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A B S T R A C T

Photoactive systems found across nature have inspired many innovative technological advances

ranging from mimicking photosynthesis to harvest the energy from the Sun to fluorescent probes

that have revolutionised biological imaging. Central to the functionality of these systems is the

light-interacting chromophore, responsible for the absorption and transfer of energy. A signifi-

cant proportion of biological and chemical processes occur in environments in which water is the

predominant medium. However, the role an environment has on determining how an organic

chromophore responds to ultraviolet light is not well understood on the molecular level. Exper-

imentally, the most direct way of probing the electronic structure of a molecule is through the

measurement of electron binding energies using photoelectron spectroscopy. Here, multiphoton

ultraviolet photoelectron spectroscopy with a liquid-microjet photoelectron spectrometer is em-

ployed to investigate how an environment influences the electronic structure and dynamics of

organic chromophores. The work focuses on the chromophore of Green Fluorescent Protein (GFP),

which ignited the advent of super-high resolution imaging. Firstly, a newly designed and built

recirculating liquid-microjet photoelectron spectrometer is described. A recirculating system is es-

sential for studying samples that are only available in relatively small quantities. The instrument

is then benchmarked with an investigation on phenol – a molecular motif of the chromophore of

GFP – in an aqueous medium. Subsequently, the effect of solvation on the GFP chromophore, in

its deprotonated form, is explored. As liquid-microjet ultraviolet photoelectron spectroscopy is

a relatively young field, many challenges have arisen, including those originating from inelastic

scattering and reorganisation energies of the solvent and solute. This work begins to unravel their

effects on and contribution to photoelectron spectra.
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I M PA C T S TAT E M E N T

Technology over the last few decades has undergone huge advances based on our understanding

of how molecules respond to ultraviolet light. Over the past three billion years, plants have evolved

one of the most biologically intricate yet efficient systems for harnessing the Sun’s energy. Research

has focused on learning from photosynthesis in plants to inspire new approaches to harnessing

the Sun’s energy to tackle global energy needs. Climate change is one of the core challenges

world societies face today, and there is an immediate demand for improved knowledge on how

to combat and manage it. At the heart of photosynthesis is the light-interacting molecule called a

chromophore, and an understanding of how the molecule responds to ultraviolet light is crucial

not only from a fundamental perspective, but also to provide the knowledge needed to bring

about new technological advances. An understanding of the UV photoresponse of a molecule

requires a detailed understanding of its electronic structure and relaxation pathways, which may

be dependent on the environment of the molecule. Most of our understanding currently comes

from gas phase experiments and calculations, free from complex interactions with the natural

environment of the chromophore. Therefore, developing methods for studying these systems in

their natural state is key to unlocking their full potential for technology.

Photoelectron spectroscopy provides a direct way to experimentally access electronic structure

and dynamics experimentally, and with the introduction of liquid-microjets in the late 1990s, allows

for the technique to be extended to the study of molecules in solution. Liquid-microjet photoelec-

tron spectroscopy was developed in the field of X-rays, and only a handful of research groups

worldwide are using UV liquid-microjet photoelectron spectroscopy. This thesis describes the de-

sign and operation of the UK’s first liquid-microjet. Furthermore, the instrument has been designed

with a recirculating system, which allows the study of samples only available in small quantities,

such as proteins, nanoparticles and bespoke molecules. The recirculating system is seen to im-

prove the quality of the data compared to traditional liquid-collection methods, which has a direct

impact on the interpretation of these complex measurements. As the field is emerging, there are

still many challenges in the interpretation of the photoelectron spectra, and the improved quality
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of the data offers new insights into problems such as inelastic scattering. At UCL, the technique is

combined with analogous instruments that study molecules in the gas phase. By comparing the be-

havior of the isolated molecule and the molecule in an environment, a direct understanding of the

role an environment has on electronic structure and dynamics can be obtained. Furthermore, this

technique offers to provide a new gold standard against which calculations can be benchmarked

to improve our understanding of the role a solvent or protein environment plays in determining

electron binding energies and the timescales of relaxation processes of photoexcited molecules.
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1.1 Potential energy curves of a neutral molecule, M, in its ground electronic state, S0, and the

associated cation formed upon ionisation, M+, in its ground electronic state, D0, as function of

a single vibrational mode coordinate, R. Vertical arrows indicate the vertical ionisation energy

