaming
potential of Pgiream-pot=—0.24 €V and Vy = 0.085 eV .

The eKE points of the Xe transition are plotted as a function of the distance from the
interaction region, see Figure 2.5.9. These points are then fit to with the following

equation:

In ( 2Yx—0—x )

ln( 2(Y+)C) —r )

r

D (x) = Pytream-pot . (2.5.8)

Diream-pot 18 the streaming potential, Y is the distance between the skimmer and the
ionisation point, x is the distance between the liquid micro-jet and the ionisation
point, r is the radius of the liquid micro-jet. The following equation describes the
measured kinetic energy:

1n(2Y+x)

eKEeasurea = €KEgrye — q)stream-pot — V. (2.5.9)

h’l( 2(Y+rx)fr)

eKEe 1s the electron kinetic energy in the absence of any fields and Vj is the
vacuum level offset. The vacuum level offset is another essential parameter that
must be considered. It describes the difference in vacuum level between the solution
and the spectrometer. Equation 2.5.9 is fit to the measured Xe peaks at different
distances from the skimmer to extract the vacuum level offset and the streaming

potential. We aim to have a completely flat potential in the interaction region.
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Figure 2.5.10: Schematic energy level diagram illustrating the relative electronic energy
levels of all components within the UCL spectrometer. In the interaction re-
gion of the spectrometer the skimmer, magnet, liquid-jet nozzle and catcher
are all coated in graphite. Pgraphite and Pypalyser represent the work functions,
EF is the Fermi level, and E,,. is the vacuum level. (a) Example without the
liquid jet present. There is no potential gradient between the magnet and the
skimmer. (b) The liquid jet is added resulting in a potential gradient due to
the different work function of the jet. In this example the photoelectrons will
be accelerated. (c) Adjusting the flow rate or concentration of electrolytes
in the liquid flattens the potential between the magnet and the skimmer. Re-
produced from Ref. [42].

The vacuum level offset is another parameter that is determined from Equation
2.5.9. It represents the difference between the measured kinetic energy of Xe and
its true value. The offset (V) represents the energy difference between the conduc-
tion band and the vacuum level. During experimental measurements, the measured
photoelectron kinetic energies are likely to vary due to the difference in vacuum
level between the solution and the analyser, [69]. Figure 2.5.10 (b) illustrates how

introducing the liquid jet into the interaction region creates a potential gradient.
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2.5.6 Overall Operation

This sections described the method of operating the UCL liquid micro-jet photo-
electron spectrometer. At atmospheric pressure the micro-jet assembly is put into
the source region of the chamber. Typically the liquid micro-jet would then be
aligned with the recirculating catcher but, the motors during the time of experi-
ments were broken. Therefore, a cold trap was used instead. If the catcher was in
use, the liquid microjet nozzle would be moved using the motors, and the CMOS
camera (iDS, UI-3250LE-M) would be used to visualise its position. The cold trap
is removed from the vacuum chamber to ensure the liquid stream is coming through
centrally and if not it is adjusted by manually moving the motors. Next liquid nitro-
gen is place under the cold trap to freeze the liquid collected in it. The source region
of the chamber can now be pumped down. To do this the backing line to the source
turbo is closed and then the roughing line is opened. With the cold-trap assembly
this can be opened quickly as turbulence of the jet will not misaligned it from the
cold trap but, if the catcher is in use this should be done very gradually. Once the
pressures in the TOF and detector regions reach ~ 10~2 mbar the three gates valves
for the TOF and detector region can be opened. The pressures in the TOF and de-
tector region fall to between ~ 107- 10~ mbar. The pressure in the source region
will now be around ~ 10~ mbar. Next the cold trap in the source region is filled
with liquid nitrogen, lowering the pressure to ~ 3x10~3 mbar. Now the roughing
line in the source region is closed and the turbo backing line is then opened. After
this the source region gate valve can be opened and the pressure will reach between
~3 x 1074-8 x 107> mbar. Now the liquid micro-jet is then aligned to ensure that
the laser light hits the liquid in the laminar flow region, located 3-4 mm below the
nozzle tip. This distance can be measured using the CMOS camera software, which
is employed for viewing inside the interaction region. The magnet is moved to the
far position and the streaming potential is now recorded. The streaming potential is
minimised until its amplitude is less than 0.1 eV. Once an optimal streaming poten-
tial is achieved photoelectron spectra can be recorded. The photoelectron signal is

recorded by a double-stack microchannel plate (MCP) coupled to a phosphor screen
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(Beam Imaging Solutions BOS-25-IDA-CH-MS). Originally, the signal would then
be amplified (20V/V, Ortec 9326) although this was found to be no longer needed
for the work presented in Chapter 5 of this thesis, after the MCPs were replaced.
The photoelectron signal is then digitised (Keysight U5S309A) and the electron ar-
rival times are recorded relative to the laser trigger. This is interfaced with a custom

LabVIEW software used to record and visualise the photoelectron spectra.

2.5.7 Time-resolved Experiments

Developing the capability for time-resolved experiments was an important develop-
ment that was undertaken for the work that is presented in this thesis. This section
will describe the method of time-resolved photoelectron spectroscopy (TRPES).
The current design uses two UV light pulses and employs a standard pump-probe
technique. The pump pulse is provided by an OPA (Coherent OPerA Solo) and is
tuneable from ~ 235-2600 nm. The 266 nm probe pulse generated by THG. The
beam line is shown in detail in Section 2.5.1. The pump pulse promotes the popula-
tion from the ground electronic state to a higher lying one. This is followed by the
probe pulse, with a known time delay with respect to the pump pulse. The probe
initiated the photodetachment and then spectra are recorded at multiple pump-probe
time delays to build a picture of the dynamics of the system of interest. First, the
pump and probe laser pulses have to be spatially and temporally overlapped on the
lamina region of the liquid jet. Temporal overlap is roughly found by the use of a
fast photodiode and a 500 MHz Oscilloscope (LeCroy Waverunner 6050A). This al-
lows the observation of temporal overlap within 200 ps, as the maximum resolution
1s 200 ps/division. In order to precisely find where on the delay stage the pump and
probe pulses overlap, known as time zero (fy), a scan of the delay stage can be per-
formed. Figure 2.5.11 displays an example phenolate data set with the normalised
photoelectron signal plotted as a function of pump-probe delay time. The delay
stage provides a method to delay the probe pulse with respect to the pump pulse by
increasing the distance the probe has to travel. A Newport (DL125) 125 mm stage is
used. Typically, time zero would be found, and the instrument function determined

by multiphoton ionisation of Xe with 249.7 nm. However, there was no access to
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Xe at the time of recording this data.
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Figure 2.5.11: Pump-probe delay scan following 1+1 resonant detachment of 0.1 mM Phe-
nolate with 1.8 mM NaOH. A,,,,, =287 nm and A5 =267 nm. Experi-
mental data (circles) and the biexponential fit (solid line) to the experimental
data are plotted.

2.6 Summary

This chapter presented two experimental techniques employed to recorded the ex-
perimental data in Chapters 3, 4, 5 and 6: transient absorption spectroscopy and
liquid microjet photoelectron spectroscopy. It described the principles of each tech-
nique, their operation, and how to interpret the resulting data. The first half of the
chapter focused on transient absorption spectroscopy, beginning with an introduc-
tion to the femtosecond laser system. It then described how the transient absorption
data presented in Chapters 3, 4 and 6 was recorded. The steps for processing the
raw data and the subsequent analysis were then discussed. Next, liquid microjet
photoelectron spectroscopy was discussed, starting with a detailed focus on the ex-
perimental apparatus and its components. The process of calibrating the spectrom-
eter was then covered, including how to account for the streaming potential and
vacuum level offset. The chapter also described the standard operating procedures
for recording data on the UCL liquid microjet photoelectron spectrometer. Finally,
the steps for setting up the time-resolved liquid microjet photoelectron spectroscopy

experiments, a capability developed during this thesis, were explained.



Chapter 3

The Wavelength Dependent
Mechanism of Phenolate

Photooxidation in Aqueous Solution

Phenolate photooxidation plays a crucial role in various biological processes, yet
the exact mechanism of electron ejection has been a subject of debate. In this Chap-
ter, we discuss the results of a comprehensive study that combines femtosecond
transient absorption spectroscopy, with high-level quantum chemistry calculations
carried out by Anton Boichenko under the supervision of Anastastia Bochenkova
(Moscow State University), and liquid microjet photoelectron spectroscopy mea-
surements performed by William Fortune to explore the photooxidation dynamics
of aqueous phenolate across a range of excitation wavelengths. These wavelengths
span from the onset of the So—S; absorption band to the peak of the Sp—S, band.
Our findings indicate that for wavelengths > 266 nm, electron ejection occurs from
the S; state on two timescales into the continuum associated with a contact pair
where the PhO’ radical is in its ground electronic state. Conversely, for wavelengths
< 257 nm, electron ejection also occurs into continua associated with contact pairs
containing electronically excited PhO’ radicals. These excited contact pairs exhibit
faster recombination times compared to those with PhO’ radicals in their ground

state.
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3.1 Motivation

The phenolate anion is a common molecular motif present in many chromophores,
and thus can be used as a model system for larger and more complex biological
systems. Examples of these systems are chromophores including the photoactive

yellow protein (PYP) and the green fluorescent protein (GFP). [8—10, 23, 70]

After photoexcitation with ultraviolet (UV) light, the phenolate anion in aqueous
solution undergoes photooxidation to form a solvated electron (e~ (,4)) and the neu-
tral phenoxy radical, PhO’. UV induced photooxidation is known to be important
in various photochemical reactions, such as the photocycle in fluorescent proteins;
however it has also been reported to have deleterious effects, such as photodamage

in DNA. [41, 71, 72]

Photooxidation of molecules in aqueous solution is also of fundamental interest.
The solvated electron represents the simplest form of an anion in solution, since it
doesn’t have any nuclear structure. Within a living cell, the water exposed to UV ra-
diation will undergo ionisation and produce solvated electrons and OH radicals also

making the dynamics of solvated electrons important in biochemical processes [73].

Phenol has been studied extensively in both the gas- and condensed-phases [74,
75]. After photoexcitation at a 267 nm, which directly populates the first 7r*
state (S1), the timescale for electron ejection in aqueous phenol is reported to be
on a nanosecond timescale. [75, 76]. This process results in the loss of both an
electron and a proton. However, it is important to note the dissociative 7G* state
is absent in phenolate, and the timescale of electron ejection is drastically different
at the same excitation wavelength. Oliver et al. also followed the dynamics after
photoexcitation at 200 nm and the photoproducts (solvated electron and phenoxy
radical) However, a key difference was noted in the formation timescales; following

200 nm photoexcitation, the electrons are ejected immediately.
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Prior to the work in this chapter, there were three transient absorption (TA) studies
of aqueous phenolate. The earliest work used picosecond-TA spectroscopy [77]
and followed the dynamics after photoexcitation at 265 nm. The peak of the So-S;
absorption band is 287 nm and therefore, 265 nm lies very high in the first absorp-
tion band (Figure 3.2.1). The electron ejection in these experiments was observed
to be on a timescale shorter than the experimental resolution of 27 ps. This study
was followed by a femtosecond-TA [78] study using a photoexcitation wavelength
of 266 nm, similar to the picosecond-TA study. Time-resolved fluorescence spectra
were also reported, and the S (17r7r*), as fluorescence lifetime was established to
be 22 ps; this lifetime was then fixed for the TA analysis. S ("n*) will now be
referred to as S;. After a detailed global target analysis, two timescales for electron
ejection were obtained. The first, 1.4 ps, was assigned to be from vibrationally hot
S1. The second involved the vibration relaxation (VR) of the excited state popula-
tion to the vibrationally cold S; state, and subsequent ejection of the electron on a
timescale of 22 ps. These timescales differ significantly from the typical timescale
of charge transfer to solvent (CTTS) reactions of inorganic anions, in which the
timescale is usually less than 100 fs. A subsequent, and the most recent study also
made use of femtosecond-TA [79]. However unlike the earlier two measurements,
the photoexcitation wavelength was 257 nm. This lies between the first and second
absorption (So-S; and S¢-S;, where S, is the Znn* state) bands. The observed dy-
namics differ significantly, with only one timescale observed for electron ejection,
occurring on an approximately 500 fs. This is comparable to the timescale of CTTS
observed from iodide [79]. This study concluded, that only rapid electron ejection
is observed. The authors assigned it to be from vibrationally hot S;, and proposed
that the rapid electron ejection was out-competing VR from hot to cold S;. A Mar-
cus picture for electron ejection was then proposed, in which electron tunnelling
occurred through the barrier between the S; state and the radical-electron contact
pair. This mechanism would be highly sensitive to excitation energy, and at 257 nm
they assume to the be close to the top of the barrier as the tunnelling out-competes

the VR, see Figure 3.1.1. This finally brings us on to the motivation for our study.
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We were curious why it had not been considered that a higher lying electronic
excited state could be involved in the electron ejection, considering especially that
257 nm is directly between the Sp-S; and Sp-S; and even on the rising edge of
the Sp-S; transition (Figure 3.2.1) . We also thought it could be plausible that the
dark state, nt* (Sy,), could be involved and have resulted in the significantly faster

timescale.
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Figure 3.1.1: Reprinted (adapted) with permission from [79]. Copyright 2019 American
Chemical Society. Schematic energy level diagram plotted along the solvent
coordinate for phenolate in aqueous solution. Diagram illustrates internal
vibrational relaxation (kyyg) is out competed by the electron tunneling (k)
with higher excitation energy.
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3.2 Experimental Details

3.2.1 Steady-state Absorption Characterisation

The ground steady-state absorption spectrum of aqueous phenolate is well charac-
terised in the literature [78]. Our spectrum is displayed in Figure 3.2.1. The 20 mM
phenolate solution was prepared from phenol (> 99 %, Sigma-Aldrich) and used
without any further purification. The phenol was deprotonated by adding a small
volume of concentrated sodium hydroxide until the solution was at pH 13. The pH
of the solution was confirmed with a pH meter (Hanna Instruments, HI-2020). UV-

vis spectra of aqueous phenolate were recorded using a PerkinElmer LAMBDA 365

spectromphotometer.
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Figure 3.2.1: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. UV-vis spectrum of 20 mM aqueous phenolate. The absorbance is
normalised to be between 0 and 1. Gaussians indicate the spectral profiles
of the femtosecond pump pulses employed in the TA experiments. Vertical
lines mark XMCQDPT2/SA(7)-CASSCF(10,8)/(aug)-cc-pVDZ//EFP calcu-
lated vertical excitation energies (VEEs) with heights proportional to oscilla-
tor strengths. Inset: PBEO/(aug)-cc-pVDZ//EFP(1043) equilibrium geometry
of PhO™ + 2H,0.

3.2.2 Transient-Absorption Spectroscopy

TA spectra were obtained, using the experimental set-up outlined in Chapter 2.

Briefly, TA spectra were recorded following photoexcitation at seven pump wave-
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lengths. These were: 300 nm, 287 nm, 275 nm, 266 nm, 257 nm, 248 nm and
235 nm, see Figure 3.2.1. These were chosen to span excitation from the low en-

ergy side of the Sp-S; band to the peak of the Syp-S, absorption band.

Each pump wavelength was generated from the optical parametric amplifier (OPA)
and then attenuated at the sample using a neutral density filter to achieve a pulse
energy of approximately 100 nJ. This Chapter presents experiments that both use
the Visible and UV probes that have a combined probing region of 350-720 nm.
The relative polarisations the pump and probe beams were set to be at the magic
angle (54.7°). This ensures effects from rotations are not measured. A Harrick flow
cell with a 100 um spacer was used and the 20 mM solution was flowed constantly
through it at a speed of 10 mL min~!, using a liquid diaphragm pump (KNF, Simdos

02). Sample preparation was described above in Section 3.2.1.

3.3 Results and Discussion

This section presents data from TA spectroscopy experiments with supporting
Liquid-Jet photoelectron spectroscopy (LJ-PES) measurements. The LJ-PES data
were recorded by William Fortune, the visible TA data were recorded by Dr Julia
Davies with assistance from the author of this thesis, and the UV TA data were
recorded by the author, with assistance by Dr Julia Davies. Supporting calculations
were carried out by Anton Boichenko from Anastasia Bochenkova’s group at the
University of Moscow. The remainder of this section beings with a discussion of
visible probe TA data and analysis, and then progresses on to the the UV probe TA

data.

3.3.1 Visible Probe Transient Absorption Spectroscopy

TA spectra were recorded following photoexcitation at seven pump wavelengths.
Figure 3.3.1 (top) displays the 480-720 nm TA spectrum of aqueous phenolate after
excitation at the peak of the So-S; absorption band, 287 nm. Two excited state
absorptions (ESA) can be observed. The first is present at very early pump-probe

delay times, and can be observed at 500 fs (pink) and 1 ps (red). It is a broad band
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absorption with a maximum around 540 nm. This feature can be assigned to an
excited state absorption of the S state of phenolate. This is supported by the work
of Chen et al. [78], as seen in Figure 3.3.2. They confirmed this assignment because
the lifetime of the ESA matches the fluorescence lifetime of phenolate. Comple-
mentary XMCQDPT2/SA(15)-CASSCF(10,8)/(aug)-cc-pVDZ//EFP calculations
also support this assignment as they determined the brightest vertical transition
from S| corresponds to excitation to Sz and is located at 547 nm with an oscillator

strength of 0.07.
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Figure 3.3.1: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. 480-720 nm TA spectra 20 mM phenolate at pump-probe delay times
displayed in the legend. Spectra were recorded following photoexcitation at
287 nm (top) and 235 nm (bottom). The broad absorption centred around
540 nm is attributed to the S; state of phenolate and the broadband absorp-
tion at 700 nm is the e(_aq).
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The second ESA is a broadband absorption centred around 700 nm. The spec-
tral profile evolves between 1 and 10 ps to reveal this feature. After 10 ps, this
broadband feature is observed to decay during our 1 ns experimental window. This
broadband absorption is characteristic of a spectrum associated with the solvated
electron. Chen et al. [78] confirmed this assignment by adding the electron scav-

enger NOj3', and observing the depletion of the signal.
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Figure 3.3.2: Figure showing the absorption spectrum of 90 mM aqueous phenolate so-
lution of each component of the TA spectrum, obtained from global target
analysis. Red is the spectrum of the solvated electron, blue is the spectrum
of the phenoxy radical, purple is the spectrum of vibrationally hot S;, and
green is the spectrum of vibrationally cold S;. Reprinted with permission
from [78]. Copyright 2011 American Chemical Society.

Now the discussion will turn to the TA spectrum obtained from the peak of the
S1-S, absorption at 235 nm. As seen in Figure 3.3.1 (bottom), there is no evidence
here of the S; ESA at 540 nm, and the only transient absorption signature observed
is associated with e(;q). The e(;q) transient absorption signal is observed to reach
its absorbance maxima after around 1 ps, which is significantly faster than the
approximately 10 ps seen following photoexcitation at the peak of S;. The signal
then begins to decay, again on a timescale quicker than the equivalent observed

following direct populating of S;.
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Having looked at the spectra at each extreme the discussion will now focus on
the wavelengths between the peaks of the two excited states, starting with the pump
wavelengths associated with the S; state. The TA spectra are displayed in Figure

3.3.3.
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Figure 3.3.3: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. TA spectra with a probing region of 480-720 nm 20 mM phenolate at
pump-probe delay times displayed in the legend. Spectra are following pho-
toexcitation at 266 nm (top), 275 nm (middle) and 300 nm (bottom). All
spectra display a broad absorption centred around 540 nm that is attributed to

the S; state of phenolate and the broadband absorption at 700 nm is the e(_aq)

In all three spectra, 300 nm (top), 275 nm (middle) and 266 nm (bottom), the same

two ESA features are observed. The ESA associated with S is present at early
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times and the spectrum evolves to reveal the e(;q), which decays over the rest of the

1 ns experimental window.
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Figure 3.3.4: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. TA spectra with a probing region of 480-720 nm 20 mM phenolate at
pump-probe delay times displayed in the legend. Spectra are following pho-
toexcitation at 248 nm (top) and 257 nm (bottom). All spectra display only

one broad absorption centred around at 700 nm assigned to the € aq)

As seen in Figure 3.3.4, the 248 nm and 257 nm TA spectra appear similar to the
TA spectrum associated recorded following photoexcitation at Sy, 235 nm (Figure
3.3.1). There is no evidence of the S; ESA that would be centered around 540 nm.
Instead, a rapid sub-ps growth of the e(_aq) electron signal is observed and then the

signal decays over the next 1 ns.

After examining the seven TA spectra and observing that each either contains

one or two ESA features, the kinetic traces were plotted at two important probe
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wavelengths 540 nm and 700 nm. These represent, respectively, the ESA of S; and
absorption of e(_aq). The kinetic traces were normalised and plotted for each pump

wavelength and displayed in Figure 3.3.5.
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Figure 3.3.5: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. Normalised kinetic traces for probe wavelengths of 700 nm (top) and
540 nm (bottom). Kinetic traces are plotted at each pump wavelength. Scale
is linear from 0-10 ps and is logarithmic from 10-1000 ps.

Starting with the kinetic trace at the probe wavelength of 700 nm, which illustrates
the dynamics of the e(’aq) , it is seen after photoexcitation of S, (A < 248 nm), a rapid
sub-ps formation of the electron is observed and within the first few picoseconds
the signal starts to decay. It is also apparent that, compared to photoexcitation of
S1 (A > 266 nm), it is much faster. The e(_aq) formation at pump wavelengths cor-
responding to photoexcitation of S; clearly has two timescales associated with it.

Moreover, the decay timescales related to the e(_aq) transient signal also differ: those
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from photoexcitation of S, photoexcitation start to decay within a few picoseconds,
whereas, following photoexcitation of Sy, the e(_aq) transient signal only begins to

decay after around 10 ps.

Looking at the 540 nm kinetic traces, it can be seen that they are almost iden-
tical to the 700 nm kinetic traces following photoexcitation with A < 248 nm.
Contrasting this, after photoexcitation with A > 266 nm, the transient absorption
appears instantaneously and after approximately 5 ps begins to resemble the 700 nm

traces.

Photoexcitation with 257 nm (Figure 3.3.4 (bottom)), the same pump wavelength
used by Tyson et al., does not exactly yield kinetic traces associated with just S; or
S, photoexcitation. In the 700 nm kinetic trace, is a component with a slower decay
between 2-20 ps. The characteristics are similar to the relaxation dynamics associ-
ated with S; photoexcitation. Between 100-1000 ps, the trace also could contain the
slower contribution that is characteristic of S; photoexcitation. This contribution
of S is confirmed by comparing the kinetic traces at probe wavelengths of 515 nm

and 680 nm, see Figure 3.3.6.

A kinetic fitting procedure was performed on each data set to extract time-constants
associated with each pump wavelength. First, we will look at the data associated
with the pump wavelength of 257 nm (Figure 3.3.6). The 515 nm probe is used to
isolate the Sy contribution, since it is on the blue edge of the S; ESA is should have
less signal contribution from e(_aq). The 680 nm kinetic trace is used to describe the
e(;q) transient absorption. This probe wavelength remains consistent for the rest of
the analysis discussed in this chapter. At longer pump-probe delay times, there will
only be a contribution from e(_aq) to the data because S; will have decayed entirely.
Since the reported fluorescence lifetime [78] is around 22 ps, normalising the data
to 500 ps (Figure 3.3.6 (top)) highlights there is an early time contribution from Sy,

otherwise the dynamics of both kinetic traces are the same. Normalising the data
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to the maximum (Figure 3.3.6 (bottom)) also shows a deviation in the dynamics
of each trace at longer pump-probe delay times, confirming a contribution from
S1. The rapid, sub-ps rise time of the 680 nm transient absorption, indicates rapid
electron formation and resembles the dynamics at the peak of S, (Figure 3.3.1).
Therefore, due to 257 nm lying between both the So-S; and Sy-S; absorption band,
it has dynamical contributions from both electronic states. This makes it difficult
to quantitatively analyse the data due to the contribution of two different excited

states, therefore no further fitting was carried out for this data set.



3.3. Results and Discussion 72

/
!
—515nm
—— 680 nm
®©
c
D2
n
o
o}
L2
©
£
o
pZ4
/
lllllllll’ Illlll L L
0 2 4 6 8 20 100 1000
Time / ps
/
!
—515nm
— 680 nm
©
C
2
(7))
°
o}
2
©
£
o
Z
/
lllllllll’ Illlll L L
0 2 4 6 8 20 100 1000
Time / ps

Figure 3.3.6: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. Data displayed is following photoexcitation with 257 nm and probing
wavelengths 515 nm (black) and 680 nm (red). Top: Kinetic traces are nor-
malised to 500 ps. Bottom: Kinetic traces are normalised to the maximum.
These plots illustrate the dynamics at probe wavelength 515 nm differ from
the dynamics at 680 nm. This would suggest there is a significant contribu-
tion from S; present. The fast rise time at 680 nm suggests that there is a
significant contribution from S, . Therefore, we conclude that at 257 nm both
S1 S, are photoexcited.

All other datasets were fit using two different procedures. First, we will discuss the
method used to obtain time constants from the data associated with S; (A > 266 nm)
photoexcitation. The method of fitting data sets associated with S photoexcitation
was adapted from the method reported in the work of Chen et al. [78]. Figure 3.3.7
shows the data analysis procedure for the data following photoexcitation at 287 nm,

the peak of Sj.
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Figure 3.3.7: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. Data analysis conducted at the pump wavelength of 287 nm, at the peak
of the first absorption band. Top left shows kinetic traces at 515 nm (S; and
680 nm (e(’aq)) normalised to 500 ps. At 500 ps there will only be a contribu-
tion from the solvated electron. The difference is then plotted in the top right
figure. This difference is the isolated S; signal with the solvated electron sub-
tracted. Fitting a exponential gives a time constant of 23.1 ps, representing
the S lifetime. The bottom left figure displays the S; contribution (red) with
it’s instantaneous lifetime set to match that of the 680 nm trace (black). The
S| contribution is then subtracted from the 680 nm trace to isolate the sig-
nal from the solvated electron (black circles). The solvated electron is then
fitted from 20-1000 ps with a biexponential to describe the geminate recom-
bination (blue). The bottom right shows the fit of the geminate recombination
(blue) interpolated to early time. This is subtracted from the solvated electron
signal, to isolate the appearance dynamics (black triangles). The appearance
dynamics are the fitted to with a biexponential with the second time constant
fixed to be the S; lifetime.

The top left plot in Figure 3.3.7 displays kinetic traces from probe wavelengths at
515 nm and 680 nm normalised to 500 ps, where the only contribution to the signal
is the transient e(;q). Taking the difference between these normalised kinetic traces
subtracts the e(_aq) contribution, and leaves us with a kinetic trace only describing

S1. The difference is displayed in the top right plot of Figure 3.3.7. Fitting an
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exponential to this will provide a time constant that can be associated with the
lifetime of the phenolate S| state. This was found to be 23 4 1 ps, similar to the
fluorescence lifetime of 22 £ 2 ps recorded by Chen ef al. [78] Once the time
constant representing the S; lifetime was extracted, it was then used to remove the
S1 contribution from the 680 nm trace (see bottom left of Figure 3.3.7). Making
the instantaneous lifetime of the exponential modelling the decay of S equivalent
to the instantaneous lifetime of the 680 nm kinetic trace, allows the kinetic trace
only containing a contribution from the solvated electron to be subtracted. The
geminate recombination dynamics of the solvated electron were modelled by fitting
a biexponential [78] from 20-1000 ps. Starting from 20 ps allows the early-time
formation and thermalisation dynamics to have minimal impact. The bottom right
plot of Figure 3.3.7 shows the recombination dynamics (blue) extrapolated to time
zero, thus assuming recombination of the radical and electron is not immediate.
This can then be used to extract the electron appearance dynamics, by removing the
contribution of the recombination from the solvated electron signal. The resulting
kinetic trace, describing the electron appearance dynamics was best described by a
biexponential function. Fitting a monoexponential yielded a single time constant
of 3.6 ps. The timescale of the electron appearance dynamics relates to the depop-
ulation of the precursor state of the e(_aq) [78, 81]. This 3.6 ps timescale is short,
like the lifetime of the S; state, although the timescale do not match well with
the S lifetime which is 23 ps. With the biexponential describing the appearance
dynamics better Chen et al. [78] concluded there were two precursor states and that
the second with a shorter lifetime. They then confirmed this assignment by global
analysis and assigned the two precursor states as vibrationally hot and vibrationally
cold S;. Thus, when fitting the biexponential the longer time constant was fixed
to be the extracted lifetime of the S; state. This fitting procedure was repeated for
every other pump wavelength associated with S and the resulting fits can be seen

in Figs. 3.3.8, 3.3.9, 3.3.10 and time constants in Table 3.3.1.
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Figure 3.3.8: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. Figure displays the data analysis conducted at the pump wavelength of
300 nm, on the low energy side of the first absorption band. Top left shows
kinetic traces at 515 nm (S; and 680 nm (e, ,) normalised to 500 ps. At
500 ps there will only be a contribution from the solvated electron. The dif-
ference is then plotted in the top right figure. This difference is the isolated
S, signal with the solvated electron subtracted. Fitting a exponential gives a
time constant of 23.1 ps, representing the S; lifetime. The bottom left fig-
ure displays the S; contribution (red) with it’s instantaneous lifetime set to
match that of the 680 nm trace (black). The S| contribution is then subtracted
from the 680 nm trace to isolate the signal from the solvated electron (black
circles). The solvated electron is then fitted from 20-1000 ps with a biex-
ponential to describe the geminate recombination (blue). The bottom right
shows the fit of the geminate recombination (blue) interpolated to early time.
This is subtracted from the solvated electron signal, to isolate the appearance
dynamics (black triangles). The appearance dynamics are the fitted to with a
biexponential with the second time constant fixed to be the S; lifetime
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Figure 3.3.9: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. Figure displays the data analysis conducted at the pump wavelength of
275 nm, on the high energy side of the first absorption band. Top left shows
kinetic traces at 515 nm (S; and 680 nm (e, ,) normalised to 500 ps. At
500 ps there will only be a contribution from the solvated electron. The dif-
ference is is then plotted in the top right figure. This difference is the isolated
S, signal with the solvated electron subtracted. Fitting a exponential gives a
time constant of 23.1 ps, representing the S; lifetime. The bottom left fig-
ure displays the S; contribution (red) with it’s instantaneous lifetime set to
match that of the 680 nm trace (black). The S| contribution is then subtracted
from the 680 nm trace to isolate the signal from the solvated electron (black
circles). The solvated electron is then fitted from 20-1000 ps with a biex-
ponential to describe the geminate recombination (blue). The bottom right
shows the fit of the geminate recombination (blue) interpolated to early time.
This is subtracted from the solvated electron signal, to isolate the appearance
dynamics (black triangles). The appearance dynamics are the fitted to with a
biexponential with the second time constant fixed to be the S; lifetime
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Figure 3.3.10:

Reproduced from Ref. [80] with permission from the Royal Society of
Chemistry. Figure displays the data analysis conducted at the pump wave-
length of 266 nm, on the high energy side of the first absorption band. Top
left shows kinetic traces at 515 nm (S; and 680 nm (e(’aq)) normalised to
500 ps. At 500 ps there will only be a contribution from the solvated elec-
tron. The difference is is then plotted in the top right figure. This difference
is the isolated S; signal with the solvated electron subtracted. Fitting a ex-
ponential gives a time constant of 23.1 ps, representing the S; lifetime. The
bottom left figure displays the S contribution (red) with it’s instantaneous
lifetime set to match that of the 680 nm trace (black). The S; contribution is
then subtracted from the 680 nm trace to isolate the signal from the solvated
electron (black circles). The solvated electron is then fitted from 20-1000 ps
with a biexponential to describe the geminate recombination (blue). The
bottom right shows the fit of the geminate recombination (blue) interpolated
to early time. This is subtracted from the solvated electron signal, to isolate
the appearance dynamics (black triangles). The appearance dynamics are
the fitted to with a biexponential with the second time constant fixed to be
the S lifetime

In comparison to the kinetic traces associated with wavelengths that photoexcite Sy,

those associated with photoexcitation S, have minimal, if any contribution from Sj.

This is illustrated by looking at 235 nm (Figure 3.3.11). In the top left plot of Figure

3.3.11, kinetic traces from 515 nm and 680 nm transient absorption are normalised
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to 500 ps. The traces are very similar, therefore any contribution from S is minor
and can be excluded from fitting. The 680 nm kinetic trace convoluted with the IRF
was fitted to four exponential. The exponents had lifetimes of 0.36 ps (rise), 6.6 ps
(decay), 99 ps (decay) and o (decay). The infinite lifetime is included to account for
the solvated electron signal remaining beyond our experimental window of 1 nm.

The same procedure was followed for the 248 nm data (see Figure 3.3.12).
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Figure 3.3.11: Reproduced from Ref. [80] with permission from the Royal Society of
Chemistry. Left: Data displayed is for a pump wavelength of 235 nm and
probe wavelengths of 515 nm and 680 nm. Kinetic traces are normalised
to 500 ps. As the dynamics at both probe wavelengths are so similar, the
contribution from S; is minor and can be excluded from the fitting. Right:
Four exponential functions convoluted with the IRF. The exponents have
lifetimes: 0.36 ps (rise), 6.6 ps (decay), 99 ps (decay) and o (decay). The
infinite lifetime is included to account for the solvated electron signal be-
yond our experimental window.
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[80] with permission from the Royal Society of
Chemistry. Left: Data displayed is for a pump wavelength of 248 nm and
probe wavelengths of 515 nm and 680 nm. Kinetic traces are normalised
to 500 ps. The dynamics at both probe wavelengths are very similar, and
although there is clearly more contribution from S; at this wavelength com-
pared to 235 nm (above), it is still minor and can be excluded from the
fitting. Right: Four exponential functions convoluted with the IRF. The ex-
ponents have lifetimes: 0.42 ps (rise), 6.2 ps (decay), 90 ps (decay) and oo
(decay). The infinite lifetime included to account for the solvated electron
signal beyond our experimental window.

We can progress on to interpreting what these time constants tell us. Table 3.3.1

summarises the time constants obtained from fitting to each data set.

Table 3.3.1: Time constants (in ps) obtained from fits to the kinetic traces (displayed in
Figs. 3.3.7-3.3.12) Tis is the instrument response function. TS e (aq) 18
the timescale of ) formation from directly populated ‘hot’ S; or S, and

Ts, e (ag) 18 the timescale of e(_aq) formation from ‘cold’ S;. 7,1, 712 and T3

describe the decay of €(aq) by geminate recombination.

)Lpump /nm  Tipgy TS; —e—(aq) 15, se—(aq) Tl T2 3

235 04 04+£0.2 66+04 99+9 > 1000
248 04 04+0.3 62+05 90+8 > 1000
266 04 1.02+0.03 25+1 36 6 210 £ 50

275 0.4 234+0.1 234+ 0.8 54 +5 550 4 300

287 0.3 2.6 £0.1 23+ 1 50+£3 490 £ 200

300 0.3 3.54+0.1 21 £0.8 52+4 > 1000

Following photoexcitation at S; (A > 266 nm), e(_aq) are formed on two timescales:

few-picosecond and ~ 20 ps timescales. These timescales, as previously discussed,
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relate to the depopulation of the precursor states of the solvated electron, namely
vibrationally hot and vibrationally cold S| respectively. This is consistent with
the earlier study by Chen ef al. [78] following photoexcitation at 266 nm, who
assigned time constants of 1.4 ps and 20 ps to be fast electron ejection from vi-
brationally hot S, and vibrational relaxation followed by slower electron ejection
from vibrationally cold S.[78]. It is worth noting that, following photoexcitation at
300 nm, close to the So-S; origin, the slow electron emission was found to occur on
a timescale of 21 0.8 ps, which is in excellent agreement with to the fluorescence

lifetime of S; measured by Chen et al.[78] (22 42 ps).

In contrast to the dynamics observed following photoexcitation of S;, following
photoexcitation of Sy (A < 248 nm), e(_aq) are formed more rapidly, on a sub-
picosecond timescale. There is no evidence here of the slower timescale for electron
formation associated with emission from vibrationally cold S;. This observation is

similar to that reported by Tyson et al., following photoexciation at 257 nm [79].

Following photoexcitation to S; (A > 266 nm), the e(_aq) decay (as already dis-
cussed) is best described by a bi-exponential, with the time constants 7,; and 7;;.
Geminate recombination is known to be a very complex process, but fitting a bi-
exponential is a reasonable estimate of the timescales [78]. Our 7;; timescales
obtained from our fits are of the same order of magnitude as the faster recombina-
tion timescale observed in the earlier 266 nm TAS measurement reported by Chen
et al. (50 ps) [78]. Within our 1 ns experimental window, the e(_aq) transient absorp-
tion signal does not decay to zero. Interestingly, we found that after photoexcitation
at 300 nm, the second timescales associated with geminate recombination was 1 ns,

i.e. larger than our experimental window, and thus has a large associated error.

Following photoexcitation to S, (248 and 235 nm), the decay of the e(;q) tran-
sient absorption is best described by three exponentials, with the time constants

T:1, T2 and T,3. T3 accounts for the population that lives beyond our 1 ns experi-
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mental window. The other two timescales, 7;; and T,,, are noticeably shorter than
the equivalent timescales observed following photoexcitation of S;. The noticeably
shorter timescales associated with recombination, following photoexcitation of S;,
suggests that the phenoxy radical could be formed in a higher lying electronically
excited state, leading to a lower kinetic energy electron. In this scenario, recombi-
nation would be expected to be faster since the lower kinetic energy electron would
not travel so far away from its radical partner, following photoexcitation at 248 and

235 nm compared to photoexcitation at A > 266 nm.

Interestingly, following photoexcitation of S, the faster timescale associated
with the e(;q) formation from vibrationally hot S| decrease after photoexcitation
with shorter pump wavelengths (Table 3.3.1). The decreases is most noticeable at
266 nm, which could suggest there is a contribution from the S; state. However, the
longer time dynamics follow those associated with S; (Figure 3.3.5). Therefore,
this faster time constant is attributed to increasing vibrational energy in S;. In the
Marcus picture suggested by Tyson ef al. [79] the rate of tunnelling from S; to
form the contact pair of the e(_aq) and the phenoxy radical is very sensitive to the
barrier height (see Figure 3.1.1). Therefore, the noticeable decrease in time constant
between 275 nm and 266 nm could suggest that 266 nm excitation lies close to the

top of the barrier.

Due to the simultaneous photoexcitation of S, and Sy, following photoexcitation at
257 nm, it is extremely difficult to separate the contributions form both electronic

excited states.

3.3.2 Liquid Microjet Measurements

To support the conclusions drawn from the TAS experiments 141 resonance en-
hanced liquid jet-photoelectron spectroscopy experiments of aqueous phenolate
were conducted [80]. Following photoexcitation, at 285 nm, 266 nm, 257 nm, and
236 nm. This was to determine which photodetachment continua were accessible

from the different electronic excited states of aqueous phenolate. Figure 3.3.13 dis-
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plays the four photoelectron spectra from these experiments. All the liquid microjet

photoelectron spectra presented in this Chapter were recorded by William Fortune.

236 nm 257 nm

0 IIIIIIIIIIIIIIIIIII IEIIIIIIIIIIIIIIIII

266 nm 285 nm

Photoelectron signal / arb. units

0 IIIIIIIIIIIIIIIIIII

00 10 20 30 4000 10 20 30 40
Electron kinetic energy / eV

Figure 3.3.13: Reproduced from Ref. [80] with permission from the Royal Society of
Chemistry. Resonance enhanced 1+ 1 photodetachment of aqueous pheno-
late following excitation at 236 nm, 257 nm, 266 nm, and 285 nm (blacK).
The blue lines are a fit to the experimental data (black). The red lines are
the retrieved true photoelectron spectra corrected for inelastic scattering.

The spectral lineshapes of the photoelectron spectra following 287 nm and 266 nm
photoexcitation can be reproduced by fitting a single Gaussian. This was assigned
to be S;-Dg detachment. The photoelectron spectra following excitation at higher
photon energies (236 nm and 257 nm) are more complicated. Their lineshapes
could only be reproduced by fitting a linear combination of Gaussian functions. It
is likely the photoelectron spectrum following 236 nm excitation, has contribution
from resonance enhance photodetachment via S, to Dg, Dy,, and D;. Although,
ultrafast internal conversion to S; cannot definitively be ruled out. It is likely in
line with the observations from the TAS data that the 257 nm photoelectron data
has contribution from S; and S;. Assignments of the accessible photodetachment

continua are supported by calculation, present in detail in the following section.

3.3.3 Calculations

XMCQDPT2/SA(15)-CASSCF(9,8)/(aug)-cc-pVDZ//EFP calculations were car-

ried out by Anton Boichenko under the supervision of Anastastia Bochenkova
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(Moscow State University). Figure 3.3.14 summarises the results from the high-

level quantum chemistry calculations.
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Figure 3.3.14: Reproduced from Ref. [80] with permission from the Royal Soci-
ety of Chemistry. The electronic configuration of phenolate’s four
lowest lying singlet and lowest doublet electronic states of the cor-
responding neutral radical in aqueous solution.  Number in brack-
ets are from XMCQDPT2/SA(7)-CASSCF(9,8)/(aug)-cc-pVDZ//EFP and
XMCQDPT2/SA(7)-CASSCF(10,8)/(aug)-cc-pVDZ//EFP calculations in
eV. These are the vertical excitation and vertical detachment energies cal-
culated relative to Sg. Arrows indicate the allowed detachment processes.
Natural SA(7)-CASSCF(10,8) are also displayed.
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Using Koopmans’ arguments we were able to determine that Sq is most likely to
detach to Dy and Dy, S| to Dg, Sy, to Dy, and S; to Dg, Dy, and D,. This clearly
supports that the photoelectron spectra following 1 4 1 resonance enhanced pho-
todetachment via 285 nm (S absorbance maximum) and 266 nm (high energy edge
of S1) correspond to Sy to Dy detachment. The situation is more complicated for the

236 nm and 257 nm with Dy, D1, and D; all being accessible after photoexciting S.

The binding energy of the solvated electron is known to be 3.7-3.8 eV [26, 52].
It is highly likely that the S state is coupled to the solvated electron continuum to

the Dy state of the phenoxy radical, and S, to the Dy and D, states of the phenoxy
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radical. Tyson et al. previously suggested that it was not possible to access the
D continuum following 257 nm excitation. However, based on our calculations
and the second vertical detachment energy reported by Ghosh et al. [22], we can
confirm that it is indeed possible. They identified the first neutral radical states
from the ground electronic state to have detachment energies of 7.1 £ 0.1 eV and
8.5 £ 0.1 eV, respectively. Therefore, suggesting it is possible from S, to access
the D; following 257 nm excitation. The calculations confirm that at higher pho-
ton energies it is possible to access the continuum of the radical in higher lying
excited states. Thus, supporting the faster recombination timescales observed in
TAS measurements being a result of the recombination being the solvated electron
being coupled to a continuum of the corresponding neutral radical in a higher-lying

electronic state.