(VIE) and the adiabatic ionisation energy (AIE), noting for either transition to be observed

experimentally there must be a sufficient overlap integral between the two wavefunctions of

the vibronic states. 34

1.2 Schematic of the ionisation pathways possible in ultraviolet multiphoton photoelectron spec-

troscopy. Left: direct photoionisation. Right: indirect photoionisation via an intermediate

excited state where the excess vibrational energy has a propensity to be conserved during

ionisation. The dashed black line indicates the ionisation threshold. 35

1.3 Energy level diagram illustrating the stabilisation effects of a polar solvent (in this case water)

on the ground electronic states of the charged species associated with photoelectron spec-

troscopy of neutrals (left) and anions (right). 35

1.4 Marcus parabolas for the oxidation reaction M → M+• + e−. The vertical ionisation energy

(VIE) and adiabatic ionisation energy (AIE) represent energies averaged over all possible sol-

vent configurations. λ denotes the reorganisation energy. 36

1.5 Jablonski diagram illustrating some of the radiative and non-radiative deactivation pathways

following photoexcitation from the ground electronic state, S0, to vibrationally excited levels

of S1. 38
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1.6 Energy level diagram of a neutral molecule in the gaseous (left) and aqueous (right) phase de-

picting the process of autoionisation (*). A molecule in an excited state Sn may spontaneously

emit one of the outer-shell electrons with respect to the electron continuum D0. In aqueous

solution, the threshold for formation of solvated electrons allows for autoionisation to occur

well below the gas phase ionisation potential. 39

1.7 Illustration of three possible outcomes following photodissociation forming the ionised species

and an electron. The pair are able to escape the solvent cage and diffuse separately in solution

or diffusively recombine to form the starting molecule. However, if the pair remain within

the solvent cage they can recombine on a faster time scale than that for diffusive recombina-

tion. 40

1.8 Schematic illustrating the change of water-vapour density as a function of radial distance, r

(red line). Blue arrow indicates the liquid-microjet. Inset: density of water vapour molecules

nvap as a function of radial distance r. 42

1.9 Photographic images taken of the liquid-microjet at UCL under ambient conditions using the

Schlieren imaging tecnique. (a) shows the magnified region 6 mm downstream of the nozzle

orifice where the flow becomes turbulent and (b) shows the magnified region where the flow

regime is laminar, determined by the refractive index. Photographs have been taken by Dr

Michael Parkes (UCL) and the work forms part of a detailed publication on Schlieren imaging

currently in preparation.86
44

1.10 Illustration showing the inelastic mean free path (IMFP) and the electron attenuation length

(EAL) in a medium for a low kinetic energy electron (< 10 eV). I(A) is the electron signal at the

starting point A and I(B) is the electron signal attenuated at the end point B. 47

1.11 (a) cumulative fraction of the total electron intensity originating from cylindrical shells for

photon energies (3.6− 13.6) eV and an extreme UV photon with energy hν = 38.7 eV. Taken

from Reference 65. (b) first derivative plotted for photon energy 5.2 eV showing the probability

of detection electrons from a specific depth. 47

1.12 Illustration of the dynamic separation of the electrical double layers formed around the inner

walls of the quartz nozzle. 50
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1.13 Illustration of a quartz (crystalline silica) surface becoming hydrated. The hydroxyl groups

either act as proton donors or acceptors before establishing equilibrium. 52

2.1 Cross-section of the liquid-microjet photoelectron spectrometer that combines a liquid-microjet

assembly (Microliquids GmbH) and a magnetic-bottle photoelectron spectrometer. The ex-

panded region highlights the following components: (1) magnet, (2) nozzle, (3) skimmer, (4)

catcher tip, (5) heater, (6) inner PTFE sleeve with groove for solenoid, (7) solenoid, (8) outer

PTFE tube and (9) double µ-metal tube. The interaction chamber has three separate xyz-

manipulators for alignment: (M1) for the liquid-microjet, (M2) for the magnet and (M3) for the

catcher assembly. To monitor alignment, a CMOS camera (C1) is located on the far side of the

instrument. Using a 1000 l s−1 turbomolecular pump (T1) and cryogenic pumping with a cold

trap (10), a pressure of around 2× 10−5 mbar is maintained in the interaction chamber when

the liquid-microjet is running (see text). The time-of-flight chamber consists of two concentric

tubes: a flight tube (11) and a drift tube (12). The high-vacuum conditions of the drift tube are

maintained using two 600 l s−1 turbomolecular pumps (T2 and T3). The detection chamber

housing a double-stack microchannel plate detector (13) is pumped using a 220 l s−1 turbo-

molecular pump (T4). An additional CMOS camera (C2) is located to observe fluorescence on

a phosphor screen mounted at the back of the MCP plates. 54

2.2 Photograph of the inside of the interaction chamber alongside a schematic of the pathway

of an emitted photoelectron to the detector. (a) liquid-microjet nozzle, (b) skimmer (orifice

300 µm orifice), (c) catcher tip, (d) permanent soft iron tip magnet. Emitted photoelectrons are

directed by the strong magnetic field through the skimmer into the flight tube of the magnetic

bottle spectrometer where the field becomes weaker. Photoelectron flight times are recorded

using a double stack micro-channel plate (MCP) detector. 57

2.3 (a) Electron trajectory in a uniform magnetic field with the field direction on the vertical axis.

(b) Schematic of the magnetic field lines (orange) that photoelectrons follow illustrating the

phenomena of delayed electrons (see text). The red dotted circle illustrates the detachment

sphere of solid angle 4π when electrons are emitted from the liquid jet by the laser beam (red

diffuse circle). 58
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2.4 Schematic of the femtosecond experimental set-up, where two UV wavelengths may be gener-

ated using optical parametric amplifiers. 62

2.5 Biasing and signal decoupling circuit for micro-channel plate (MCP) detection of electrons. 63

2.6 The modelocked oscillator has a repetition rate of 76 MHz, which seeds the regenerative ampli-

fier. The synchronisation and delay generator (SDG II) receives a trigger from the Q-switched

pump laser (Evolution) and controls the timing between the modelocked seed and the ampli-

fier, which has a repetition rate of 1 kHz. This is used as a reference and the times-of-flight are

triggered from it. The amplifier generates femtosecond laser pulses, which interact with the

liquid-microjet at the interaction point (dot) to produce photoelectrons that are detected by the

MCP. The digitiser records all MCP signal within a time window triggered from the amplifier.

63

2.7 Time-of-flight photoelectron spectra of NO recorded following MPI with 268.5 nm (4.62 eV,

grey), 244.3 nm (5.08 eV, purple), 240.0 nm (5.17 eV, green) and 238.0 nm (5.21 eV, blue) fem-

tosecond laser pulses. The electron kinetic energies for NO(X2Π1/2, v′′ = 0)→NO+(X1Σ+, v+ =

0− 5) vibronic transitions were determined using known ionisation potentials,123 and assigned

to the peaks in the time-of-flight spectra (circles) and fitted to Equation (2.8) (dark blue curve)

Numbers in brackets represent values of v+. 66

2.8 MPI energy level diagram for nitrous oxide (NO). The ionisation process involved in NO,

where a wavelength of photon energy nhν is used to ionise NO(X2Π1/2, v′′ = 0, J′′ = 1/2)

leading to transitions of the vibrational modes of the cation NO+(X1Σ+, v+ = 0− 32, J+ = 0).