3.3.4 Ultraviolet Probe Transient Absorption Spectroscopy

To confirm that upon photoexcitation of S, the phenoxy radical is formed in a
higher lying electronic state we recorded TA spectra with an UV probe, see Figure
3.3.15. These spectra were recorded following photoexcitation at the peak of the
So-S1 (287 nm) and S-S, (235 nm) absorption bands. From the work of Chen ef al.
[78] we know the formation of the phenoxy radical in its Dy state can be observed
between probe wavelengths of 330 - 400 nm. As observed in Fig 3.3.15 (top) the TA
spectrum following photoexcitation at 287 nm shows a structured ESA, the same
as those observed by Chen et al. following photoexcitation at 266 nm. In addition
to this ESA, following photoexcitation at 235 nm (Figure 3.3.15 (bottom)) an ad-
ditional peak is observed around 427 nm, and a shoulder on the longer wavelength
edge of the peak around 400 nm. These additional features are present instanta-
neously and decay on a sub-picosecond timescale. Similar transient absorptions
were observed for aqueous phenol following excitation at 200 nm and the small
peak at 427 nm was assigned to the phenol radical cation.[75]. Our assignment is
consistent with the earlier observation [75] as of phenol at 200 nm could generate
the phenoxy radical in the D; state. Oliver et al. observed the intermediate of the

phenol radical cation being formed and then it rapidly deprotonates to form the
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phenoxy radical. We attribute this weak absorption around 427 nm to absorption
of an excited electronic state of the phenoxy radical, slightly red-shifted from the
absorption band attributed to the radical in its ground electronic state. This is sup-
ported by XMCQDPT2/SA(15)-CASSCF(9,8)/(aug)-cc-pVDZ//EFPcalculations
carried out by our collaborator Dr. Anastasia V. Bochenkova from the University of
Moscow. These calculations showed the most bright D; — D3 vertical transition is
located at 411 nm with an oscillator strength of 0.06. This is red-shifted from the

most bright Dg — D> transition located at 386 nm with an oscillator strength of 0.1.
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Figure 3.3.15: Reproduced from Ref. [80] with permission from the Royal Society of
Chemistry. 350-450 nm transient absorption spectra of 20 mM aqueous
phenolate at displayed pump-probe delays following photoexcitation at 287
nm (top) and 235 nm (bottom). The dashed vertical line highlights the peak
at 427 nm attributed to the D; — D3 absorption of the phenoxy radical.
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The results from these UV-TA spectra reinforce our conclusion that the quicker
recombination times are due to the phenoxy radical being formed in a higher lying
electronic state. The corresponding electrons would have less kinetic energy, thus

explaining the faster timescales for geminate recombination.

3.4 Conclusions

To conclude, the wavelength dependent mechanism of phenolate photooxidation
has been unravelled. Upon systematic photoexcitation at many pump wavelengths
we have been able to understand the mechanism and resolve the recent controversy
in the literature [77-79]. We found that following photoexcitation at A > 266 nm,
electron ejection occurs from the S; state in to the continua associated with the
[Phe'(Do):e(_aq)]. The timescales we obtained support the assignments in the pre-
vious study by Chen ef al. and are associated with electron ejection from vibra-
tionally hot and cold S;. Following photoexcitation at A < 248 nm, we found that
electron ejection occurs from a higher lying electronic excited state the S» (277*)
into a continua where the phenoxy radical is also formed in an electronically ex-
cited state, [Phe’ (Dl):e(;q)]. The geminate recombination was found to be faster
in contact pairs compared to those where the radical was in its ground electronic
state. We also found that, following photoexcitation at 257 nm both S; and S, are
simultaneously populated and the dynamics observed are associated with both ex-
cited states. We propose the significantly quicker timescale for electron ejection
observed following photoexcitation at this wavelength, is associated with electron
ejection for Sy, like that observed following photoexcitation at 235 nm and 248 nm.

Figure 3.4.1 presents a schematic energy level diagram summarising our findings.
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Figure 3.4.1: Reproduced from Ref. [80] with permission from the Royal Society of Chem-
istry. Schematic energy level diagram illustrating the two possible photoox-
idation pathways and their corresponding timescales, following photoexcita-
tion of Sy, Sy,, and S, of aqueous phenolate. Numbers in brackets are the cal-
culated vertical detachment and vertical excitation energies, present in Figure
3.3.14. Numbers in brackets are the absorbance maxima fron the steady-state
absorption spectrum (Figure 3.2.1) and vertical detachment energies from
UV (Dg and x-ray (Dy, liquid microjet photoelectron spectroscopy measure-
ments. [22, 54] The horizontal arrows represent the coupling to the corre-
sponding solvated electron continua (shaded rectangles) with the timescales
of the process.



Chapter 4

Methyl Substitution on the
Mechanism of Phenolate

Photooxidation in Aqueous Solution

The systematic modification of chromophores can be an excellent method to study
their photochemistry. This chapter presents the results of a study of three methyl-
substituted phenolates (2-, 3-, and 4-methylphenolate) aimed at understanding the
implications the substituent has on the photooxidation mechanism. We combined
femtosecond transient absorption spectroscopy experiments carried out in our lab
with the results of time-correlated single photon counting (TCSPC) experiments
carried out by Shivalee Dey under the supervision of Stephen Bradforth (University
of Southern California), and high-level quantum chemistry calculations carried out
by Anton Boichenko under the supervision of Anastastia Bochenkova (Moscow
State University), to investigate the photooxidation dynamics of methyl-substituted
aqueous phenolates following excitation at the maxima of their Sp-S; absorption
bands. We found methyl-substitution in the ortho and meta positions lead to faster
timescales for electron recombination, while in the para position the recombination

dynamics were similar to those of phenolate.
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4.1 Motivation

As discussed in Chapter 3 the photooxidation mechanism in phenolate has been
studied as a model system, for larger biological chromophores. The photoac-
tive yellow (PYP) and the green fluorescent (GFP) proteins are both examples of
photoactive proteins whose chromophores share a common molecular motif of
phenolate. They are known to undergo photooxidation reactions following pho-
toexcitation with ultraviolet (UV) light. [82] This chapter presents the results of
a study investigating three substituted phenolates (2-, 3-, and 4-methylphenolate),
in an attempt to understand the effect of substituting a methyl group at different
positions on the aromatic ring on the ultrafast dynamics after UV photoexcitation.
Figure 4.1.1. displays the chemical structure of each of the molecules studied in this
week. Studying the aromatic building blocks of photoactive chromophores, such
as phenolate, allows us to develop a fundamental understanding of the relationship
between the structure of a molecule and the photoinduced dynamics. Systematic
modifications can be made to these chromophores to alter their photochemistry and
are an excellent way to explore their fundamental behaviour. The photochemistry of
phenolate has been studied extensively by both experimental and theoretical meth-
ods. Previously, there have been four transient absorption spectroscopy studies in
aqueous solution [77-80], all of which have been described in detail in Chapter 3.
From the prior work an extensive understanding has already been developed of the
ultrafast dynamics of phenolate and we wish to build upon this, by studying 2-, 3-,
and 4-methylphenolate (2MP, 3MP, and 4MP). In the case of DNA, the methyla-
tion of cytosine, to form 5-methylcytosine, plays an important role in epigenetic
mechanisms in various biological processes [83, 84]. Methylation of the cytosine
has been associated with mutations from the formation of cyclobutene pyrimidine
dimers after UV irradiation [84—87]. The absorption spectrum in aqueous solution
after cytosine methylation of nucleosides is significantly red-shifted. In aqueous
solution the lifetime of the first T7t* state is also noticeably increased. The potential
energy surface of this state contains a minimum that is separated from the crossing

region with the ground state that is not present in cytosine. This explains the longer
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lifetime of the first Tt* state [88]. It is clear from this work the significance of the
addition of methyl group to the excited state dynamics of molecules and the impli-
cations this can have in biology, and thus the major importance of understanding
the implications methylation has on a molecules photophysics. The photostability
of molecules is enhanced by anharmonic coupling, as this leads to the delocalisa-
tion, and therefore distribution, of internal energy [89-91]. A study by Timber et
al. [92] compared the rates of intramolecular vibrational redistribution (IVR) of
m-fluorotoluene and p-fluorotoluene and found that m-fluorotoluene experiences
IVR much quicker than p-fluorotoluene. Davies et al. [89] also observed that m-

fluorotoluene undergoes more rapid IVR than p-flourotoluene.

To the best of our knowledge, the work presented here is the first systematic study
of the effect of methylation on photooxidation dynamics. Previously, two studies
have investigated 4-methylphenolate (4MP) in aqueous solution using flash photol-
ysis and transient absorption spectroscopy, conducted by Feitelson et al. and Ichino
et al., respectively [93, 94]. Both studies observed a spectral structure similar to
that of phenolate, particularly around 400 nm. In phenolate, as discussed in Chapter
3 these structured bands where assigned to the absorption of the radical, the same
assignment given in 4MP. These structured bands are also observed in tyrosine. We
will explore the influence that the substitution of a methyl group has (on the 2, 3,
and 4 positions) of phenolate as a model system for photooxidation reactions in

biological chromophores.
O~ O~ O~ O~
Figure 4.1.1: Chemical structure of the molecules studied in this work, listed from

left to right, are phenolate, 2-methylphenolate, 3-methylphenolate, and 4-
methylphenolate.
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4.2 Experimental Details

4.2.1 Steady-State Absorption and Emission

Steady-state absorption spectra were recorded at UCL, while the steady state emis-
sion spectra were recorded at the University of Southern Califronia by Shivaley
Dey under the supervision of Prof. Stephen Bradforth. Figure 4.2.1 displays the

steady-state absorption spectra of each molecule.
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Figure 4.2.1: Steady-state absorption spectrum of 20 mM aqueous solution of phenolate,
2-, 3- and 4-methylphenolate. A path length of 100 um was used. Excitation
wavelengths are displayed as dashed lines on the plot: 282 nm (2MP and
3MP). 287 nm (P) and 289 nm (4MP).

Figure 4.2.2 displays the steady-state emission spectra of each molecule and Figure

4.2.3 shows the fluorescence lifetimes of each molecule.
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Steady-state emission spectra of 0.1 mM aqueous solution of phenolate, 2-,
3- and 4-methylphenolate recorded by Shivaley Dey in Prof. Stephen Brad-
forth’s laboratory at the university of Southern California. Step sizes of 2 nm
with a 2 nm slit and 2 second integration time. The excitation wavelength of
each was the full width half maximum of the first absorption band, and the
spectra are normalised to the optical density of the solution at the excitation
wavelength.
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TCSPC measurements of 0.1 mM aqueous solution of phenolate, 2-, 3- and
4-methylphenolate recorded by Shivaley Dey in Prof. Stephen Bradforth’s
laboratory at the university of Southern California. Fluorescence intensity
is plotted in counts per second (cps). The excitation wavelength for each
compound was chosen at the full width at half maximum (FWHM) of the
first absorption band on the high-energy edge: 272 nm for phenolate (P),
275 nm for 2-methylphenolate (2MP), 275 nm for 3-methylphenolate (3MP),
and 278 nm for 4-methylphenolate (4MP).The spectra are normalised to the
optical density of the solution at the excitation wavelength.

Table 4.2.1 summarises, for each molecule, the absorbance maximum, the emission

maximum after photoexcitation at 274 nm, and the intensity of the emission at the
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emission maxima. This excitation wavelength corresponds to the high-energy edge
of the absorption spectrum, consistent with the TCSPC data. Although, phenolate

was photoexcited at the peak of the absorption band.

Table 4.2.1: Summary of the absorbance maxima, emission maxima and the intensity of
the emission at the emission maxima.

Absorbance Maximum / nm Fluorescence Maxima Intensity at Maxima / cps

P 287 339 1.53x10°
2MP 282 340 2.2x10°
3MP 282 342 7.66x10°
4MP 289 350 9.30x10°

4.2.2 Time-Correlated Signal Photon Counting

As observed in our earlier work (see Chapter 3), the timescale for slow electron
emission from the bottom of S; occurs on the same timescale as fluorescence.
Therefore, knowing the fluorescence lifetimes is valuable for fitting the transient
absorption data. The fluorescence lifetime of each molecule was characterised us-
ing time-correlated single photon counting (TCSPC). These experiments were con-
ducted by Shivaley Dey in Prof. Stephen Bradforth’s laboratory at the University of
Southern California. The results from these experiments are summarised in Table

4.2.2.

Table 4.2.2: Summary of the fluorescence lifetimes for each of the methyl-phenolates. All
pump wavelengths are at the full-width half maxima of the Sop-S; absorption

band.
Pump Wavelength /nm Lifetime / ps
P 272 20
2MP 275 7
3MP 275 9

4AMP 278 20
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4.2.3 Transient Absorption Spectroscopy

2-, 3- and 4-methylphenol (all three: Sigma-Aldrich, > 99% purity) were purchased
and used without further purification. 20 mM aqueous 2-, 3-, 4-methylphenolate,
and phenolate (2MP, 3MP, 4MP, and P) were prepared from these samples by the ad-
dition of concentrated sodium hydroxide solution to achieve pH 13. A commercial
(Ultrafast Systems Helios Fire) transient absorption spectrometer was used to inter-
rogate the ultrafast dynamics of phenolate, 2-, 3-, and 4-methylphenolate. The three
UV pump wavelengths (287 nm, 282 nm, 282 nm, and 289 nm) were obtained us-
ing an optical parametric amplifier (OPAs; Coherent OPerA Solo). The fundamental
800 nm was derived from a regenerative amplifier seeded by a Ti:sapphire oscillator
(Coherent Astrella-HE-USP). Each experiment had a pulse energy of around 100 nJ
at the sample. The broad-band UV probe was generated by focusing 800 nm on to a
calcium flouride plate, providing a 350-650 nm probing region. To exclude effects
from polarisation the pump and probe beams were set at the magic angle 54.7°. All
four samples were flowed, using a liquid peristaltic pump (masterflex), through a

Harrick cell that had a path length of 100 um.

4.3 Results and Discussion

Transient absorption spectra of 20 mM aqueous 2MP, 3MP , 4MP and P, at various
pump-probe delays are presented in Figure 4.3.1. Each molecule was photoexcited
at maximum of the Sy-S; absorption band. From our previous work (see Chapter 3),
[80] following photoexcitation of P at 287 nm there are two excited state absorption
(ESA) features. At early pump-probe time delays, an ESA centered at approxi-
mately 540 nm is observed that has previously been assigned to an ESA of the S
state of phenolate [78, 80]. As observed in our earlier work (Chapter 3), within 10
ps the spectral profile changes, and a broadband feature centered at approximately
700 nm is observed. This is assigned to a solvated electron (e(_aq)) [28, 95]. The
e(;q) signal decays from 10 ps and the population still exists beyond the 1 ns exper-
imental window, as observed in our previous work. The TA spectra of P is plotted

in Figure 4.3.1 (bottom right). Similar dynamics are observed upon photoexcitation
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of 4MP at 289 nm, see Figure 4.3.1 (bottom left). The S| ESA is observed, centred
at around 500 nm, and is most prominent at pump-probe delays before 1 ps. There
are two structured bands centred at 406 nm and 387 nm, corresponding to the ESA
of the phenoxy radical in it’s Dg (ground) state, as also observed in phenolate [78,
80] and also previously in 4MP[93, 94], though these bands are slightly red-shifted
compared to phenolate. This indicates the S; ESA is also present within the first few
picoseconds and the shape of the absorption band changes as the solvated electron
ESA grows over the S| ESA and reaches a maximum absorbance at approximately
10 ps. The solvated electron signal then decays over the rest of the 7 ns experimen-
tal window. On the blue edge of the spectrum there is a negative absorption feature,
centred at approximately 360 nm, this band shape matches the steady-state emission
(see Figure 4.2.2) and therefore we have assigned it to be stimulated emission (SE),
Fig 4.2.2. Following photoexcitation of 3MP at 282 nm, Figure 4.3.1 (top right), the
same four absorption features are observed. The contribution of S; ESA (approx-
imately centred at 500 nm) is not as prominent, likely due to a larger contribution
of solvated electron. The S; ESA is always overlapped with the tail of the solvated
electron ESA. The phenoxy radical peaks are again present effectively instantly,
implying the electron is rapidly formed. The solvated electron contribution, again
reaches its maximum absorbance at around 10 ps and then decays over the rest of
the 7 ns experimental window. The red-edge of the SE can be seen at 350 nm, and
the band shape of this matches with the steady-state emission spectrum, see Figure
4.2.2. Following photoexcitation at 282 nm of 2MP, Figure 4.3.1 (top left), again
the same four absorption features can be observed. The S; ESA is weakly observed
(centred at approximately 520 nm) in the first few picoseconds, but over this the
solvated electron is rapidly formed reaching a maximum absorbance signal within
lps.

Again, the phenoxy radical peaks are again present effectively instantly thus imply-

ing the instanteous formation of the solvated electron.

Figure 4.3.2 displays the kinetic traces for 500 and 645 nm probe wavelengths.

The 645 nm represents the solvated electron and the 500 nm represents the S; ESA.
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Figure 4.3.1: 350-650 nm transient absorption spectra of 20 mM aqueous P, 2MP, 3MP,
4MP, and phenolate at displayed pump-probe delays following photoexcita-
tion at 282 nm (top left ), 282 nm (top right), 289 nm (bottom left), and
287 nm (bottom right). The broad absorption centered around 650 nm is at-
tributed to solvated electrons and the absorption feature with a peak around
500 nm is attributed to the S; state. This feature is most prominent in 4-
methylphenolate and phenolate.

The solvated electron plot highlights the difference in electron recombination times.

The closer the methyl group is to the oxygen atom the faster the recombination

timescale.
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Figure 4.3.2: Kinetic traces at two probe wavelengths displayed for 2MP, 3MP, 4MP and
P; Left 500 nm and Right 645 nm. Kinetic traces are normalised.

4.3.1 Experimental Data Analysis

As observed in the TA spectra, there are three common features: the excited-state
absorption (ESA) of the solvated electron, the phenoxy radical peaks, and the S;
ESA. The 645 nm kinetic traces (see Figure 4.3.2) clearly indicate that the forma-
tion of the solvated electron occurs on two distinct timescales. The ESA of the sol-
vated electron is extremely broad, leading to overlap with the other ESA features.
To disentangle the kinetics of these overlapping signals, all three molecules were
analysed using the University of Bristol’s KOALA software [59]. For consistency,
the UV-TA spectrum of phenolate, from Chapter 3, was also analysed using the
same approach. The KOALA software allows for arbitrary shapes to be fit to each
spectral feature, enabling a global fit across all time points to extract the correspond-
ing kinetics. The instrument response function (IRF) was determined as described
in Chapter 2, by fitting to the solvent-only data across various pump wavelengths.
Figure 4.3.3 provides an example of this fit applied to the phenolate data at a probe

wavelength of 365 nm.
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Figure 4.3.3: . Example fit of phenolate data at a probe wavelength of 365 nm to determine
the IRF. This fit provides an IRF of 260 fs.

4.3.2 Phenolate

Figure 4.3.4 shows four frames from the fitting of the phenolate transient absorption
spectrum across all times. This is to extract the kinetic profiles associated with each
transient feature. These frames are 0.48 ps (top left), 1 ps (top right), 10 ps (bottom
left) and 1000 ps (bottom right).
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Figure 4.3.4: 350-650nm transient absorption spectra of 20 mM aqueous phenolate at
0.48 ps (top left), 1 ps (top right), 10 ps (bottom left) and 1000 ps (bottom
right) pump-probe time delays following photoexcitation at 287 nm. Black
line is the experimental data and the red is the total fit made up from each
other feature; S; (490 nm), SE (340 nm), PhO" (365 nm), PhO" (384 nm),
PhO' (399 nm) and €(aq) (719 nm). Each feature was modelled by a Gaussian
function.

The kinetic traces corresponding to the data fit in the KOALA software (see Figure
4.3.4) are extracted for each feature. The data in KOALA was fit to in two parts;
from 0-30 ps and 30-1000 ps. In the longer time fit it is known there will be
no contribution from S; as the literature fluorescence lifetime is 22 ps at a pump
wavelength of 266 nm[78]. From our TCSPC measurements (see Section 4.2.2)
we found the fluorescence lifetime to be 20 ps at a pump wavelength of 272 nm.
Therefore, from 30 ps S was not modelled in the KOALA fit as there will not be any
significant contribution. Figure 4.3.5 displays the fit to the S; and SE contributions.
The S; lifetime was found to be 19.3 4= 0.9 ps, which is in good agreement with the
fluorescence lifetime. The SE kinetic extracted from the KOALA fit is a bit noisy. It
was fit with a fixed lifetime of 19.3 ps and this gave an R? value of 0.88, the quality

of the fit is reduced due to the noise on the SE signal.
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Figure 4.3.5: The S; signal (black circles) is fit (black line) with an exponential with a
lifetime of 19.3 % 0.9 ps, convoluted with the instrument response function
(IRF) of 0.25 ps. The fit provides an R? value of 0.99. The S; amplitude
is normalised relative to the solvated electron signal in the KOALA fit. For
clarity, the SE kinetics (red circles) extracted from KOALA was normalised
between 0 and 1, as it’s amplitude contribution in the fit is small. The SE is
fit with and exponential of fixed lifetime of 19.3 ps convoluted with the IRF
of 0.25 ps. The fit provides an R? value of 0.88.