Either a 2hν ionisation process (purple) and a 3hv ionisation process (orange) is required to

overcome the ionisation potential. 67

2.9 2+ 1 REMPI photoelectron spectra of gaseous Xe recorded at 249.7 nm: Xe(1S0)→ Xe+(2P3/2)/Xe+(2P1/2)

via the 5p5(2P3/2)6p[1/2]0 intermediate. Photoelectron spectra are plotted as a function of TOF

(a) and eKE (b), on logarithmic scales to emphasise the lower intensity feature attributed to

Xe(1S0)→ Xe+(2P1/2). (c) Photoelectron spectrum plotted as a function of eKE following trans-

lation of the magnet away from the laser-microjet interaction region, for streaming potential

measurements (Section 2.2.4), illustrating the split peaks discussed in the main text. 68
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2.10 CMOS camera images of the fluorescent phosphor screen with a voltage of +3200 V applied.

Left: photoelectron signal of gas phase Xe appears as a line corresponding to photoelectrons

emitted along the path of the laser beam; the maximum length of the line is equal to the

diameter of the skimmer, allowing for the circumference to be drawn (white dashed circle).

Right: photoelectron signal from a point source ionisation following interaction with the laser

and the liquid-microjet. 69

2.11 Photoelectron eKE measured following 2 + 1 REMPI of Xe at 249.7 nm in the presence of

a liquid-microjet of 100 mM phenol and 30 mM NaF and plotted as a function of distance

x between the ionisation point and the liquid-microjet. Measured eKEs correspond to the

Xe(1S0) → Xe+(2P3/2) ionisation process. Blue circles represent measurements made using

a liquid nitrogen cold-trap (L = 1.1 mm, φstr = −0.13 ± 0.01 eV). Black squares represent

measurements made using the recirculating system (L = 1.05 mm, φstr ∼ 0; see text). Error

bars represent the mean maximum deviations in eKE(x) from the fitted lines from two separate

data sets. Inset: experimental geometry used for streaming potential measurements. 71

2.12 Photoelectron spectra following 2 + 1 REMPI of Xe at 249.7 nm recorded during the measure-

ment of the streaming potential at various distances of the liquid-microjet from the ionisation

point, x. Fits with two and one (inset) Gaussians are shown. x = (a) 0.9 mm, (b) 1.9 mm, (c)

3.0 mm and (d) 4.75 mm. 72

2.13 Photoelectron TOF spectra following 2 + 1 REMPI of Xe at 249.7 nm with the magnetic trans-

lated away from the interaction region, for streaming potential measurements. Top panels:

recirculator data (a) without the liquid-microjet nozzle and (b) with the liquid-microjet noz-

zle 475 mm from the ionisation point with the jet running. Bottom panels: cold-trap data (c)

without the liquid-microjet nozzle and (d) with the liquid-microjet nozzle 475 mm from the

ionisation point with the jet running. Fitting the approximate centres of the peak splittings to

Equation (2.8) (green lines) gives E0 = 0.58 ± 0.01 eV (a), 0.52 ± 0.03 eV (b), 0.57 ± 0.03 eV

(c) and 0.48 ± 0.03 eV (d). The difference between measurements of E0 from (a) and (b) corre-

sponds to V = −0.06 ± 0.03 eV for the recirculator measurements and the difference between

measurements of E0 from (c) and (d) corresponds to V = −0.09 ± 0.03 eV for the cold-trap

measurements. 74
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2.14 Photoelectron eKE recorded following 1 + 1 REMPI of 100 mM aqueous phenol with 30 mM

NaF at 275 nm. (a) Comparison between photoelectron spectra recorded using the recirculator

system (black) and the liquid nitrogen cold-trap (blue). (b) Photoelectron spectrum recorded

using the liquid nitrogen cold-trap with a constrained single Gaussian fit (red) together with

the residual (below the main panel); the fit is for eKE > 0.2 eV to avoid the low eKE data

affected by the increased vapour pressure in the interaction chamber when using the cold-trap.

(c) Photoelectron spectrum recorded using the recirculator with a relaxed single Gaussian fit

(red) and a two Gaussian fit (solid and dashed black lines); corresponding residuals are shown

below the main panel for the single Gaussian fit (red) and the two-Gaussian fit (black). The

solid black Gaussian is centred at 1.1± 0.1 eV and can be attributed to 11ππ∗ −D0 ionisation

and the dashed black Gaussian is centred at 0.6± 0.1 eV and can be attributed to 11ππ∗ −D1

ionisation. 76

2.15 The photoelectron spectrum presented in Figure 2.14(c) highlighting the global fitting of Gaus-

sians at eKEs below 0.5 eV. Inset: global fit at eKEs below 0.2 eV where we believe our trans-

mission efficiency to be significant. 77

3.1 Chemical structures of two biological chromophores containing the phenol moiety (blue high-

light). Top: L-Tyrosine (L-2-Amino-3-(4-hydroxyphenyl)propanoic acid) Bottom: p-HBDI (p-

hydroxybenzylidene-2,3-dimethylimidazolinone), the chromophore in green fluorescent pro-

tein. 81

3.2 High-level calculation of the potential energy surface of phenol along the RO−H coordinate

using CASPT2(10/10)/aug(O)-AVTZ. The excited state characters are: S1 ππ∗, S2 πσ∗, S3 ππ∗

and S4 πσ∗. Transition dipole moments have been indicated by arrows on the phenol structure.

Taken from Reference 132. 82

3.3 UV absorption spectra of phenol in the gas phase (g) and in aqueous solution (aq). Arrows

indicate the wavelengths employed in our multiphoton PES measurements (199 nm not shown

due to scale and is relevant to Section 3.3.6) and the dashed vertical line indicates the estimate

of the S0-S1 AEE (4.46 eV). 85
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3.4 (a) One-photon photoionisation cross-sections from the S0 state of phenol to the D0 and D1

states of the phenol cation plotted as a function of photon energy for an equivalent two-

photon (1+1 non-resonant) ionisation process. (b) One-photon photoionisation cross-sections

for ionisation from the 11ππ∗ state of phenol to the D0 and D1 states of the phenol cation

plotted as a function of photon energy. Calculations were performed for isolated molecules in

the gas phase (dashed lines) and clusters of phenol + 6H2O (solid lines). Dyson orbital norms

were calculated using the EOM-IPEE-CCSD/aug-cc-pVDZ method. Calculations performed

by Dr Mariana Assmann. 86

3.5 1 + 1 UV PES of phenol in the gas phase recorded following photoexcitation at 275 nm (4.51

eV), 265.5 nm (4.67 eV), 253 nm (4.90 eV), 249.7 nm (4.97 eV) and 235.5 nm (5.26 eV), plotted

as a function of eKE (left), one-photon eBE (middle) and two-photon eBE (right). Intensities

of the individual spectra have been normalised to their maxima. Roman numerals represent

11ππ∗-D0 (I), S0-D0 (II) and S0-D1 (III) ionisation processes (I and III overlap in the 235.5 nm

PES). The asterisks mark the S0-D0 AIE and are consistent with the literature value of 8.508

eV.155
88

3.6 Photoelectron kinetic energy measured as a function of distance ∆x between the ionisation

point of Xe and the 100 mM aqueous phenol jet (solid circles). Xe was ionised by 2 + 1 REMPI

at 249.7 nm. The solid blue line is the least-squares fit of Eq. 2.11. L = 1.1 mm for these

measurements. Error bars represent the mean maximum deviations in eKE(x) from the fitted

lines from the two data sets. (a) Measurement taken before photoelectron spectra of phenol

were recorded (φ = −0.13 eV, R2 = 0.968). (b) Measurement taken after photoelectron spectra

were recorded (φ = −0.15 eV, R2 = 0.964). 89

3.7 1+1 UV PES of phenol in the gas phase (black) and in aqueous solution (blue) recorded follow-

ing photoexcitation at 275 nm (4.51 eV), 265.5 nm (4.67 eV), 253 nm (4.90 eV) and 249.7 nm (4.97

eV), plotted as a function of eKE (left), one-photon eBE (middle) and two-photon eBE (right).