Figure 4.3.6 displays the fitting of the solvated electron signal to extract the gem-
inate recombination and electron appearance timescales. Figure 4.3.6 (left) shows
the fit to extract the electron appearance timescales. The black circles are the sol-
vated electron signal extracted from the early time fit (0-30 ps). The geminate
recombination dynamics (black line) are subtracted from the solvated electron sig-
nal, leaving the electron appearance signal (red circles). The electron appearance
dynamics are fit to with a biexponential to describe the contributions from hot and
cold S1. One of the lifetimes is fixed to be 19.3 ps matching the S; lifetime, to de-
scribe the electron formation from cold S;. The second time constant is 2.7 £0.2 ps.
Figure 4.3.6 (right) shows the solvated electron signal from the long time fit (30—
1000 ps), this is fit to with a biexponetial to extract the timescales for geminate

recombination.
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Figure 4.3.6: Fits to the 20 mM P data following 287 nm photoexcitation. Left: Black cir-

cles are the solvated electron signal extracted from the 0-30 ps fit. The black
line, which if the fit to the geminate recombination, is interpolated to early
times. The contribution of geminate recombination is subtracted from sol-
vated electron signal (black circles) is taken from the early time KOALA fit
(0-30 ps). This leaves the electron appearance (red circles) dynamics which
are fit to with a biexponential (convoluted with the instrument function) with
lifetimes of 2.9 £ 0.2 ps and 19.3 ps. The 19.3 ps lifetime is fixed during
the fitting. Right: The black circles are the modelled solvated electron sig-
nal from the long time KOALA fitting (30—1000 ps) and the dynamics are fit
with a biexponential function with lifetimes of 35 & 4 ps and 450 =+ 200 ps,
to describe geminate recombination.
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Figure 4.3.7: Fits to the 20 mM P data following 287 nm photoexcitation. Left: The early

time (0-30 ps) KOALA extracted trace of the average phenoxy radical sig-
nal. The Phenoxy radical signal is normalised to the solvated electron signal.
Right: The long time (30—1000 ps) kinetics of the solvated electron (black
circles) are presented and the average phenoxy radical signal is normalised to
the solvated electron signal.

Figure 4.3.7 displays the kinetics extracted from the KOALA software for the aver-

age phenoxy radical (red line) and the solvated electron (red circles). The phenoxy
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radical signal is normalised to the solvated electron signal. The plot on the left
displays the data extracted from the early time fits (0—30 ps) and the right displays
the long time fits (30—1000 ps). The dynamics of the radical are expected to be
the same as the solvated electron. Both the early and late time dynamics resemble
the solvated electron dynamics reasonably, but the radical kinetics are clearly quite

noisy.

4.3.3 2-Methylphenolate

Figure 4.3.8 shows four frames of the fitting done for the transient absorption spec-
trum across all times to extract the kinetic profiles associated with each transient
feature. These frames are 0.48 ps (top left), 1 ps (top right), 10 ps (bottom left) and
1000 ps (bottom right).
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Figure 4.3.8: 350-650nm transient absorption spectra of 20 mM aqueous P following
287 nm photoexcitation at 0.48 ps (top left), 1 ps (top right), 10 ps (bottom
left) and 1000 ps (bottom right) pump-probe time delays following photoex-
citation at 282 nm. Black line is the experimental data and the red is the
total fit made up from each other feature; S; (450 nm), SE (350 nm), PhO
(362 nm), PhO" (377.7 nm), PhO’ (394.7 nm) and e(,,) (719 nm). Each fea-
ture was modelled by a Gaussian function.

The kinetic traces corresponding to the fit to the data (see Figure 4.3.8) are extracted

for each feature and then to extract the timescales of each process are fit to. The data
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in KOALA was divided in two parts; from 0-20 ps and 10-1000 ps. In the longer
time fit it is known there is no contribution from S; as the fluorescence lifetime is
7 ps at a pump wavelength of 275 nm (see Section 4.2.2). Therefore, from 10 ps Sy
was not modelled in the KOALA fit as there will not be any contribution. Figure
4.3.9 displays the fit to the S; and shows the kinetic trace for the SE contribution.
The S; lifetime was fixed to be 7 ps, which provided a fit with a R? value of 0.96.
The SE kinetic trace extracted from the KOALA fit was not fit as no sensible result

could be obtained.
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Figure 4.3.9: The S; signal (black circles) is fit (black line) with an exponential with a fixed
lifetime of 7 ps, convoluted with the instrument response function (IRF) of
0.25 ps. The fit provides an R? value of 0.96. The S; amplitude is normalised
relative to the solvated electron signal in the KOALA fit. For clarity, the SE
kinetics (red circles) extracted from KOALA were normalised between 0 and
1, as it’s amplitude contribution in the fit is small. The SE could not be fit
reasonably.

Figure 4.3.10 displays the fitting of the solvated electron signal to extract the gemi-
nate recombination and electron appearance timescales. Figure 4.3.10 (left) shows
the fit to extract the electron appearance timescales. The black circles are the sol-
vated electron signal extracted from the early time fit (0—20 ps). The geminate
recombination dynamics (black line) are subtracted from the solvated electron sig-
nal, leaving the electron appearance signal (red circles). The electron appearance
dynamics are fit to with a biexponential to describe the contributions from hot and
cold S;. One of the lifetimes is fixed to be 7 ps, to describe the electron formation

from cold S;. The second time constant is 2.0 & 0.1 ps. This fit provides an R?
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value of 0.99. Figure 4.3.10 (right) shows the solvated electron signal from the long

time fit (10-1000 ps), this is fit to with a biexponential to extract the timescales for

geminate recombination.
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Figure 4.3.10: Left: Black circles are the solvated electron signal extracted from the 0-
20 ps fit. The black line in the geminate recombination interpolated to early
times. The geminate recombination contribution is subtracted from the sol-
vated electron signal (black circles), from the early time KOALA fit (0-
20 ps). This leaves the electron appearance (red circles) dynamics which
are fit to with a biexponential (convoluted with the instrument function)
with lifetimes of 1.9 4+ 0.1 ps and 7 ps. The 7 ps lifetime is fixed during
the fitting. Right: The black circles are the modelled solvated electron sig-
nal from the long time KOALA fitting (10-1000 ps) and the dynamics are
fit with a biexponential function with lifetimes of 6.4 4 0.6 ps and 230 £+
40 ps, to describe geminate recombination.
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Figure 4.3.11: Left: The early time (0-20 ps) KOALA extracted trace of the average phe-
noxy radical signal. The Phenoxy radical signal is normalised to the solvated
electron signal. Right: The long time (101000 ps) kinetics of the solvated
electron (black circles) are presented and the average phenoxy radical signal
is normalised to the solvated electron signal.

Figure 4.3.11 displays the kinetics extracted from the KOALA software for the aver-
age phenoxy radical (red line) and the solvated electron (red circles). The phenoxy
radical signal is normalised to the solvated electron signal. The plot on the left
displays the data extracted from the early time fits (0—20 ps) and the right displays
the long time fits (10—1000 ps). The dynamics of the radical are expected to be the
same as the solvated electron. Both the early and late time dynamics resemble the

solvated electron dynamics well.

4.3.4 3-Methylphenolate

Figure 4.3.12 shows four frames of the fitting done to the transient absorption spec-
trum across all times to extract the kinetic profiles associated with each transient
feature. These frames at are 0.66 ps (top left), 1 ps (top right), 10 ps (bottom left)
and 1000 ps (bottom right).
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Figure 4.3.12: 350-650 nm transient absorption spectra of 20 mM aqueous 3-
methylphenolate at 2.7 ps pump-probe delay following photoexcitation at
282 nm. Black line is the experimental data and the pink is the total fit made
up from each other feature; S; (430 nm), SE (349 nm), PhO" (378.1 nm),
PhO" (393.3 nm), PhO" (412 nm), and €(aq) (719 nm). Each feature was
modelled by a Gaussian function.

The kinetic traces corresponding to the fit to the data (see Figure 4.3.12) are ex-
tracted for each feature. These traces are then analysed to determine the timescales
of each process. The data in KOALA was fit to in two parts; from 0-20 ps and
10-1000 ps. In the longer time fit it is known there is no contribution from S; as the
fluorescence lifetime is 9 ps at a pump wavelength of 275 nm (see Section 4.2.2).
Therefore, from 20 ps S; was not modelled in the KOALA fit as there will not be
any contribution. Figure 4.3.13 displays the fit to the S; and shows the kinetic for
the SE contribution. The S; lifetime was fixed to be 9 ps, which provided a fit with
a R? value of 0.98. The SE kinetic extracted from the KOALA fit was normalised to
be between 0 and 1 and fitted with a monoexponential with a fixed lifetime of 9 ps,

providing a fit with a R? value of 0.94 .
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Figure 4.3.13: The S; signal (black circles) is fit (black line) with an exponential with

a fixed lifetime of 9 ps, convoluted with the instrument response function
(IRF) of 0.25 ps. The fit provides an R? value of 0.98. The S; amplitude
is normalised relative to the solvated electron signal in the KOALA fit. The
SE kinetics (red circles) extracted from KOALA was normalised between 0
and 1, as it’s amplitude contribution in the fit is small. For clarity, the SE
was fit an exponential with a fixed lifetime of 9 ps, convoluted with the IRF
of 0.25 ps. The fit provides an R? value of 0.94
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Figure 4.3.14: Left: Black circles are the solvated electron signal extracted from the

0 — 20 ps fit. The black line in the geminate recombination interpolated
to early times. The geminate recombination contribution is subtracted from
the solvated electron signal (black circles), from the early time KOALA fit
(0-20 ps). This leaves the electron appearance (red circles) dynamics which
are fit to with a biexponential (convoluted with the instrument function) with
lifetimes of 2.6 + 0.4 ps and 9 ps. The 9 ps lifetime is fixed during the fit-
ting. Right: The black circles are the modelled solvated electron signal
from the long time KOALA fitting (10-1000 ps) and the dynamics are fit
with a biexponential function with lifetimes of 13 + 0.8 ps and 250 £ 40 ps,
to describe geminate recombination.

Figure 4.3.14 displays the fitting of the solvated electron signal to extract the gemi-
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nate recombination and electron appearance timescales. Figure 4.3.14 (left) shows
the fit to extract the electron appearance timescales. The black circles are the sol-
vated electron signal extracted from the early time fit (0-20 ps). The geminate
recombination dynamics (black line) are subtracted from the solvated electron sig-
nal, leaving the electron appearance signal (red circles). The electron appearance
dynamics are fit to with a biexponential to describe the contributions from hot and
cold S;. One of the lifetimes is fixed to be 9 ps, to describe the electron formation
from cold S;. The second time constant is 2.6 & 0.4 ps. This fit provides an R?
value of 0.99. Figure 4.3.14 (right) shows the solvated electron signal from the long
time fit (10-1000 ps), this is fit to with a biexponential to extract the timescales for

geminate recombination.
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Figure 4.3.15: Left: The early time (0-20 ps) KOALA extracted trace of the average phe-
noxy radical signal. The Phenoxy radical signal is normalised to the solvated
electron signal. Right: The long time (10—1000 ps) kinetics of the solvated
electron (black circles) are presented and the average phenoxy radical signal
is normalised to the solvated electron signal.

Figure 4.3.15 displays the kinetics extracted from the KOALA software for the aver-
age phenoxy radical (red line) and the solvated electron (red circles). The phenoxy
radical signal is normalised to the solvated electron signal. The plot on the left
displays the data extracted from the early time fits (0—20 ps) and the right displays
the long time fits (10—1000 ps). The dynamics of the radical are expected to be the

same as the solvated electron. Both the early and late time dynamics resemble the
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solvated electron dynamics well.

4.3.5 4-Methylphenolate

Figure 4.3.16 shows four frames of the fitting done to the transient absorption spec-
trum across all times to extract the kinetic profiles associated with each transient
feature. These frames at are 0.48 ps (top left), 1 ps (top right), 10 ps (bottom left)
and 1000 ps (bottom right).
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Figure 4.3.16: 350—650 nm transient absorption spectra of 20 mM aqueous 4MP, follow-
ing 278 nm photoexcitation, at 0.48 ps (top left), 1 ps (top right), 10 ps
(bottom left) and 1000 ps (bottom right) pump-probe time delays following
photoexcitation at 287 nm. Black line is the experimental data and the red
is the total fit made up from each other feature; S; (480 nm), SE (370 nm),
PhO’ (371 nm), PhO" (390 nm), PhO" (406 nm) and e, (719 nm). Each
feature was modelled by a Gaussian function.

The kinetic traces corresponding to the fit to the data (see Figure 4.3.16) are ex-
tracted for each feature. These traces are then analyzed to determine the timescales
of each process. The data in KOALA was fit to in two parts; from 0-20 ps and
20-1000 ps. In the longer time fit it is known there is no contribution from S as the
fluorescence lifetime is 20 ps at a pump wavelength of 278 nm (see Section 2.2.2).
Therefore, from 20 ps S; was not modelled in the KOALA fit as there will not be

any contribution. Figure 4.3.17 displays the fit to the S; and shows the kinetic for
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the SE contribution. The S lifetime was fixed to be 20 ps, which is in provided a fit
with a R? value of 0.98. The quality of this fit was improved by floating the value
and this provided a time constant of 12.4 ps with a R? value of 0.99. The SE kinetic
extracted from the KOALA fit was normalised to be between 0 and 1 and fitted with
a monoexponential with a fixed lifetime of 14 ps, providing a fit with a R? value of

0.77 .
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Figure 4.3.17: The S; signal (black circles) is fit (black line) with an exponential with a
lifetime of 12.4 £ 1 ps, convoluted with the instrument response function
(IRF) of 0.30 ps. The fit provides an R? value of 0.99. The S; amplitude
is normalised relative to the solvated electron signal in the KOALA fit. The
SE kinetics (red circles) extracted from KOALA was normalised between
0 and 1, as it’s amplitude contribution in the fit is small. The SE was fit
an exponential with a fixed lifetime of 12.4 ps, convoluted with the IRF of
0.30 ps. The fit provides an R? value of 0.77.

Figure 4.3.18 displays the fitting of the solvated electron signal to extract the gemi-
nate recombination and electron appearance timescales. Figure 4.3.18 (left) shows
the fit to extract the electron appearance timescales. The black circles are the sol-
vated electron signal extracted from the early time fit (0-20 ps). The geminate
recombination dynamics (black line) are subtracted from the solvated electron sig-
nal, leaving the electron appearance signal (red circles). The electron appearance
dynamics are fit to with a biexponential to describe the contributions from hot and
cold S;. One of the lifetimes is fixed to be 12.4 ps, to describe the electron forma-
tion from cold S;. The second time constant is 2.0 + 0.2 ps. This fit provides an R?

value of 0.99. Figure 4.3.18 (right) shows the solvated electron signal from the long
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time fit (20—1000 ps), this is fit to with a biexponential to extract the timescales for

geminate recombination.
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Figure 4.3.18: Left: Black circles are the solvated electron signal extracted from the 0-

Normalised Integrated Signal

0.0

20 ps fit. The black line in the geminate recombination interpolated to
early times. The geminate recombination contribution is subtracted from
the solvated electron signal (black circles), from the early time KOALA fit
(0-20 ps). This leaves the electron appearance (red circles) dynamics which
are fit to with a biexponential (convoluted with the instrument function) with
lifetimes of 2.0 £ 0.2 ps and 12.4 ps. The 12.4 ps lifetime is fixed during
the fitting. Right: The black circles are the modelled solvated electron sig-
nal from the long time KOALA fitting (10-1000 ps) and the dynamics are
fit with a biexponential function with lifetimes of 36 & 3 ps and 2100 +
500 ps, to describe geminate recombination.
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Figure 4.3.19: Left: The early time (0-20 ps) KOALA extracted trace of the average phe-

noxy radical signal. The Phenoxy radical signal is normalised to the solvated
electron signal. Right: The long time (20—1000 ps) kinetics of the solvated
electron (black circles) are presented and the average phenoxy radical signal
is normalised to the solvated electron signal.
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Figure 4.3.19 displays the kinetics extracted from the KOALA software for the aver-
age phenoxy radical (red line) and the solvated electron (red circles). The phenoxy
radical signal is normalised to the solvated electron signal. The plot on the left
displays the data extracted from the early time fits (0—20 ps) and the right displays
the long time fits (20—1000 ps). The dynamics of the radical are expected to be the
same as the solvated electron. Both the early and late time dynamics resemble the

solvated electron dynamics well.

4.3.6 Calculations

The calculations presented here were carried out by Anton Boichenko and Anas-
tasia Bochenkova at the University of Moscow. Calculations were performed at
the XMCQDPT2[5]/SA(5)-CASSCF(8,10)/(aug)-cc-pVDZ(+) level of theory. The
gas-phase and condensed-phase vertical detachment energies are summarised in Ta-

ble 4.3.1.

Table 4.3.1: Summary of results obtained from calculations performed at the
XMCQDPT2[5]/SA(5)-CASSCF(8,10)/(aug)-cc-pVDZ(+) level of the-
ory. The structures used fir calculating the VDEs are optimised using a mixed
DFT/EFP/MD method.

VDE, eV solavated (XMCQDPT2/EFP) VDE, eV Gas phase DFT

P 6.9 2.25
2MP 6.5 2.18
3MP 6.9 222
4MP 6.5 2.12

Figure 4.3.20 displays the solvated systems. Four water molecules were included
quantum mechanically in each system. For P, 3MP and 4MP, all 4 water molecules
are hydrogen bonded to the O atom of phenolate. In contrast, for 2MP, only 3 of the
water molecules are hydrogen-bonded to the O atom and the fourth water molecule
is H-bonded to the 3 other water molecules. This appears to create a "hydrophobic

cavity’ due to the proximity of the methyl group to the O atom of phenolate.
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Figure 4.3.20: Displays microsolvation snapshots of P, 2MP, 3MP and 4MP chemical struc-
tures with the four water molecules were included quantum mechanically.

In comparison to P, for the solvated systems, the 2MP and 4MP have a significant
lowering in the VDE. The observed difference between the VDE of P and, 2MP and
3MP is more significant for the solvated than the gas-phase systems. The degree
of anion stabilisation by the solvent molecules varies with system. The 2MP anion
has a lesser degree of stabilisation by the nearest water molecules that form direct
hydrogen bonds with the anion. The methyl-group on the ortho position (2MP)
results in an area which is not accessible by water molecules. The 4MP anion also
has less stabilisation in comparison to phenolate due to its asymmetric solvation
and the area excluded by the methyl group on the para position. However, the
stabilisation of the neutral radical by the methyl-group is highest for 4MP due to
the presence of the quinoid-like structure. The methyl-group acts as an inductive
electron donor, destabilising the 2MP and 4MP anions. However, the radicals are
stabilised by the presence of the methyl groups. The 3MP anion is the most similar

to phenolate, which is practically not perturbed by the methyl-group.
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Figure 4.3.21: Resonance structures for 4-methylphenolate.
To summarise, the vertical detachment energies of 2MP and 4MP are lower than

3MP and P and this is amplified more in solution in comparison to the gas-phase

phase. The VDEs are summarised below in Figure 4.3.22.
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Figure 4.3.22: Summary of the vertical detachment energies for each molecule calculated
using XMCQDPT2[5]/SA(5)-CASSCF(8,10)/(aug)-cc-pVDZ(+)/EFP level
of theory.

4.3.7 Summary of Results

Table 4.3.2 summaries the time constants obtained from fitting to the kinetic traces

obtained from KOALA.
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Table 4.3.2: Time constants (in ps) obtained from fits to the kinetic traces Ty _,.(,q) 18 the
timescale of €aq) formation from directly populated ‘hot” Sy and Ts, ¢ (aq) is
the timescale of e(_aq) formation from ‘cold’ S;. 7;; and 7, describe the decay
of €ag) by geminate recombination.

T se-(ag A1 Ts;me-ag A2 T Al T Ay
P 29+02 047 194+£09 053 35+4 0.85 450 +200 0.15
2MP 194+05 068 7+2 032 64+06 098 230+40 0.02

3MP 26+04 090 9+£2 0.10 1308 0.89 250=£40 0.11
AMP 2.0+£02 090 12+1 0.10 36+£3 0.90 2100 £ 500 0.10

The electron ejection timescale appears to be relatively independent of the methyl-
group’s position on the molecule. However, it is important to note there is a small
variation in the vertical detachment energies (VDEs) among the different methyl-
substituted phenolates, with the order being 2MP < 4MP < 3MP < P. For 2MP and
4MP, where the VDEs are lower, the timescale for fast electron formation is notably
shorter than for 3MP and phenolate (see Table 4.3.2). The lower VDE clearly fa-
cilitates quicker electron formation, which is responsible for the faster timescales
observed in 2MP and 4MP, with values of 1.9 ps and 2 ps, respectively. Due to the
higher VDE in 3MP and P the timescales are longer, 2.6 ps and 2.9 ps respectively.
This observation is consistent with a Marcus picture for electron emission, where
the electron tunneling rate depends on the barrier height. For 2MP and 4MP, the
lower VDE reduces the barrier height, leading to faster electron tunneling and the

observed shorter timescales. Figure 4.3.23 shows an illustration of this model.
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Figure 4.3.23: Marcus like picture for electron emission. Shows the electron emission from
vibrationally hot and cold S; along the solvent coordinate. Electron emis-
sion is faster the higher above the barrier.