Intensities of the individual spectra have been normalised to their maxima. Grey Gaussians

represent 11ππ∗-D0 ionisation (I). S0-D0 ionisation is marked for the gas phase PES (II). 90
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3.8 Residuals of Gaussian fits to the photoelectron spectra following photoexcitation at 275 nm

(4.51 eV), 265.5 nm (4.67 eV), 253 nm (4.90 eV) and 249.7 nm (4.97 eV), plotted as a function

of one-photon eBE. The residuals are plotted on the same intensity scale as the photoelectron

spectra, which are normalised to the intensity maxima. 91

3.9 1+1 UV PES of phenol in the gas phase (black) and in aqueous solution (blue) recorded follow-

ing photoexcitation at 235.5 nm (5.27 eV), plotted as a function of eKE (left) and one-photon

eBE (right). The additional scale marked on the top horizontal axis of the right panel (red)

represents the two-photon eBE for this photon energy. Intensities of the individual spectra

have been normalised to their maxima. Grey Gaussians represent 11ππ∗-D0 (I), S0-D0 (II) and

S0-D1 (III) ionisation processes (I and III overlap are represented by just one Gaussian) and the

blue Gaussian has been assigned to e−(aq)→ e−(g). 92

3.10 Residual of the Gaussian fit to the photoelectron spectra following photoexcitation at 235.5 nm

(5.27 eV), plotted as a function of two-photon eBE. The residual is plotted on the same intensity

scale as the photoelectron spectra, which is normalised to the intensity maximum. 93

3.11 Photoelectron kinetic energy measured as a function of distance ∆x between the ionisation

point of Xe and the 100 mM aqueous phenol jet (black squares). Xe was ionised by 2 + 1

REMPI at 249.7 nm. The solid blue line is the least-squares fit of Eq. 2.11. L = 1.05 mm. Error

bars represent the mean maximum deviations in eKE(x) from two separate data sets. 95

3.12 MPI photoelectron spectra of phenol in aqueous solution (blue) recorded following photoex-

citation at 275 nm (4.51 eV), 265.5 nm (4.67 eV), 253 nm (4.90 eV) and 249.7 nm (4.97 eV),

plotted as a function of one-photon eBE . Intensities of the individual spectra have been nor-

malised to their maxima. Gaussians represent S1(11ππ∗)-D0 (dark blue) and S1(11ππ∗)-D1

(orange). 96
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3.13 Residuals of Gaussian fits to the photoelectron spectra following photoexcitation at 275 nm

(4.51 eV), 265.5 nm (4.67 eV), 253 nm (4.90 eV) and 249.7 nm (4.97 eV), plotted as a function

of two-photon eBE. The residuals are plotted on the same intensity scale as the photoelectron

spectra, which are normalised to the intensity maxima at a value of 1. There is significant

residual on the low-eBE side for spectra at > 265.5 nm, which is attributed to non-resonant

S0-D0 MPI. A Gaussian may be fitted to the residual on the 253 nm and 249.7 nm PES owing

to the reduced S0-11ππ∗ absorption cross-section (Figure 3.3) allowing the contribution from

non-resonant MPI to increase. 98

3.14 1 + 1 UV PES of phenol in aqueous solution recorded following photoexcitation at 235.5 nm

(5.27 eV) normalised to maximum photoelectron counts at a value of 1. (a) Plotted as a function

of eKE showing a three Gaussian fit corresponding to S1(11ππ∗)-D0 (dark blue), S1(11ππ∗)-D1

(orange) and S0-D0 (light grey). The residual is shown directly below on the same scale. (b)

Plotted as a function of eKE showing a four Gaussian fit corresponding to S1(11ππ∗)-D0 (dark

blue), S1(11ππ∗)-D1 (orange), S0-D0 (light grey) and e−
(aq) → e−

(g) (light blue). The residual

is shown below directly below on the same scale. (c) Plotted as a function of time of flight

to show the origin of the oscillations in the spectrum, which are enhanced by the Jacobian

transformation to eKE. 99

3.15 1 + 1 UV PES of phenol in aqueous solution recorded following photoexcitation at 235.5 nm

(5.27 eV), plotted as function of one-photon binding energy. The additional scale marked on

the top horizontal axis represents the two-photon binding energy. Intensities of the individual

spectra have been normalised to their maxima. Gaussians represent S1(11ππ∗)-D0 (dark blue),