Moving on to the timescales for electron emission from the vibrationally cold S
state, the emission rate increases as the methyl group is positioned closer to the O™
atom. Although the timescales for 4MP and P from the TA fitting differ slightly
from the TCSPC measurements, the overall trend remains consistent. The discrep-
ancies may be attributed to the fact that the TCSPC measurements were performed
near the resolution limit of the experiment, potentially explaining the variations.
Therefore, the timescales obtained from fitting the TA data, as shown in Table 4.3.2,
will be used for further discussion. This might suggests that methyl substitution
closer to the O™ atom increases the efficiency of the non-radiative relaxation pro-
cesses from Sy, which is consistent with the particularly low fluorescence quantum
yield for 2MP. Finally, the slower timescale (7,;) for geminate recombination of
the electron is also significantly faster as the methyl-group moves closer to the O™
atom. This could indicate that the local solvation environment has an important
role in the electron recombination. As displayed in Figure 4.3.20 the microsolva-
tion snapshots show that 2MP has fewer hydrogen bonds to the O~ atom than the
other molecules. Figure 4.3.24 summaries the timescales (see Table 4.3.2) from the
kinetic fitting of the TA data. This illustrates clearly the trend of the slow electron
emission timescales and fast electron recombination timescales with the position of

the O~ atom.
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Figure 4.3.24: Summary of timescales for each molecule extracted by kinetic fitting. The
error bars for the fast electron emission from vibrationally hot S; (green
squares) as significantly smaller than the symbol used to plot the timescales.

4.4 Conclusions

To conclude, the photooxidation mechanism of 2MP, 3MP, 4MP and phenolate was
investigated following excitation at the peak of the So-S;. It was concluded the
VDE energies of the molecules influence the fast electron formation timescales
from vibrationally hot S;. Therefore, due to 2MP and 4MP having the lowest
VDE:s the fast electron formation timescales are observed here. The electron re-
combination timescales are quickest for the 2MP, where the methyl-group is the
closest to the oxygen atom. It is not possible to be completely sure why the re-
combination timescales vary. Although, the argument of the electron being trapped
when the methyl-group is closer and therefore, the electron recombination is faster
more evidence would be required to confirm this. This could be confirmed by the
support of electron transport calculations, that can provide information about the
electrons trajectory after its formation. An example of these calculation were con-
ducted by Jordan ef al. were they look at the solvated electrons trajectory at the
liquid/vacuum interface [96]. Experimentally, the early sub-picosecond timescale
for solvated electron formation could be closely examined using a nIR probe in a TA

experiment. By focusing on the early-time relaxation of the solvated electron, com-
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parisons can be made across different molecules. As the solvated electron relaxes,
its absorption spectrum is expected to shift to shorter wavelengths. By monitoring
this spectral shift, a timescale for the relaxation process can be extracted for each
molecule, providing further insight into the dynamics of solvated electron formation

and relaxation.



Chapter 5

Towards Time-Resolved
Liquid-Microjet Photoelectron

Spectroscopy of Aqueous Phenolate

This chapter presents the first time-resolved photoelectron spectroscopy (TRPES)
data recorded on the UCL liquid microjet spectrometer. This study focuses on
aqueous phenolate following 1 4 1 resonance-enhanced photodetachment with a
Apump=287 nm and Aprobe—267 nm- The pump is resonant with the maximum of the
S1 absorption band. Following photoexcitation, two features were observed in the
photoelectron spectrum. The higher binding energy component was assigned to the
solvated electron, while the lower binding energy component was attributed to the
1'77*-Dy state. The total photoelectron signal across all pump-probe delay times
was well described by a biexponential decay with lifetimes of 0.2 £+ 0.03 ps and
33 £ 4 ps. This behavior is faster than that observed in the corresponding transient
absorption data from Chapter 3, suggesting that the mechanism at the surface could

differ from that in the bulk solution.

5.1 Motivation

The comparison of different experimental techniques is highly advantageous and,
as shown in Chapter 3, can help resolve complex chemical dynamics of molecular

systems. This Chapter presents preliminary data recorded during the development
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of the capabilities of recording time-resolved liquid microjet photoelectron spec-
tra. These experiments represent the first time-resolved recorded using the liquid
microjet setup in the Fielding laboratory. The system selected for study is aque-
ous phenolate. Phenolate was chosen because there is already a comprehensive
understanding of the photoinduced relaxation dynamics from the corresponding
transient absorption spectroscopy (TAS) measurements, as detailed in Chapter 3.
The ultimate goal is to compare the dynamics observed from femtosecond transient
absorption spectroscopy (fs-TAS) (Chapter 3) with the dynamics extracted from the

photoelectron experiments.

Both TR-PES and TAS have their unique advantages and can provide valuable
information of the photoinduced dynamics of a chemical system. fs-TAS allows
excited state dynamics to be followed by measuring the difference in absorption be-
tween the ground and the excited state. This facilitates the extraction of the kinetics
of different absorption features, although typically these features are hard to resolve
due to the high likelihood of them all overlapping. In contrast, TR-PES offers a
more direct view of the excited-state potential energy surface by tracking the kinetic
energy distribution of the photoelectrons as a function of time. Specifically, with
UV pump/UV probe TR-PES, one can monitor the dynamics within excited states.
However, when using a UV pump combined with an extreme ultraviolet (EUV)
probe, TR-PES can also follow the system’s return to the electronic ground state,
offering a comprehensive view of the entire photochemical process. This method
provides valuable information about the electronic structure and the evolution of the
system’s electronic states, making it a powerful tool for understanding the excited-

state landscape.

The previous literature on aqueous phenolate, specifically regarding fs-TAS, has
been discussed in detail in Chapter 3. In terms of photoelectron spectroscopy stud-
ies of aqueous phenolate, Ghosh et al. recorded valence photoemission spectra of

aqueous 0.75 M phenolate with photon energy of 200 eV (see Figure 5.1.1). Their
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spectra could be modelled by two Gaussians, centred at 7.1 + 0.1 and 8.5 + 0.1
with an average full width half maximum at ~ 1 eV. The detachment energies are
assigned to the first two states in the phenoxy radical [22]. This experimental work
was supported by equation-of-motion ionisation potential (EOM-IP-CCSD) and
effective fragment potential (EFP) methods. The computed vertical detachment

energy (VDE) was found to be 7.7 eV.

Counts [arb. u.]

5 6 7 8 g 10
Binding energy [eV]

Figure 5.1.1: Reprinted (adapted) with permission from [22]. Copyright 2012 American
Chemical Society. Experimental valence photoelectron spectra of 0.75 M
aqueous phenolate.

Recently, Boichenko ef al. developed a new method for calculating the VDEs of an-
ionic biologically relevant chromophores [82]. In this work the first VDE aqueous
phenolate was calculated to be 7.3 &= 0.1 eV. To date this value matches the experi-
mental value (7.1 ev + 0.11 ev) the closest. Static UV liquid microjet photoelectron
measurements of aqueous phenolate have also been conducted by Scholz et al,
following excitation at various wavelengths [54]. This study employed photon en-
ergies resonant with Sy, but maintained low enough power minimising contributions
from bulk water. The ability to use these low powers is a major advantage of UV
pump and probe liquid microjet photoelectron spectroscopy in comparison to using
higher energy photons, such as extreme UV (EUV). The first VDE in this work

was found to be 7.02 £ 0.09 ev, which is in good agreement with the x-ray mea-
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surement [22]. It was also found that the experimental data are only overestimated
by around 0.1 eV due to inelastic scattering. This is less than the overestimate
observed in liquid water as in the case of phenolate the photoelectrons originate
within a nanometer of the surface of the liquid stream, and thus undergo minimal
scattering events. UV liquid microjet measurements of aqueous phenolate were
also conducted in the work presented in Chapter 3. Briefly, measurements were
conducted following photoexcitation at 285 nm (S; absorption maximum), 266 nm
(high energy edge of S| absorption band), 257 nm (between S; and S;absorption
bands), and 235 nm (S absorption maximum). The photoelectron spectra resonant
with S (285 nm and 266 nm) corresponded to S;-Dg detachment. The situation
was found to be much more complex for the higher photon energy spectra (257 nm

and 235 nm), with multiple detachment continua accessible.

The phenolate anion has also been studied at the aqueous/air interface by Jor-
dan et al. [96, 97] and they observed a difference in the dynamics at the surface
in comparison to bulk solution. From transient absorption measurements (bulk)
[79] geminate recombination results in the solvated electron and a fraction also
dissociates. The loss of the solvated electron signal is correlated with the loss in
the phenoxy radical. In contrast, at the aqueous/air interface the solvated electron
signal decays on a timescale that is an order of magnitude quicker the the phenoxy
radical, therefore excluding geminate recombination as a major component of the
mechanism. They concluded the electron at the aqueous/air interface is fully sol-
vated, and only a fraction of the electron density is exposed to the vapor phase. This
result is compared to liquid-microjet photoelectron experiments spectroscopy of the
solvated electron (LJ-PES) where the electron is observed to be at the interface for

longer [25, 38, 98, 99].

The aim of the preliminary study presented in this chapter was to measure the
timescale for electron emission and recombination in aqueous phenolate using

TRPES in a liquid-jet to compare with the detailed literature TAS measurements
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[77-80] and the recent sum frequency generation (SFG) measurements at the aque-

ous/air interface [97].

5.2 Experimental Details

Preliminary time-resolved LJ-PES experiments of aqueous phenolate are presented
in this chapter. The details of the experiment are described in detail in Chapter 2.
0.1 mM solutions of aqueous phenolate were prepared in 1.8 mM sodium hydroxide
solutions. A high-performance liquid chromatography pump (HPLC), operating at
a flow rate of ~ 0.6 mL/min, pumped the aqueous phenolate into the interaction
chamber. A 20 um fused silica nozzle delivered the sample into the vacuum cham-
ber and the liquid maintains laminar flow for around 3-4 mm. Typically this liquid
is then removed from the chamber by a heated catcher with a 500 um position be-
low the nozzle, as described in Chapter 2. Due to a motor problem with the catcher
system, the preliminary experiments reported here made use of a cold-trap instead.
The liquid sample was captured in the cold-trap and then frozen with liquid nitro-
gen. The streaming potential (described in Chapter 2) was recorded at the beginning
and end of each measurement to determine the value of the vacuum level offset and
to check that it had not drifted significantly during the course of the measurements
(typically a period of 6 hours). A pump wavelength of 287 nm was used to excite at
the maximum of the Sp-S; absorption band and a probe of 267 nm was employed to
initiate 1 + 1 photodetachment of aqueous phenolate. This accessed 1.54 eV above
the lowest detachment threshold. The probe also has sufficient energy to detach the
solvated electron. Once fully relaxed the binding energy of the solvated electron
is expected to be 3.7 eV [26], therefore the maximum kinetic energy of the fully
solvated electron would be expected to be seen at 0.94 eV. Figure 5.2.1 displays a
schematic energy diagram illustrating the pump and probe energies and the acces-

sible states. Chapter 2 described the time-resolved beam-line in greater detail.
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Figure 5.2.1: Schematic energy level diagram illustrating the pump and probe photon ener-
gies and the states they can access. The S| value is the A4, from the steady-
state absorption spectrum. The Dy and D;n values are from the x-ray mea-
surements [22].

5.3 Results and Discussion

The data present in this Chapter is the first time-resolved liquid microjet photoelec-
tron data from the Fielding group and will be rerecorded to achieve better quality
and more spectra at more pump-probe delay times. This section presents the pre-
liminary data and an initial interpretation that will be revisited when more data has
been acquired. The streaming potential before the measurement was found to be
-0.024 eV and this decreased by < 0.05 eV during the measurement to -0.070 eV at
the end of the measurement. The vacuum level offset before was 0.09 and 0.21 eV
after the measurement. Figure 2.5.11 shows the total photoelectron normalised sig-
nal over all pump-probe delays until the photoelectron signal disappeared. The
signal is best described by a biexponential convoluted with the instrument response
function (IRF). The would typically be determined by recording a pump-probe de-
lay scan of Xe at a non-resonant wavelength or of the solvent (in this case water).

When the final data is recorded the IRF will be measured, but for now value will be
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constrained to be 250 fs as it provided the most reasonable fit with an R> of 0.96.
200 fs and 300 fs were also fitted and the provided worse R? values of 0.90 and
0.95, respectively. The biexponential has time constants of 0.042 + 0.04 ps and
26 + 4 ps. The fit has an R? value of 0.95. This will be improved in the future
by recording more data to reduce any signal fluctuations, but we will continue the
discussion using these timescales as a reasonable approximation. It should be noted
the shorted time constant is smaller than the value determined for the IRF therefore
it is likely there is a fast component to the decay but there is not a large amount
of accuracy in this number. Chapter 3 presents our previous transient absorption
spectroscopy work [80] and from this we know at 287 nm the solvated electron is
formed on two timescales 2.6 &= 0.1 ps and 23 + 1 ps, from vibrationally hot S and
vibrationally cold S;, respectively. The solvated electron has two timescales for
geminate recombination and they are: 39 £ 2 ps and 660 £ 500 ps . Figure 5.3.1
displays the transient absorption signal (left) integrated over all probe wavelengths
and the total photoelectron signal (right). The decay of the photoelectron signal is
clearly much faster the the TA data. The TA data has an initial 10 ps rise, whereas

the photoelectron signal is at its maximum immediately.
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Figure 5.3.1: Left: TA signal of aqueous phenolate following photoexcitation at 287 nm
integrated across all probe wavelengths. Biexponential if fit from 10-1000 ps
with time constants 39 4 2 ps and 660 4 500 ps. The fit has an R? value
of 0.99. Right: Pump-probe delay scan following 1+1 resonant detachment
of 0.1 mM aqueous phenolate with 1.8 mM NaOH present to deprotonate
phenol and minimise the streaming potential. lpump = 287 nm and lprobe =
267 nm. The data is fit to a biexponential with lifetimes of 0.042 4 0.04 ps
and 26 44 ps convoluted with the IRF of 0.25 ps. The fit has an R? value of
0.96.

In order to understand the timescales observed from our pump-probe delay scan the
static spectra at different pump-probe delay times need to be analysed. This will tell
us how the kinetic energy distribution changes as a function of pump-probe delay
time. Only five spectra were obtained, including the one at time-zero. In order to
fully understand the dynamics more spectra at different pump-probe delay times
will be recorded in the future. Figure 5.3.2 displays the near time-zero pump plus
probe spectrum (black), pump-only spectrum (blue), probe-only spectrum (green),

and the isolated two-colour signal (purple).



5.3. Results and Discussion 127

—Opsp+p

——— 0 ps pump
—— 0 ps probe
—— 0 ps subtracted

0.5 1.0 1.5 2.0 2.5 3.0

Kinetic energy / eV

Figure 5.3.2: Near time-zero spectra: pump plus probe spectrum (black), pump-only spec-
trum (blue), probe-only spectrum (green), and the isolated two-colour signal
(purple). Apymp = 287 nm and A,rope = 267 nm.

Figure 5.3.3 displays the photoelectron spectrum at near zero pump-probe delay
time. The static resonance enhanced 266 nm (blue) spectrum and the static 287 nm
spectrum are also displayed. The two-colour spectrum (black) resembles the shape
of the 266 nm probe-only spectrum and both have approximately the same maxi-
mum eKE. In our previous work on the resonant enhanced 141 photodetachment
of aqueous phenolate at 285 nm (via S;) [80], the feature was fit with a single
Gaussian function with maximum eKE at 1.06 £ 0.07 eV and was assigned to be
S1-Dg detachment. The same was said for resonant enhance 1+1 photodetachment
at 266 nm, with a maximum eKE at 1.25 4 0.07 eV. The two-colour spectrum is
not as broad as the probe-only and at near-time zero there are three possible contri-
butions to the spectrum. They are: two photon absorption of the pump, two photon
absorption of the probe and absorption of one photon of pump and probe. All these

possibilities are resonant with S;. Figure 5.3.4 illustrates all these possibilities.
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Figure 5.3.3: Two colour photoelectron spectrum of 0.1 mM phenolate with 1.8 mM NaOH

at 0 ps pump-probe delay time (black). One colour photoelectron spectra of of
0.1 mM phenolate with 1.8 mM NaOH after 287 nm (purple) photoexcitation
and 266 nm (blue) are plotted for comparison purposes.
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Figure 5.3.4: Schematic energy level diagram showing all the possible contribution to the

phototelectron spectrum of aqueous phenolate at time zero. Left: Illustrates
the process of resonant photodetachment when there is one pump photon
(light blue) and one probe photon (dark blue). Middle: Illustrates the pro-
cess of resonant photodetachment when there is two pump photons. Right:
[lustrates the process of resonant photodetachment when there is two probe
photons.
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Figure 5.3.5 displays the two colour photoelectron spectrum of aqueous pheno-
late at a O ps pump-probe delay time. Recorded following photoexcitation with
Apump = 287 nm and A,gpe = 267 nm. The pump energy is resonant with the So-S;
transition. The spectrum is fit to two Gaussian functions providing a R? value of
0.98. The Gaussians are centred at 0.78 and 1.35 eV and have FWHM values of

0.47 and 0.87 eV, respectively. The values are summarised in Table 5.3.1 and 5.3.2

Table 5.3.1: Summary of the one-photon binding energies at 0 ps, data displayed in Figure
5.3.5.

Apump / nm () Arope /nm (hv) eKE - FWHM  hvype - €KE - hvpymp - eKE
287 (4.32) 266 (4.66) 0.79 0.47 3.87 3.53
287 (4.32) 266 (4.66) 1.34 0.87 3.30 2.98

Table 5.3.2: Summary of the two-photon binding energies at 0 ps, data displayed in Figure
5.3.5.

eKE  (hVpropethVprobe) - EKE  (hVpump +hVpump) - €KE  (hVpump+hVprobe) - eKE
0.79 8.53 7.85 8.19
1.34 7.98 7.30 7.64
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Figure 5.3.5: Top: Two colour photoelectron spectrum 0.1 mM Phenolate with 1.8 mM
NaOH at 0 ps pump-probe delay time. The spectral line shape is reproduced
by fitting two Gaussian functions. Bottom: Displays the residual of the fit.

Figure 5.3.6 is an energy level diagram of aqueous phenolate. At time zero due
to the possibility of two photon absorption of the pump, two photon absorption of
the probe, and absorption of one photon of the pump and the probe, the spectrum
is quite complex. Looking at table 5.3.2 the higher kinetic energy feature, for all
combinations of pump/probe, the binding energies are all higher than the threshold
for detachment from Dy. Whereas, the lower kinetic energy feature, if two probe

pulses are absorbed, could be enough energy for Dy, detachment.
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Figure 5.3.6: Schematic energy level diagram illustrating the different photooxidation path-
ways in aqueous phenolate and the timescales obtained from TAS in our pre-
vious work [80]. The numbers not in parenthesis are the A,,,, values obtained
from the steady-state absorption spectrum and the VDEs obtain from UV
(Do) and X-ray (Dj,) liquid microjet photoelectron spectroscopy measure-
ments. [22, 54] Values in parenthesis are calculated VDEs and VEEs. [80,
82]

Now that the t= 0 ps spectrum has been considered the spectra at different pump-
probe time delay can be examined to understand how the kinetic energy distribution
changes with time. Figure 5.3.7 displays the two colour photoelectron spectrum 0.1

mM Phenolate with 1.8 mM NaOH at four pump probe delay times.
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Figure 5.3.7: Two colour photoelectron spectrum 0.1 mM aqueous phenolate with 1.8 mM
NaOH at four pump probe delay times. Apump =287 nm and Ayrope = 266 nm.

With increasing pump-probe delay time the feature with the lower binding energy
(eBE) decays and as it does the eBE remains constant and the width of the lower
eBE peak narrows. The width of the entire photoelectron spectrum increases with
pump probe delay time. The higher binding energy peak within the first picosecond
increases in amplitude while shifting to lower eBE and broadening. After 1 ps this
feature amplitude then decays the eBE remains constant. This is summarised in

Figure 5.3.8, where the eBE each feature is plotted as a function of time.
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Figure 5.3.8: Plot of the eBE of each contribution to the photoelectron spectrum 0.1 mM
Phenolate with 1.8 mM NaOH as a function of pump-probe delay time.

The binding energy of the solvated electron once equilibrated is known to be ~ 3.7
eV [26, 100]. Although, the eKE of the solvated electron would shift from higher
eKE to lower and therefore, lower eBE to higher. The eBE of the higher eBE con-
tribution possibly could be from the solvated electron, although to be certain further
experiments should be completed acquiring more data points and also making use of
the strong electron quencher KNOs3. The lower eBE contribution matches the pre-
viously reported one photon binding energies after resonance enhanced detachment

with 285 nm [54]. This feature was assigned to 'nrx*-Dy .
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Figure 5.3.9: Static spectra of 0.1 mM Phenolate with 1.8 mM NaOH at varying pump-
probe delay times. Pump only and probe only signal have been subtracted.
Spectra are smoothed with a 5 point moving average.
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Figure 5.3.9 displays all the recorded 1+1 resonance enhanced photoelectron spectra
of 0.1 mM Phenolate with 1.8 mM NaOH at varying pump-probe delay times. The

data is plotted as a function of electron kinetic energy.

5.4 Conclusions and Outlook

In summary, these were the first ever time-resolved photoelectron spectroscopy
experiments conducted on the liquid microjet spectrometer at UCL. While the data
collected is not sufficient to draw definitive conclusions, the quality is high, and the

preliminary results are promising.

While this is still a work in progress, the results suggest that the overall dynamics
in a liquid microjet are significantly faster than those observed in bulk aqueous
solution. The total photoelectron signal as a function of pump-probe delay was
described by a biexponential decay with time constants 0.042 4+ 0.04 ps and 26
+ 4 ps. In contrast, the corresponding TAS experiments showed timescales for
geminate recombination of 50 £ 3 ps and 490 £ 200 ps. The substantial differ-
ence in timescales between the two experiments may indicate significantly different
photochemical processes at the surface. Jordan et al. observed at the aqueous/air
interface that the solvated electron signal decayed an order of magnitude faster than
the phenoxy radical signal, excluding geminate recombination as the mechanism
for the loss of electron signal [97]. Molecular dynamics simulations by Scholz
et al. have shown that phenolate in aqueous solution resides more on the surface
than in bulk solution [54]. This, combined with previous findings, suggests that the
differing dynamics observed in our experiments may be attributed to phenolate’s
tendency to sit on the solution’s surface. Recording additional static spectra at
various pump-probe delay times could provide further insights into these dynamics

and help clarify the underlying mechanisms.

Despite more data being required to reach definitive conclusions, it seems highly

likely that the two components of the photoelectron spectra correspond to the lower
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eBE component originating from the 1'77*-Dy state and the higher eBE compo-
nent from the solvated electron. The eBE is consistent with the literature value for

the solvated electron [26] and 1!'77*-Dy is consistent with previous work in the

group.

The contribution of the solvated electron to the photoelectron spectrum can be
confirmed by using a strong electron quencher, such as potassium nitrate. To
fully understand the dynamics and enable a proper comparison with the TAS data,

photoelectron spectra should be recorded at many more pump-probe delay times.



Chapter 6

Unravelling the Electronic
Relaxation Dynamics of Model

Firefly Bioluminescent Emitters

The Firefly has one of the brightest bioluminescence reactions with a quantum yield
of ¢ =0.41 [13]. Oxidation of D-luciferin, the small molecule that lies at the heart
of firefly bioluminescence, is catalysed by oxygen in the presence of ATP and the
Mg?" ion forming the chemiluminescent product keto-oxyluciferin. The high quan-
tum yield has made oxyluciferin a valuable tool for bioluminescent imaging. Nat-
urally, oxyluciferin can exist in six different chemical forms due to keto/enol tau-
tomerisation and deprotonation of the phenol and enol groups. Among these forms,
the phenolate-keto form of oxyluciferin is of particular interest because it exhibits
the longest wavelength emission [101]. Consequently, the work described in this
chapter will focus on that specific form. Bioluminescent probes have applications
in in vivo imaging in medicine [102]. To design new probes for deeper tissue imag-
ing, the emission maximum needs to be red-shifted further and made brighter. This
shift would be advantageous for in vivo imaging because, in this spectral region, bio-
logical tissues exhibit less signal attenuation due to hemoglobin and melanin. Here,
we use femtosecond transient absorption spectroscopy to investigate dynamics of
the emission of the anionic forms of oxyluciferin and infraoxyluciferin in aqueous

buffer. Infraoxyluciferin is an analogue of oxyluciferin with red-shifted emission
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maximum. We compare the dynamics of each molecule with an aim to understand
why oxyluciferin is a much more efficient emitter than infraoxyluciferin. By im-
proving our detailed understanding of the electronic relaxation of the molecular
unit that lies at the heart of this important bioluminescence system, we will learn

how to design new efficient tools for bioluminescent imaging.

6.1 Motivation

Bioluminescence is a phenomenon that occurs within living organisms, resulting
in the production and emission of light. This phenomenon has been observed in
several species of jellyfish, worms, and squid [13, 71, 101, 103—107]. The reaction
is a form of chemiluminescence meaning the production of light is catalysed by a
chemical reaction. The enzyme present, luciferase, catalyses the oxidation of the

substrate, luciferin, in the presence of adenosine triphosphate (ATP).

ATP+  PPi+
0, AMP

Luciferin o \ j » Oxyluciferin + hv

HO S Nj)\ OH HO S N--°
/4 7

L~ T~

Figure 6.1.1: The process of forming oxyluciferin from luciferin. The reaction is catalysed
by oxygen in the presence of ATP and the Mg?" ion. Reproduced from Ref
[108] with permission from the Royal Society of Chemistry.

The North American Photinus pyralis firefly has one of the brightest biolumines-
cence reactions, with a quantum yield of ® = 0.41 [13]. In the case of fireflies,
the adenylation and oxidation of D-luciferin is catalysed by oxygen in the presence
of ATP and Mg?™ ion, see Figure 6.1.1. In the aqueous solution, the firefly oxylu-
ciferin can exist in six chemical forms as a result of keto-enol tautomerisation and

deprotonation of the hydroxyl groups [101, 104, 109, 110]. The keto and enol forms
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exist in an equilibrium with one another. Figure 6.1.2 displays the structures of the

keto and enol forms of oxyluciferin.
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Figure 6.1.2: Displays the (a) keto (b) enol structures of oxyluciferin.

This chapter will focus solely on the phenolate-keto form of oxyluciferin, as it
has been previously reported to have the most red-shifted emission [101, 103].
Infraoxyluciferin (iOL™) will also be investigated which is an analogue of oxylu-
ciferin with an extended alkene chain. Previously, infraluciferin has been synthe-
sised by Anderson et al. [111] and it was found to have a bioluminescent emission
at > 700 nm. iOL™ is an ideal candidate for in vivo and in vitro imaging, due
to its near infra-red emission (nIR) wavelength. The use of luciferins is desirable
in applications such as bioluminescent imaging, due to their high quantum yield.
Bioluminescent imaging is advantageous over other fluorescence imaging tech-
niques as there are no background counts, since no external light source is required.
Subsequently, bioluminescent imaging has a higher signal-to-noise ratio than other
similar techniques. To further advance bioluminescent imaging, brighter probes
with emission wavelengths in the near-infrared are required, to improve in vivo
tissue penetration [112]. In the case of luciferin its A, = 558 nm [13] which
unfortunately is absorbed by haemoglobin and melanin, thus reducing the image
resolution [113]. Although, the emission maximum of infraluciferin is red-shifted,
the fluorescence quantum yield is much lower with a value of 0.27 [111]. Figure
6.1.3 displays the chemical structures of phenolate-keto oxyluciferin (OL™) and
phenolate-keto infraoxyluciferin iOL™, the two molecules that are the focus of this

chapter. Both molecules are synthesised by Dr. Marlowe Graham in Prof. James
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Anderson’s group at UCL and a cyclopropyl group is added to the thiazole group to

block the keto-enol tautomerisation in the excited state.
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Figure 6.1.3: Chemical structure of (a) phenolate-keto oxyluciferin and (b) phenolate-keto
infraoxyluciferin.

The microenvironment plays a large role in the efficiency of luminescence [103,
104] and is thus essential in defining the electronic properties of luciferin. For
example, in bioluminescent beetles, the color of emission can vary from green to
red even though all species use the same luciferin [108, 114, 115]. Previous studies
have altered luciferins to shift the emission further into the near-infrared, but con-
sequently, the quantum yield of the emission was reduced [116]. For the logical
design of new red-shifted bioluminescent probes, understanding the fundamental
electronic structure and relaxation dynamics of the luciferins is crucial. Anderson
et al. synthesised infraluciferin, an alkene-linked analogue of luciferin, which has
an emission maximum of > 700 nm [111]. They observed a reduction in emission
by 3—4 orders of magnitude and identified two peaks in the emission spectrum.
The major peak was slightly blue-shifted compared to the emission observed with

luciferin, while the minor peak was around 800 nm.

There have been several previous gas-phase spectroscopic studies investigating lu-
ciferins [104, 108, 117]. Stgchkel et al. employed action spectroscopy to study the

isolated firefly luciferin in vacuo and also with one water molecule present [117]. It
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was determined a single water molecule strongly perturbs the electronic structure,
such that the absorption spectrum was significantly altered. For luciferin in vacuo, a
broad absorption maximum was observed at 548 &= 10 nm. When a water molecule
was present, this absorption maximum was blue-shifted by 50 nm. In addition to
the experimental work, molecular dynamics simulations and time-dependent den-
sity functional theory calculations could reproduce these experimental peaks and
indicated that the preferred binding site for the water molecule is on the phenolate
oxygen of the anion. Woodhouse et al. investigated the excited-state dynam-
ics of luciferin and infraluciferin using photoelectron spectroscopy and quantum
chemistry calculations [108]. It was observed that following photoexcitation in the
range of 357-230 nm, internal conversion to the S; (!77*) state from higher-lying
electronic excited states competes with electron detachment. In comparison, in
infraluciferin, it was additionally found that decarboxylation also competes with
internal conversion and electron detachment. The experimental work was supported
by calculations (EOM-IP-CCSD) to determine the VDEs and VEEs. Luciferin and
infraluciferin were found to have similar VDEs, although the vertical excitation
energies of the electronically excited states of infraluciferin were found to be more
red-shifted. It was also observed for both molecules that resonant excitation of Sj
(>rr*) led to rapid IC back to S; (!z7*), followed by electron detachment. In
infraluciferin, decarboxylation also competed with this process. Patel ef al. con-
ducted a photoelectron spectroscopic study to investigate the electronic structure
and relaxation dynamics of three model oxyluciferin anions supported by electronic
structure calculations [104]. Various deprotonated forms were investigated through
systematic methylation, revealing that the deprotonation site significantly impacts
the relaxation mechanism following electronic excitation. The keto form was ob-
served to undergo IC to the fluorescent S; state, whereas evidence suggested that

the enol and enolate forms undergo internal conversion to a dipole-bound state.

There have been several time-resolved spectroscopic studies of oxyluciferin in

the condensed phase. Snellenburg ef al. [9] investigated oxyluciferin in the firefly
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enzyme luciferase via time-resolved fluorescence spectroscopy. This study aimed
to understand interactions between oxyluciferin and the active site. Steady-state
absorption and emission spectra of oxyluciferin in an aqueous buffer solution of lu-
ciferase at pH 6.8, 7.0 ,7.8 and 8.3 were recorded. As observed in aqueous solution,
the absorption maximum red-shifts with increasing pH due to the deprotonation of
oxyluciferin. At neutral pH in aqueous solution, oxyluciferin exhibits two emission
bands: a weak shoulder around 450 nm corresponding to the neutral species, and a
major peak at 550 nm associated with the conjugate base formed by excited-state
proton transfer. This behaviour was also observed in enzyme. Increasing the pH re-
sulted the presence of the 450 nm reducing, due to the deprotonation of the ground
state. Time-resolved fluorescence spectra of oxyluciferin in enzyme were recorded
at pH 6.8, 7.0 ,7.8 and 8.3, following 372 nm and 467 nm photoexcitation. The
spectra were globally analysed due to the large number of kinetics contributing
to the total signal. The analysis showed contributions from the multiple chemical
forms of oxyluciferin. Presiado et al. [118] recorded time-resolved and steady-state
emission spectra to study dehydroluciferin to model the enol from and D-luciferin
to model the keto form. The excited state proton transfer (ESPT) rates were in-
vestigated in water/ethanol mixtures and with increasing methanol concentration
the rate decreases. They also investigated dehydroluciferin in aqueous solution
with HCI and found that the acid affected the emissions of both the protonated and
deprotonated forms. The first TA study of the substrate luciferin was carried out
by Cherednikova et al. and had picosecond time resolution [119]. They observed
the emission signal reaching its maximum after 100 ps and suggested that luciferin
existed in two chemical forms in the excited state. A more recent and the only other
TA study to our knowledge by Gosset et al. [101] employed femtosecond-TAS and
time-resolved fluorescence spectroscopy to study the excited-state proton transfer
(ESPT) reactions and display the keto-enol conversion of oxyluciferin as a function
of pH. Figure 6.1.4 shows the four model compounds they studied to mimic the

keto and enol forms. The pathway in competition is synthetically blocked.
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Figure 6.1.4: Reprinted (adapted) with permission from [101]. Copyright 2020 American
Chemical Society. The four compounds studies by Gosset et al. to mimic the
keto and enol forms of oxyluciferin.

All experiments were performed in pH 5 and pH 11 aqueous buffers to avoid both
the protonated and deprotonated forms existing. Molecules 1a and 1b were chosen
to mimic the keto form. Molecule 1a represents the phenol form as the hydroxyl
group is replaced with a methoxy group (see Figure 6.1.4, in red) and thus deproto-
nation in Sg and S; is prevented. In contrast, molecule 1b allows the investigation
of the deprotonation and protonation of the phenol group. The same can be said for
molecules 2a and 2b, except they are the enol forms. Our studies will focus on the
molecule in the form of 1b at pH 11. The absorption and emission maxima of la
are 388 nm and 525 nm, respectively. In 1b at pH 11 the absorption maximum is
red-shifted to 482 nm and the emission to 640 nm. The emission maximum at pH 5
for 1b is also a maximum at 640 nm, thus suggesting it is the same emissive state.
Following photoexcitation at 400 nm between the first and second absorption bands
two transient features were observed. The first, is an ESA centered at 550 nm and
the second is SE centred at 640 nm. These are said to be the S; signatures of the
phenolate-keto form of oxyluciferin. The transient absorption spectrum is displayed

in Figure 6.1.5.
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Figure 6.1.5: Reprinted (adapted) with permission from [101] Copyright 2020 American
Chemical Society. Spectra on the right are for the phenolate-keto oxyluciferin
in aqueous buffer solution at pH 11 Top: (c) Steady-state absorption (green)
and emission (blue) spectra of phenolate-keto oxyluciferin in aqueous buffer
solution at pH 11. Middle: (f) TAS spectrum of phenolate-keto oxyluciferin
in aqueous buffer solution at pH 11, following 400 nm photoexcitation. Bot-
tom: (i) Decay associated spectra extracted from global analysis of the tran-
sient absorption spectrum.

Through a detailed global analysis of the TA data three time scales were determined
for the phenolate-keto form of oxyluciferin. The first was 620 ps, obtained from
fluorescence decay measurements, and was fixed in the global analysis. There was
also two shorter time constants, 0.5 and 4.25 ps, and they were assigned to spectral

relaxations they assumed were likely due to vibrational and solvent relaxation.

Ghose et al. systematically studied the steady-state and time-resolved emission
spectra of oxyluciferin in aqueous solution [103]. Their investigation identified
the emission spectra for each distinct form of the molecule, as presented in Figure

6.1.6.
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Figure 6.1.6: Reprinted (adapted) with permission from [103]. Copyright 2015 American
Chemical Society. Absorption (top) and emission (bottom) spectra of all the
forms of the firefly oxyluciferin.

This work confirmed that the phenolate-keto form of oxyluciferin has the most
red-shifted emission maximum at 634 nm. They also studied the time-resolved
fluorescence behavior of all chemical forms. It was found that by monitoring the
640 nm emission in pH 10 aqueous buffer of the phenolate-keto form, the fluo-
rescence lifetime was 0.6 ns. This is several times faster than the phenolate-enol

emission which has a 4.9 ns lifetime.

This chapter will present the steady-state absorption, emission and TA spectra of
OL™ and iOL™. By studying the excited state dynamics of both molecules we hope
to understand why the fluorescence quantum yield of iOL™ is significantly less than
that of OL™. Understanding the excited state-dynamics could aid the design of new
nIR bioluminescent probes. Our investigations will be isolated to the phenolate-
keto form of oxyluciferin, due to the maximum of the emission wavelength being
the most red-shifted [103] and it has been considered the most plausible form as an

emitter [103, 120, 121].
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6.2 Experimental Details

6.2.1 Transient-Absorption Spectroscopy

TA spectra were obtained using the experimental set-up outlined in Chapter 2, Sec-
tion 2.2. Briefly, TA spectra were recorded following photoexcitation at 481 nm
and 551 nm for iOL™ and for OL™ after photoexcitation at 349 nm and 476 nm.
Each pump wavelength was generated from the optical parametric amplifier (OPA)
and then attenuated at the sample using a neutral density filter to achieve a pulse
energy of approximately 100 nJ. This Chapter presents experiments that use both
the visible and UV probes to give a combined probing wavelength range of 350-
720 nm. The visible probe was used for iOL™, while the UV probe was employed
for OL™ because iOL s steady-state emission falls outside the UV probing region.
The relative polarisations of the pump and probe beams were set to be at the magic
angle (54.7°). This ensures effects from rotations are not measured. Experiments
were carried out at pH 10 and a concentration of 870 uM of iOL™ was used and
9.7 uM of OL™. A 2 mm cuvette was used and this was rastered and the sample
was also stirred with a magnetic stirrer bar. A cuvette was used instead of a Harrick
flow cell due to limitation in sample volume available because the molecules were
specially synthesised and solutions prepared by Dr Marlow Graham from Professor
Jim Anderson’s group on the morning before each measurement. Moreover, the
sample could only be used for a short period before deteriorating. This could be

monitored by recording a steady-state emission spectrum.

6.3 Results and Discussion

6.3.1 Steady-State Absorption

Fig. 6.3.1 displays the normalised steady-state absorption spectra of 10.3 uM OL™
(pH 10) and 870 uM iOL™~ (pH 10). Both molecules have an absorbance maxima
around 480 nm. The first absorption band of iOL™ is ~ 30% broader than the

equivalent in OL ™.
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Figure 6.3.1: Normalised steady-state absorption spectra of 10.3 uM OL™ at pH 10 (black)
and 870 uM iOL™ at pH 10 (red).

6.3.2 Steady-State Emission Data

Figure 6.3.2 displays the steady-state emission spectra of oxyluciferin at two pump
wavelengths, 482 nm (maxima of the first absorption band) and 355 nm (maxima
of the second absorption band). Based on the work of Ghose ef al. [103], we know
that the absorption spectrum of OL™ exhibits a dependence on pH. Our recorded

spectrum at pH 10 matches their spectrum.
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Figure 6.3.2: steady-state emission spectra of 0.97 uM OL™ at two pump wavelengths
482 nm (black) and 355 nm (red). Spectra are normalised relative to the
482 nm emission. All spectra were recorded with a 2 nm slit size.

Following photoexcitation of OL™ at 482 nm (close to the maximum of the first ab-
sorbance band), a single emission band is observed, centered around 640 nm. Fol-

lowing photoexcitation of OL™ at 349 nm (close to the maximum of the second ab-
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sorbance band) a second emission maxima is revealed, centered around 510 nm. To
determine the specific excitation wavelengths responsible for each emission an ex-
citation scan was conducted, see Figure 6.3.3. The scans of excitation wavelengths
reveal the longer wavelength emission is present at all excitation wavelengths, but
is most prominent on the red-edge of the first absorption band. While the shorter
wavelength emission is only present when excited on the blue edge of the absorption

spectrum.
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Figure 6.3.3: Excitation scans of 0.97 uM OL™ monitoring two emissions 475 nm (blue)
and 630 nm (red). The steady-state absorption spectra is plotted for compar-
ative purposes (black). Excitation scans were recorded with a 2 nm slit size.

First, it should be considered whether the neutral molecule is in equilibrium with
the anion at pH 10 and could thus be responsible for the second emission band. The
pK, of OL™ is 7.8 0.1 [103], indicating that there should be less than 1% of the
neutral molecule present at pH 10, with a concentration of 0.97 uM. The second
emission band around 530 nm has also been observed by Ghose et al. [103] and
was assigned to be a photoproduct. This emission was observed to be more promi-
nent in basic conditions and its emission maxima was centred at 530 nm in their
measurement of oxyluciferin with the substituted cyclopropyl group. They assigned
the photoproduct to be the dianionic species which is formed after isomerisation
and hydrolysis. The purpose of the cyclopropyl group was to block the keto-enol
tautomerisation and thus would prevent the formation of a dianionic species. Ghose

et al. [103] state that the cyclopropyl group minimised this photoreaction and also
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increased the global stability in the ground and excited state. Although, the dian-
ionic species was found to have an emission maximum at 539 nm and in our work
the emission is at approximately 510 nm. Additional experimental evidence may be
necessary to confirm this assignment. Although, the steady-state emission spectra
presented in our work following 355 nm excitation match those recorded by Ghose
et al.. The scans of excitation wavelengths reveal the longer wavelength emission is
present at all excitation wavelengths, while the shorter wavelength emission is only

present when excited on the blue edge of the absorption spectrum.

Fig. 6.3.4 displays the steady-state emission spectra of iOL™. The emission spectra

displayed are also dependant on the excitation wavelength.
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Figure 6.3.4: steady-state emission spectra of 870 uM iOL™ at three pump wavelengths
410 nm (black), 488 nm (red) and 557 nm (blue). Left: Spectra are nor-
malised relative to the 410 nm spectrum. Right: All spectra are normalised
to their maxima. All spectra were recorded with a 3 nm slit size.

As shown in Fig. 6.3.4, the most prominent emission is observed after photoexcita-
tion on the high energy edge of the first absorption band and has an emission maxi-
mum at 598 nm. Following photoexcitation near the maxima of the first absorption
band an emission spectra with dual peak structure (488 nm) is observed with max-
ima at approximately 640 nm and 720 nm. Finally, following photoexcitation at
the low energy (long wavelength) edge of the first absorption band the emission
maximum is observed to be around 740 nm. This is an unusual phenomenon to ob-

serve as according to Kasha’s rule the emission of a photon will always be from the
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lowest lying electronic excited state. The Kasha-Vavilov rule that follows on from
Kasha’s rule and states that the fluorescence emission spectrum should be indepen-
dent of excitation wavelength.[122] A classic example of a violation of Kasha’s
rules is azulene, where fluorescence is observed to be from S; because of the large
energy gap between S; and S, (1.5 eV) resulting in relatively slow S, to S; internal

conversion (Type I anti Kasha) [122, 123].
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Figure 6.3.5: Excitation scans of 870 uM iOL™ monitoring two emissions 620 nm (blue)
and 720 nm (red). The steady-state absorption spectra is plotted for compar-
ative purposes (black). Excitation scans were recorded with a 3 nm slit size.

An alternative interpretation for the dual emission peaks could be that two elec-
tronic excited states are involved. As the emission spectra of OL™ are dependant
on excitation wavelength and the excitation scans of the two emissions are different
(see Fig 6.3.3.) this could possibly suggests that two electronic excited states are
involved. The maximum 720 nm fluorescence signal and maximum 620 nm fluo-
rescence signal are both observed at approximately the same excitation wavelength,
with the maximum position of the 720 nm emission slightly red-shifted by about
20 nm. This could suggest that if there are two different emitting states then they
are likely very close in energy. Upon re-examining the steady-state emission spectra
(see Figure 6.3.2), the lowest energy excitation results in the most red-shifted emis-
sion peak, whereas the highest excitation energy predominantly produces the most
blue-shifted emission peak, with minimal contribution from the redder one. This

would indicate Type II or Type III anti-Kasha emission, see Figure 6.3.6. There is
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also the possibly of a photoproduct, like previously suggested for OL ™, causing the
second emission feature. However, an alternative interpretation involving two emit-
ting states is also plausible for both molecules. The transient absorption spectra
presented in the next Section will provide further insight into this photolumines-
cence behaviour.
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Kasha Type | Type Il Type lll

Figure 6.3.6: Reprinted with permission from [122]. Copyright 2022 American Chemical
Society. Schematic diagram representing Kasha and anti-Kasha emission.
k., is vibrational relaxation, k;. is internal conversion, and k,,.; is excitation
energy transfer. NAC is non-adiacbatic coupling.

6.3.3 Transient Absorption Spectra of Oxyluciferin

Figure 6.3.7 displays the TA spectra of OL™ after 476 nm (close to the first ab-
sorption maxima) photoexcitation (left) and 348 nm (close to the second absorption
maxima) photoexcitation (right). In both spectra, five features can be observed.
First focusing on the 476 nm data (left), the two features on the reddest edge of
spectrum have been assigned in the literature by Gosset et al. This was a TAS
study of OL™ in aqueous buffer at pH 11 following photoexcitation between the
two absorption maxima at 400 nm [101]. The negative feature with a maximum
at approximately 640 nm is previously assigned to SE, this is in good agreement
with the steady-state emission spectra (Fig. 6.3.2). The small ESA centred around
570 nm was previously assigned to the S; signature of the phenolate-keto form of
OL™, which we would be in agreement with. The negative feature around ~ 480 nm
matches well with the steady-state absorption spectrum and therefore, we have as-
signed this as a GSB. This feature was not observed in the previous study [101].

The probe employed in the previous study only went to 450 nm in the UV. Here we
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have another 100 nm and in addition to revealing the GSB, it also this revealed two

additional ESA features. The 349 nm (close to the second absorption maxima) data

has the same five absorption features. The steady-state emission spectrum of the

349 nm data has an additional peak on the blue edge, this is not observed clearly

in the TA data. The steady-state absorption spectra overlaps with the blue peak of

the steady-state emission spectrum, therefore the GSB and SE bands will also be

overlapped in the TA spectrum and thus are hard to separate.
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Figure 6.3.7: 9.7 uM TA spectra of OL™ displayed at various pump-probe time delays
shown in the legend. Left: Spectrum after 476 nm photoexcitation. Steady-
state absorption (black) and steady-state emission spectra are overlaid. They
are normalised to have maxima at 3 mOD. Right: Spectrum after 355 nm
photoexcitation. Steady-state absorption (black) and steady-state emission
spectra are overlaid. They are normalised to have maxima at 2 mOD.

Figure 6.3.8 illustrates that at a pump-probe delay of 10 ps the 476 nm and 349 nm

data look remarkably similar.
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Figure 6.3.8: OL TA spectra at a pump-probe delay of 10 ps for 476 nm (black) and 349 nm
(blue) photoexcitation.

476 nm Data
First, to obtain an overview, kinetic traces of each feature were extracted by aver-

aging over a 5 nm window and plotting the average amplitude over all pump-probe

time delays. Figure 6.3.9 displays the extracted kinetics.
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Figure 6.3.9: OL~ kinetic traces following photoexcitation at 476 nm, extracted for each
feature in the TA spectrum. Kinetic traces were globally fit to an exponential
function convoluted with the IRF of 0.11 ps (extracted from Surface Xplorer
software, see Chapter 2). The lifetime of the exponential was found to be 550
+ 20 ps. The R? of the overall fit was 0.99.

As a first approximation this is a reasonable way to look at the data. It is clear every
spectral feature decays on the same timescale, suggesting that they all originate

from the same electronic state. One thing to note is it is clear from Figure 6.3.7
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that at very early pump-probe time delays the SE appears to spectrally narrow and
red-shift. There is an isobestic point at 575 nm arising from the superposition of
ESA 3 and the SE. There is another isobestic point around 475 nm arising from
the superposition of ESA 3 and the GSB. This is present immediately in the data
following 476 nm photoexcitation, but not in the 349 nm data. Next, we chose to
use the KOALA software to fit the five features of the spectrum. The data was fit in
two halves: 350-540 nm (see Fig. 6.3.10) and 500-650 nm (see Fig. 6.3.11). This

was done to avoid the scattered light from the pump laser in the middle of the TA

spectrum.
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Figure 6.3.10: Spectral fitting of OL™ following photoexcitation at 476 nm from the
KOALA software at four pump-probe delay times: 0.4 ps (top left), 1.4 ps
(top right), 100 ps (bottom left), and 500 ps (bottom right). Experimental
data is shown in black and total fit is in red. The features fitted are ESA 1
(blue) and ESA 2 (purple).

At very early times the longer wavelength fit (see Fig. 6.3.11) is not a good descrip-
tion of the data. The software is forcing ESA 3 to be negative, although it should be

positive. This is only an issue sub-picosecond and the rest of the fit is good.
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Figure 6.3.11: Spectral fitting of OL~ following photoexcitation at 476 nm, from the
KOALA software at four pump-probe delay times: 0.4 ps (top left), 1.4 ps
(top right), 100 ps (bottom left), and 500 ps (bottom right). Experimental
data is shown in black and total fit is in red. The features fitted are GSB
(green), ESA 3 (orange), and SE (pinK).
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Figure 6.3.12: Kinetic traces of OL™ following photoexcitation at 476 nm, extracted for
each feature in the TA spectrum. Kinetic traces were globally fit to an expo-
nential function convoluted with the IRF of 0.11 ps (extracted from Surface
Xplorer software, see Chapter 2). The lifetime of the exponential was found
to be 400 £ 10 ps. The R? of the overall fit was 0.99.

Table 6.3.1 summarises the centre positions and FWHM of the Gaussian’s used to

fit to the 476 nm OL™ data. The position and width of each Gaussian was fixed
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with the exception of the the width of the emission, as its centre position should not

change.

Table 6.3.1: Summary of the center positions and FWHM of the Gaussian fits in the
KOALA software, following photoexcitation of OL™ at 476 nm (Figure 6.3.10
and Figure 6.3.11). The FWHM value for SE is the starting value.

centre / nm FWHM / nm
ESA 1 381 45
ESA 2 426 36
GSB 488 71
ESA 3 568 41
SE 648 65

Table 6.3.2 summarises the amplitudes and residuals of the global fit displayed in
Figure 6.3.12. The 400 ps timescale can be associated with the full recovery of the
ground state as no other transient features remain/ grow in and all spectral features

have decayed on the same timescale.

Table 6.3.2: Amplitudes and individual R? values for each component of the global fit to
the data following 476 nm photoexcitation of OL™, displayed in Figure 6.3.12.

71 / ps R?
ESA 1 400 £+ 10 0.99
ESA 2 400 £+ 10 0.99
GSB 400 £ 10 0.99
ESA 3 400 + 10 0.84
SE 400 £+ 10 0.98

349 nm Data

Again, as for the 476 nm data, initially kinetic traces of each feature were ex-
tracted by averaging over a 5 nm window and plotting the average amplitude over
all pump-probe time delays. Figure 6.3.13 displays the extracted kinetics. The

timescale extracted here is 640 + 20 ps.
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Figure 6.3.13: Kinetic traces of ~ following photoexcitation at 349 nm extracted for each
feature in the TA spectrum. Kinetic traces were globally fit to an exponential
function convoluted with the IRF of 0.24 ps (extracted from Surface Xplorer
software, see Chapter 2). The lifetime of the exponential was found to be
640 =4 20 ps. The R? of the overall fit was 0.98.

Figure 6.3.14 displays four pump-probe time delays and at each the spectral fitting
done in the KOALA software. As observed in the 476 nm data there are five spectral
features, with the only difference being the second emission peak at 349 nm over-
laps with the GSB. At early pump-probe delay times ESA 3 is negative although, it
should be positive. This is only an issue sub-picosecond. At very long pump-probe
time delays there is also some noise on the fit, especially ESA 3 where at some
points its amplitude is negative again. This is due to the low (sub-mOD) signals at

longer delay times.
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Figure 6.3.14: Spectral fitting of OL™ following photoexcitation at 349 nm from the

Table 6.

KOALA software at four pump-probe delay times: 0.4 ps (top left), 1.4 ps
(top right), 100 ps (bottom left), and 500 ps (bottom right). Experimental
data is shown in black and total fit is in red. The features fitted are ESA 1
(blue), ESA 2 (purple), GSB/SE (green), ESA 3 (orange), and SE (pink).

3.3 summarises the centre positions and FWHM of the Gaussian’s used to

fit to the 349 nm OL™ data. The position and width of each Gaussian was fixed

with the exception of the width SE, as also done for the 476 nm. This is due to

some early time red shifting. It is worth noting that these parameters are virtually

identical to the parameters fit to the 476 nm data.

Table 6.3.3: Summary of the centre positions and FWHM of the Guassians fit in the

KOALA software, following photoexcitation of OL™ at 349 nm (Figure
6.3.14).

centre / nm FWHM / nm
ESA 1 381 38
ESA 2 426 49
GSB/SE 500 50
ESA 3 568 41
SE 648 65

Figure 6.3.15 shows the kinetic traces extracted from the KOALA software for the
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349 nm data. They are all globally fit to an exponential function convoluted with
the IRF of 0.155 ps. The lifetime of the exponential was found to be 600 + 20 ps.
The R? of the overall fit was 0.99.
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Figure 6.3.15: Kinetic traces of of OL~ following photoexcitation at 349 nm extracted for
each feature in the TA spectrum. Kinetic traces were globally fit to an ex-
ponential function convoluted with the IRF of 0.24 ps. The lifetime of the
exponential was found to be 600 & 20 ps. The R? of the overall fit was 0.99.

Table 6.3.4 summarises the amplitudes and residuals of the global fit displayed in
Figure 6.3.15. The 590 ps timescale can be associated with the full recovery of the
ground state as no transient features other transient features remain/ grow in and all

spectral features decay on the same timescale.

Table 6.3.4: Amplitudes and individual R? values for each component of the global fit fol-
lowing 349 nm photoexcitation of OL~, displayed in Figure 6.3.15.

Ti/ ps R?
ESA 1 600 + 20 0.97
ESA 2 600 £ 20 0.93
GSB/SE 600 + 20 0.93
ESA 3 600+ 20 0.19
SE 600 + 20 0.99

The residual of the ESA 3 feature is low due to the previously discussed noise as it
a very weak feature. Due to the GSB and SE feature overlapping it is not possible
to distinguish the two features, but the monoexponential fits well to the data. It is

possible the second SE feature could have decayed within the IRF or it is present
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throughout the measurement. TCSPC measurements would be able to provide a

more accurate representation of this.

6.3.4 Discussion of Oxyluciferin Results
First, we will examine and compare the early-time dynamics for both excitation

wavelengths. Figure 6.3.16 shows the sub-picosecond dynamics following pho-

toexcitation at 476 nm (left) and 349 nm (right).
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Figure 6.3.16: Sub-picosecond dynamics following photoexcitation at 476 nm (left) and
349 nm (right). 100 ps pump-probe delay time is also plotted for compara-
tive purpose. Steady-state absorption and emission spectra are overlaid.

From the 349 nm (right) data, it is clear that the spectra at 0.2 ps and 0.4 ps closely
match the steady-state emission spectrum following 349 nm excitation, whereas
the spectrum at 100 ps resembles the emission data observed following 482 nm
excitation. It should also be noted that ESA 3 (the S; signature) is absent in the
sub-picosecond dynamics following 349 nm excitation. The 349 nm spectrum red-
shifts, and the later time dynamics begin to resemble those observed with 476 nm
excitation. This behavior is indicative of internal conversion back to the lower-
lying electronic state within the first 1 ps. Figure 6.3.17 summarises the proposed

mechanism.
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Figure 6.3.17: Schematic energy level diagram illustrating a summary of the proposed
emission mechanism for OL™.

Since it is evident that the early time dynamics of the 349 nm excitation involve
contributions from the stimulated emission (SE) features of two different excited
states, the Koala analysis was repeated to account for these contributions. This was
conducted for a smaller probe wavelength range of just 465-650 nm as the additional
SE features only have an impact in the longer wavelength region of the probe. The

new Koala fits are displayed in Figure 6.3.18.
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Figure 6.3.18: Spectral fitting of OL™ following photoexcitation at 349 nm from the
KOALA software at four pump-probe delay times: 0.26 ps (top left), 0.46 ps
(top right), 0.96 ps (bottom left), and 100 ps (bottom right). Experimental
data is shown in black and total fit is in red. The features fitted are GSB/SE
(S2) (purple), SE (S,) (pink), ESA 3 (green), and SE (S) (blue).
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Figure 6.3.19: Kinetic fitting of OL™ following photoexcitation at 349 nm. Time constants
are summarised in Table 6.3.5. All exponents are convoluted with the IRF
of 0.24 ps.

The updated kinetic fitting, shown in Figure 6.3.19, demonstrates that contributions
from both emissive states are present almost instantaneously. The higher energy

emission (centred around 510 nm) overlaps with the position of the GSB thus sepa-
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rating these features is not possible. Table 6.3.5 is a summary of the time constants

extracted from the fitting.

Table 6.3.5: Amplitudes and individual R? values for each component of the global fit to the
data following 349 nm photoexcitation of OL ™, as displayed in Figure 6.3.19.
The decay time constants (Tgecay) Were fixed during fitting to be the previously
determined values, see Figure 6.3.15.

Torow / PS Tdecay / PS R*
SE (S3) - 1.3+ 0.1 0.98
GSB/SE - 600 + 20 0.94
ESA 3 0.02 £+ 0.04 600 + 20 0.77
SE (Sy) 091 +0.1 600 + 20 0.99

The new Kkinetic fitting supports the idea that there is ultrafast internal conversion
back to the lower-lying electronic state within the first 1 ps, following photoexcita-
tion at 349 nm (Figure 6.3.17). This would suggest Type II non-kasha photolumi-
nescence behaviour (see Figure 6.3.6). Although, it was suggested previously this
second emission was the result of a photoproduct [103] the TA spectrum does not
show any evidence of this but we cannot completely rule out the possibility of this.
The full recovery of the ground state occurs in a timescale of 600 =£ 20. In contrast,
following photoexcitation at 476 nm the full recovery of the ground state occurs

faster on a timescale of 400 £ 10.

6.3.5 Transient Absorption Spectra of infraoxyluciferin
Figure 6.3.20 displays the two transient absorption spectra recorded after photoex-
citation at 481 nm (near the first absorption maximum) and 551 nm (low energy

edge of the first absorption maximum).
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Figure 6.3.20: 870 uM TA spectra of iOL™ at various pump-probe time delays displayed
in the legend. Left: Spectrum after photoexcitation at 551 nm. Steady-state
absorption (black) and relevant steady-state emission (blue) spectra are over-
lay. They are normalised to have a maximum mOD of 4. Right: Spectrum
after photoexcitation at 481 nm. Steady-state absorption (black) and rele-
vant steady-state emission (blue) spectra are overlaid. They are normalised
to have a maximum mOD of 4.

The spectra at both pump wavelengths look remarkably similar and both have 4
different transient absorption spectral signatures. There are three ESA signatures
on the redder edge of the spectrum centred at approximately 490 nm, 560 nm and
605 nm. There is one negative feature which is SE due to its location. There is a
weak additional negative transient absorption signature in the 551 nm data. This is
centred at 530 nm and its positions close to with the photoexcitation wavelength,
suggesting it 1s a GSB. The negative GSB overlaps with the ESA and therefore is

not observed over the entire absorption range.

551 nm Data Analysis

First, the kinetic traces of each feature were extracted by averaging over a 5 nm

window and plotting the average amplitude over all pump-probe time delays. Figure

6.3.21 displays the extracted kinetics.
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Figure 6.3.21: Kinetic traces of iOL™ following photoexcitation at 551 nm were extracted
for each feature in the TA spectrum. Kinetic traces were globally fit to an
exponential function convoluted with the IRF of 0.16 ps. The lifetime of the
exponential was found to be 8.6 & 0.2 ps. The R? of the overall fit was 0.99.

As a first approximation this is a reasonable way to look at the data. It is clear every
spectral feature decays on the same timescale, suggesting that they all originate
from the same electronic state. One thing to note is it is clear from Figure 6.3.20
that at very early pump-probe time delays the SE appears to spectrally narrow as
ESA 3 grows in over its blue edge. There is an isobestic point at 675 nm arising
from the superposition of ESA 3 and the SE. It should also be noted the negative
feature near 530 nm is a GSB, due to its position matching well with the ground-
state absorption spectrum. ESA 1 and ESA 2, clearly overlap with the rest of the
GSB feature and therefore it can not be observed. The data was then analysed using

the KOALA software, see Figure 6.3.22.
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Figure 6.3.22: Kinetic traces of iOL~ following photoexcitation at 551 nm for were ex-
tracted by KOALA software for each feature in the TA spectrum. Kinetic
traces were globally fit to a biexponential function convoluted with the IRF
of 0.16 ps. The lifetimes of the biexponential were found to be 0.7 + 0.02 ps
and 11.4+0.2 ps. The R? of the overall fit was 0.99.

Figure 6.3.23. shows the fitting carried out in the KOALA software at four pump-

probe delay times.
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Figure 6.3.23: Spectral fitting of iOL™ following photoexcitation at 551 nm from the
KOALA software at four pump-probe delay times: 0.4 ps (top left), 1 ps
(top right), 5 ps (bottom left), and 15 ps (bottom right). Experimental data
is shown in black and total fit is in red. The features fitted are ESA 1 (pur-
ple), GSB (blue), ESA 2 (green), ESA 3 (orange), and SE (pink).
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Table 6.3.6 summarises the central positions and FWHM of the Gaussians fit in
the KOALA software. All Gaussians widths and centres are fixed in the fitting
procedure, apart from the width of the SE is floated. Only the width is floated as
the emission maxima should not change. This is to account for at early pump-probe
delay times the spectral band is narrowing, although this is is likely due to ESA 3
growing in over the top.

Table 6.3.6: Summary of the centre positions and FWHM of the Gaussian’s fit in the

KOALA software of iOL™ following photoexcitation at 551 nm, shown in
Figure 6.3.23. The FWHM of SE is the starting position.

centre / nm FWHM / nm
ESA 1 483 33
GSB 530 24
ESA 2 567 41
ESA 3 628 70
SE 740 97

Table 6.3.7 summaries the amplitudes and residuals of the global fit displayed in
Figure 6.3.22. A biexponential was fit rather than a monoexponential due to an
increase in the R? of each feature and the overall value. The timescales will be

discussed in the following section.

Table 6.3.7: Amplitudes and individual R? values for each component of the global fit of
iOL™ following photoexcitation at 551 nm, displayed in Figure 6.3.22.

Aj T1 / ps Ar T / ps R?
ESA 1 0.26 0.7 £0.02 0.74 11.4+0.2 0.95
GSB -0.80 0.7 £ 0.02 0.2 1144+ 0.2 0.95
ESA 2 -0.49 0.7 £ 0.02 0.51 114+ 0.2 0.98
ESA 3 -0.29 0.7 £0.02 0.71 1144+ 0.2 0.99
SE -0.56 0.7 £0.02 -0.44 11.4+ 0.2 0.99

481 nm Data Analysis
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Again, the kinetic traces of each feature were first extracted by averaging over
5 nm windows and plotting the average amplitude over all pump-probe time delays.

Figure 6.3.24 displays the extracted kinetics.
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Figure 6.3.24: Kinetic traces extracted for each feature in the TA spectrum of iOL™ fol-
lowing photoexcitation at 481 nm. Kinetic traces were globally fit to an
exponential function convoluted with the IRF of 0.24 ps. The lifetime of the
exponential was found to be 8.9 + 0.2 ps. The R? of the overall fit was 0.98.

As with the 551 nm analysis this is a reasonable way to initially look at the data.
Again, it is clear every spectral feature decays with the same lifetime and would
suggest everything involves the same electronic state. Figure 6.3.25 displays the

globally fitted kinetics extracted from the KOALA software.
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Figure 6.3.25: Kinetic traces extracted by KOALA software for each feature in the TA
spectrum of iOL~ following photoexcitation at 481 nm. Kinetic traces were
globally fit to an biexponential function convoluted with the IRF of 0.24 ps.
The lifetimes of the biexponential were found to be 0.5+ 0.04 ps and 9.8 +
0.3 ps. The R? of the overall fit was 0.99.

Table 6.3.8 summaries the central positions and FWHM of the Gaussians fit in the
KOALA software. All Gaussians widths and centres are fixed in the fitting proce-
dure, apart from the width of the SE. This is to account for the narrowing of the SE
band within the first picosecond, possibly due to ESA 3 growing in. The widths
and positions are the same used to fit the 551 nm, see Table 6.3.6. There was no
evidence of the GSB feature here, although it is likely hidden under the ESA. It was
attempted to use the steady-state absorption spectrum as a basis function to account
for the contribution in the fit, although the software does not provide a way of fixing
the amplitude to be negative so the fit was poor. The fit used is reasonable as we
observe the full recovery of the ground state, and hence know the GSB recovery

timescales is more than likely the same timescale as every other process.

The steady-state emission spectra at a photoexcitation wavelength of 488 nm,
see Figure 6.3.4, reveals an additional peak on the blue energy edge. The steady-
state emission was used as a basis function and fit to the data, although this was
not a good representation of the data. Due to the dependence of the emission
on excitation energy it is plausible the blue-edge emission peak is emission for a

higher lying electronic state. From the emission spectra we can see this blue-edge
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is most prominent at 410 nm and therefore, at 488 nm the population lies low in
the vibrational energy levels of the higher lying electronic state. This could suggest
a possible reason why the second emission is not observed in the TA spectrum, if
the lifetime is quicker than the IRF. This could be confirmed by conducting TC-
SPC measurements and the TA spectrum at the higher photoexcitation energy. Due
to sample limitations, this was not feasible for this thesis. There will be further
discussion of this in the following section.

Figure 6.3.26 displays the fits to the experimental data of iOL™ following photoex-

citation at 481 nm at four selected pump-probe delay times.
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Figure 6.3.26: Spectral fitting from the KOALA software of iOL~ following photoexcita-
tion at 481 nm at four pump-probe delay times: 0.4 ps (top left), 1 ps (top
right), 5 ps (bottom left), and 15 ps (bottom right). Experimental data is
shown in black and total fit is in red. The feature fitted are ESA 1 (purple),
ESA 2 (green), ESA 3 (orange), and SE (pink).

Table 6.3.9 summarises the amplitudes and residuals of the global fit displayed in
Figure 6.3.25. A biexponential was fit over a monoexponential due to an increase
in the R? of each feature and the overall value. The timescales will be discussed in

the following section.
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Table 6.3.8: Summary of the centre positions and FWHM of the Gaussian’s fit in the
KOALA software of iOL™ following photoexcitation at 481 nm, shown in
Figure 6.3.23. The FWHM of the SE is the starting position.

centre / nm FWHM / nm
ESA 1 483 33
ESA 2 567 41
ESA 3 616 78
SE 740 97

Table 6.3.9: Amplitudes and individual R? values for each component of the global fit of
iOL™ following photoexcitation at 481 nm, displayed in Figure 6.3.22.

A T/ ps Aj T, / ps R?
ESA 1 0.49 0.5+ 0.04 0.51 9.8+0.3 0.99
ESA 2 0.31 0.5+ 0.04 0.69 9.8+0.3 0.77
ESA 3 -0.42 0.5+ 0.04 0.58 9.8+0.3 0.93
SE -0.52 0.5 £0.04 -0.56 9.8 £0.3 0.99

6.3.6 Discussion of Infraoxyluciferin Results

Similar to the approach taken with the oxyluciferin data, we will first analyse the
sub-picosecond spectral features. Figure 6.3.27 displays a comparison of both data
sets at 0.2 ps and 10 ps. Following photoexcitation at 481 nm the spectrum at 0.2 ps
differs slightly from the 551 nm spectrum. The shapes and relative amplitudes of
ESA 2 (565 nm) and ESA 3 (625 nm) differ and there is no evidence of the GSB
(535 nm). The SE emission of the 481 nm data is slightly broader compared to that
in the 551 nm data. These slight differences could potentially be explained by the
presence of the second emission peak observed in the steady-state emission spec-
trum (see Figure 6.3.4) following photoexcitation at 481 nm at very early pump-
probe delay times. The additional negative SE feature may reduce the amplitude of
ESA 3 relative to ESA 2, leading to a broader SE emission feature. Although this is
a possibility there is only this minimal evidence to suggest this and this would ben-

efit from repeating the TA experiments with smaller time steps at early pump-probe
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delay times. TCSPC experiments monitoring both emissions following excitation

at 481 nm would also give a further insights into the dynamics.
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Figure 6.3.27: Top: Spectral slices at a pump-probe delay of 0.2 ps of infraoxyluciferin
following photoexcitation at 551 nm (black) and 481 nm (pink) is shown.
The blue trace represents the 551 nm spectrum, normalised to the maximum
of the 481 nm spectrum. Bottom: Spectral slices at a pump-probe delay of
10 ps of infraoxyluciferin following photoexcitation at 551 nm (black) and
481 nm (pink) is shown.

Figure 6.3.28 illustrates the proposed mechanism for the photoluminescence be-
haviour observed in iOL ™. First, we will discuss the steady-state emission data fol-
lowing 488 nm excitation. Two emission peaks of equal intensity are observed: the
first is centered at approximately 720 nm, and the second at approximately 640 nm.
This could indicate that the energy provided by the 488 nm excitation is sufficient to
photoexcite both electronic states, though likely only to fairly low-lying vibrational

levels in the higher-lying electronic state. Internal conversion to the lower electronic
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state occurs, leading to nearly equal contributions from both states in the observed
emission spectrum. Following photoexcitation at 410 nm, the emission spectrum
still displays two peaks, but the higher-energy emission is significantly more in-
tense. The excitation scans indicate that the maximum fluorescence intensity for

both emission peaks would occur around 400 nm.

S

Relative energy
410 nm
488 nm

557 nm

Nuclear coordinates, R

Figure 6.3.28: Schematic energy level diagram of the proposed mechanism for the photo-
luminescence behaviour observed in iOL ™.

Following photoexcitation at 551 nm, two timescales are observed: 0.7 +0.02 ps
and 11.44+0.2 ps. Similarly, after photoexcitation at 488 nm, two timescales are
observed: 0.5pm0.04 ps and 9.8 £0.3 ps. Itis unclear why biexponential behavior
is observed, particularly for the lower energy 551 nm photoexcitation, where only
one emission feature is present. The longer timescales of 11.4+0.2 ps and 9.8 &

0.3 ps can be attributed to the full recovery of the ground state.

6.3.7 Calculations
In order to assist with the interpretation of our experimental observations, comple-
mentary gas-phase calculations of OL™ and iOL™ have been conducted by Olivia

Bennett from Prof. Graham Worth’s group at UCL. Calculations are performed
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using ADC(2)/aug-cc-pVDZ functional.

Table 6.3.10: ADC(2)/aug-cc-pVDZ calculated VEEs of OL™. Oscillator strengths are in
brackets next to the energies.

S;/eV Sy /eV S3/eV S4/eV

2.20 A’ (0.79) 2.65 A” (0.00) 3.49 A” (0.00) 3.67 (0.18) A’

Table 6.3.11: ADC(2)/aug-cc-pVDZ calculated VEEs of iOL~. Oscillator strengths are in
brackets next to the energies.

S;/eV Sy /eV S3/eV
1.90 A’ (1.17) 2.47 A" (0.00) 3.38 A’ (0.20)

For OL™ (see table 6.3.10) both transitions with oscillator strength (S and S4) are
nrt* transitions. The same can be said for iOL™ (see table 6.3.11). Figure 6.3.29

displays a scaled energy level diagram summarising the results in tables 6.3.10 and

6.3.11.
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Figure 6.3.29: Scaled energy level diagram summarising the results from tables 6.3.10 and
6.3.11.

6.3.8 Comparison of Infraoxyluciferin and Oxyluciferin Results

Table 6.3.12: Summary of timescales for both iOL™ and OL™ from the global fitting of the
KOALA extracted kinetics.

Ty / ps T/ ps
iOL™ (488 nm) 0.7 £0.02 9.8+£03
iOL™ (551 nm) 0.5 +0.04 114 £0.2
OL™ (349 nm) 0.9 +£0.1 600 + 20
OL™ (476 nm) - 400 £ 10

The best data to compare of iOL™ and OL™ is following photoexcitation with the
lowest photon energy: 551 nm and 476 nm respectively. At these photon energies,
there is only one emission feature contributing to the signal, therefore making it
possible to compare. From the TAS measurements it was found that iOL™ recovers
its ground state over 70 times faster than OL™. The faster ground state recovery
observed in iOL™ would indicate there is faster internal conversion back to ground

state from the first electronic excited state this would also provide a plausible ex-
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plain as to why the fluorescence quantum yield is lower. Although, comparing the
gas-phase calculations of OL™ the first bright state is at 2.2 eV, while for iOL™ is
at 1.9 eV. If we consider the steady-state absorption spectra (see Figure 6.3.1) for
iOL™ the absorption maximum is only red-shifted from that of OL™ by less than
10 nm, although the iOL™ first absorption band is around 50 nm broader. This
could indicate that the lowest-lying electronic states of both molecules do not dif-
fer significantly in energy. This observation aligns with gas-phase calculations;
however, further calculations that include the aqueous environment and dynamics
would be required for a more comprehensive understanding. It is plausible the fast
sub-picosecond timescale observed for iOL™ could be the S1/Sg IC. Although, the
amplitudes of the fast timescale extracted for the fit for ESA 2, ESA 3, and GSB
have the opposite magnitude. There are also no corresponding timescales extracted
for OL™ following photoexcitation of the 476 nm state, so it’s not possible to say
whether the S1/S0 internal conversion is faster in iOL™. In summary, there are no
definitive conclusions to explain why OL™ is a more efficient emitter than iOL ™.
Although, the efficiency of the internal conversion could be a factor, and the much
faster recovery of the ground state in iOL™ could support this. Both molecules ex-
hibit unusual steady-state emission properties that are dependent on the excitation
energy. Upon excitation with 349 nm OL™ has a second emission peak observed at
higher photon energies. There is evidence of this in the very early pump-probe delay
times of the TAS spectra. This emission has been previously assigned to the dian-
ionic species [103] due to isomerisation and hydrolysis. The dianionic species has
an emission maximum at 539 nm and the species observed has a emission maximum
at approximately 510 nm. Therefore, it is hard to be certain that this is definitely the
dianionic species. iOL™ brightest emission peak is present upon photoexcitation at
higher photon energies and is blue-shifted from the emission peak that is present
upon excitation with lower photon energies. The brightest emission-peak has a tail
on the red-edge of the spectrum. A possible reason for the emission properties here
could be competing IC between the two emissive states. Although, if the the second

emitting species in OL™ is a photoproduct, then it is likely that it is also the case for
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1OL™. TCSPC experiments of each molecule at all excitation wavelengths should

be conducted to attempt to understand the dual emissions of each molecule.

6.4 Conclusions

To conclude, this Chapter presented a comparison of the dynamics of OL™ and
1OL™ in aqueous solution. This is the first study of the relaxation dynamics of
iOL™ and aimed at understanding why iOL™ emission is less efficient than OL™.
This work is motivated by the need for new nIR emitters for use as biolumines-
cent probes to improve in vivo tissue penetration. The TAS measurements revealed
OL™, following photoexcitation at 476 nm, recovered the ground state in 400 ps.
In contrast, iIOL ", following photoexcitation at 551 nm, recovered the ground state
much faster with timescales of 0.5 £+ 0.04 ps and 11.4 4 0.2 ps. It was suggested
the sub-picosecond timescale could be the S;/Sg IC and that this could be a faster
process in iOL™ in comparison to OL™. Although, there is a lack of definitive
evidence to fully support this argument but it would explain why iOL™ is a less
efficient emitter. There are comparable calculations for both molecules in the gas-
phase and they showed the first bright state in OL™ is at 2.2 eV, while for iOL™ is
at 1.9 eV. This is in line with the observation from the steady-state absorption spec-
tra that the absorption maxima of each molecule are not significantly red-shifted.
Further computational work of both molecules in aqueous solution would be re-
quired to search for any conical intersections and location on the potential energy
surfaces. This would aid the observations from the transient absorption experi-
ments and help confirm why the ground state is recovered quicker in iOL™. The
calculations also revealed that, the two bright states have a similar relative energy
gap in iOL™ and in OL™. Although, this could change in an aqueous environment.
The steady-state emission properties of both molecules are also interesting. OL™,
upon photoexcitation with higher photon energies, exhibits a second emission fea-
ture that was previously attributed to the dianionic species formed via isomerisation
and hydrolysis. Although this is plausible, it seems unlikely with the cyclopropyl

group present, but we cannot rule it out. The second emission was observed at
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very early pump-probe delay times in the TAS spectra, and its decay was found
to have a time constant of 1.34- 0.1 ps. 1OL™’s most prominent emission feature
was found to have a maximum around 600 nm, observed following photoexcitation
at 410 nm. The most red-shifted emission was observed following photoexcitation
at lower photon energies (551 nm) and was centered at 740 nm. Photoexcitation at
photon energies between these values reveals an emission spectrum with both peaks
present. One explanation for the emission properties here could be competing I1C
between the two coupled emissive states. Although, if the second emitting species
in OL™ is a photoproduct, it is likely that this is also the case for iOL™. TCSPC
experiments of each molecule at all excitation wavelengths should be conducted to
attempt to understand the dual emissions of each molecule. To determine if a pho-
toproduct is present, the sample could be photoexcited, followed by recording an

NMR spectrum to analyse and confirm the structure.



Chapter 7

Conclusions and Outlook

This thesis presents the results of the excited-state dynamics of four biologically
relevant systems using time-resolved spectroscopy in aqueous solution. The stud-
ied systems include phenolate, methyl-group substituted phenolates, oxyluciferin,
and infra-oxyluciferin. Phenolate serves as a building block for various biologically
significant molecules, such as the green fluorescent protein, the photoactive yellow
protein, and oxyluciferin. Oxyluciferin is the chemiluminescent product responsible
for the emission in fireflies. The work presented employs two complementary ex-
perimental techniques: transient absorption spectroscopy (TAS) and liquid microjet
time-resolved photoelectron spectroscopy (LJ-TRPES). TAS provides information
about changes in absorption signatures, while LJ-TRPES measures electron binding

energy both as a function of pump-probe delay time.

7.1 Transient Absorption Spectroscopy Studies of

Aqueous Phenolate

Chapter 3 presents a study of the photooxidation mechanism in aqueous phenolate
[80]. After photoexcitation with UV light phenolate in aqueous solutions forms
a solvated electron and leaves behind the neutral radical. This study aimed to
understand the implication of excitation wavelength on the photooxidation mecha-
nism due to some existing controversy in the literature [78, 79]. Two mechanisms
had previously been proposed from femtosecond TAS studies. The first, by Chen

et al., identified the formation of the solvated electron on two timescales: a fast
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component from vibrationally hot S| and a slower component matching the fluo-
rescence lifetime from vibrationally cold S; after photoexcitation at 266 nm. The
second, by Tyson et al., found after photoexcitation at 257 nm the electron was
only formed on the fast timescales said to be from vibrationally hot S; and this out
competed formation from vibrationally cold S; due to the higher photon energy.
They suggested an inverse Marcus theory picture were the electron was formed via
a tunneling mechanism and due to the higher photon energy they were closer/above
the barrier. Due to the higher photon energy, we questioned why higher-lying elec-
tronic states, such as S, and S,, had not been considered in the mechanism of
photooxidation. This prompted us to undertake a systematic study using a range
of excitation wavelengths to explore the impact of photon energy on the photoox-
idation mechanism. By combining femtosecond TAS with high-level quantum
chemistry calculations carried out by Anton Boichenko under the supervision of
Anastastia Bochenkova (Moscow State University) and LJ-PES measurements per-
formed by William Fortune, we investigated the wavelength-dependent mechanism
of phenolate photooxidation. We found that upon photoexcitation of Sy that our
observations were consistent with Chen ef al. and the electron was formed on two
timescales from vibrationally hot and cold S; and the corresponding neutral radical
was formed in the Dy state. After photoexcitation of S, we observed only one
faster timescale for electron formation and the timescales for geminate recombina-
tion were also observed to be faster. Due to an additional ESA feature in the TAS
spectrum and the faster electron recombination timescales we propose after pho-
toexcitation of S; the electron is ejected into the continuum of the radical/electron
contact pair, where the radical is in a higher lying electronic state. This conclusion

was also supported by the LJ-PES experiments and quantum chemistry calculations.

Following this, Chapter 4 presented a systematic study of 2-, 3-, and 4-
methylphenolate (2MP, 3MP, and 4MP) in aqueous solution using TAS. This study
aimed to investigate the impact of methyl-group substitution at different positions

on the aromatic ring and compares the findings to those of phenolate (P). This study
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combined TAS experiments with time-correlated single photon counting (TCSPC)
by Shivalee Dey under the supervision of Stephen Bradforth (University of South-
ern California), and high-level quantum chemistry calculations carried out by Anton
Boichenko under the supervision of Anastastia Bochenkova (Moscow State Uni-
versity). It was found that the timescale for electron formation for 2MP and 4MP
was faster due to the lower VDE of these molecules in comparison to 3MP and
P. The electron recombination timescales was found to have a dependency of the
methyl-groups position relative to the O~ atom, the closer the methyl-group is the
faster the observed recombination is. We proposed this could be caused by the
localised solvation environment. The calculations showed that 2MP in comparison
to the other molecules made the least hydrogen bonds with the O™ atom. Although
we can speculate that the hydrogen bonding network may trap the electron more
effectively when the methyl group is closer to the O™ atom, further work is needed
to substantiate this hypothesis. We propose that further calculations, such as elec-
tron transport simulations, could help trace the trajectory of the electron after its

formation.

7.2 Time-Resolved Photoelectron Spectroscopy Stud-

ies of Aqueous Phenolate

Chapter 5 presented preliminary liquid microjet time-resolved photoelectron spec-
troscopy LJ-TRPES) data for aqueous phenolate. This dataset is the first time-
resolved data recorded on a liquid microjet spectrometer within the Fielding group
and serves as proof of principle that these time-resolved experiments can now be
successfully conducted at UCL. Phenolate was chosen in order to compare the LJ-
TRPES experiments with TAS experiments and see if the different methods reveal
different dynamics due to phenolates propensity to sit on the surface of a solution.
Phenolate was studied following 1+ 1 resonance enhance detachment with a pump
wavelength of 287 nm which is resonant with the absorption maxima of S; state
and a probe wavelength of 267 nm. The photoelectron spectrum was observed to

have two components and they were assigned to be 1' 77*-Dg detachment and the
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solvated electron. It is not possible to comment on what these features do as a
function of pump-probe delay time with great confidence due to a lack of data. We
also observed the biexponential decay of the total photoelectron signal and the time
constants were found to be 0.240.03 ps and 33+6 ps. These are faster than the
equivalent timescales observed in our TAS experiments and could potentially indi-
cate that the dynamics are different due to phenolate being more on the surface than
in the bulk solution. In order to have a full picture of the dynamics more data would
have to be recorded to understand how the electron binding energy (eBE) changes
with pump-probe delay time. In order to prove the higher eBE signal is the solvated
electron we propose to use the electron scavenger potassium nitrate. Although more
experimental data has to be recorded the two spectral features were still able to be

identified and the eBEs are consistent with literature.

7.3 Transient Absorption Spectroscopy Studies of Bi-

oluminescent Emitters

Chapter 6 explores two derivatives of oxyluciferin, the luminescent emitter in fire-
flies. The first is the phenolate-keto form of oxyluciferin, referred to as OL™, and
the second is the phenolate-keto form of infra-oxyluciferin, referred to as iOL™. Al-
though iOL™ has a red-shifted emission maxima in comparison to OL™ they have
remarkably similar steady-state absorption spectra. The Chapter aimed to under-
stand why iOL™ is a much less efficient emitter than OL™ by studying the excited
state dynamics with TAS. The motivation behind this was from this new under-
standing be able to help aid the rational design of new bioluminescent probes with
emission maxima further in the near-infrared. These would have applications in
bioluminescence imaging and could improve tissue penetration. This is the first
study of the excited-state dynamics of iOL~. OL™ in aqueous pH 11 buffer solu-
tion following photoexcitation at 476 nm, was found to have a emission lifetime
and complete recovery to its ground state in approximately 400 ps. Whereas, for
iOL™ following photoexcitation at 557 nm, this process was significantly faster,

occurring in around 10 ps. There was also a second sub-picosecond component



7.3. Transient Absorption Spectroscopy Studies of Bioluminescent Emitters 182

associated with the ground-state recovery. The more rapid internal conversion in
10OL™ provides a possible explanation as to why the quantum yield of the emission
is much lower. Although, there was a lack of sufficient evidence that this was ac-
tually the case. Both molecules as exhibit the very fascinating phenomenon of dual
fluorescence and the emission properties of both have wavelength dependencies. It
was previously suggested that the second emission peak in oxyluciferin could be
a dianionic product. We proposed an alternative explanation, suggesting the pres-
ence of two emissive states. However, more evidence is needed to confirm either
assignment. This work would benefit from further quantum chemistry calculations
to search for a conical intersection on the potential energy surface. Further experi-
mental work could also be done to fully understand the emission properties of both
molecules and we propose wavelength resolved TCSPC in order to fully understand

the wavelength dependence of the dual emissions.
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