S1(11ππ∗)-D1 (orange), S0-D0 (light grey). The S0-D1 ionisation process overlaps with the

S1(11ππ∗)-D0 process (stripes). 100

3.16 MPI photoelectron spectra of phenol in aqueous solution recorded following photoexcitation

at 199 nm (6.23 eV), plotted as a function of one-photon eBE (lower axis). The additional scale

marked on the top horizontal axis (blue) represents the two-photon eBE. Intensity has been

normalised to the maximum. The dark green Gaussian corresponds to two-photon ionisation

from the 1b1 molecular orbital of H2O (l) and the inset corresponds to the residual of the low

eBE edge (plotted as a function of one-photon eBE) and is attributed to e−
(aq)→ e−

(g). 101
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3.17 Upper panel shows 1 + 1 UV PES of phenol in aqueous solution recorded following photoex-

citation at 199 nm (6.23 eV). The photoelectron signal has been shown on a logarithmic scale to

highlight signal at high eKE. The dark green Gaussian has been assigned to two-photon ioni-

sation from the 1b1 molecular orbital of H2O (l). Lower panel shows residual of the Gaussian

fit which is assigned to the photoelectron spectrum of the solvated electron. The residual of

the residual (inset) is assigned to the S0-D0 photoelectron spectrum. 102

3.18 Plots of fitted Gaussian peak maxima (data points) and full-width half maxima (shaded areas)

corresponding to S1(11ππ∗)-D0 in the gas phase (g) and S1(11ππ∗)-D0/D1 in aqueous solution

(aq), as a function of photon energy (bottom axis) and wavelength (top axis). Solid straight

lines are fits to the higher photon energy data points, with gradients m indicated. Dashed

lines are peak maxima estimated using S0-D0/D1 VIEs obtained from X-ray PES32 and the S0-

S1(11ππ∗) AEE determined from the uv-vis absorption spectrum (Figure 3.3, orange dashed

line), assuming that vibrational energy is conserved during photoionisation. 103

3.19 Cartoon energy level diagram illustrating for an isolated molecule that as the photon energy

increases hν3 < hν2 < hν1, the excess vibrational energy carried into a resonant electronic

excited state Sn increases proportionally to the photon energy. Therefore, under the approxi-

mation that there is a propensity for vibrational energy to be conserved upon ionisation, the

eKE distribution will increase linearly with photon energy. 104

3.20 Inelastic collision cross-section for photoelectrons with measured electron kinetic energies in

the range of 0− 4 eV. The loss of kinetic energy is noted to be well below the current experi-

mental error of ± 0.1 eV for measured eKEs below ∼ 0.5 eV. A lognormal function has been

fitted to best describe the data (R2 = 0.93). Error bars represent the experimental error of the

measurement. 106

3.21 1 + 1 UV PES of phenol in aqueous solution recorded following photoexcitation at 253 nm

(4.90 eV). The original spectrum (grey) is shown alongside a corrected spectrum (blue) where

the effects of inelastic scattering have been accounted for using a lognormal function across

the kinetic energy range of the spectrum (see Figure 3.20). Gaussians are fitted to the corrected

spectrum and represent 11ππ∗-D0 (blue) and 11ππ∗-D1 (orange). The cumulative fit is shown

by the black line. 107
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3.22 Residual of the Gaussian fits to the photoelectron spectra corrected for inelastic scattering

following photoexcitation at 253 nm (4.90 eV), plotted as a function of eKE. The residual is

plotted on the same intensity scale as the photoelectron spectra, which is normalised to the

intensity maximum. 108

4.1 Spectral and visible features of GFP. Left: absorption and emission spectra of GFP using a

microscope with a filter for fluorescence of fluorescein isothiocyanate (FITC). Taken from Ref-

erence 168. Right: genetic expression of GFP in E. Coli. shown under UV light. The organism

on the right side has the GFP expressed. Taken from Reference 165. 112

4.2 Left: Green Fluorescent Protein (GFP) with the photoactive chromophore located within the

β-barrel of the protein structure. Taken from Reference 193. Right: the structure of p-

hydroxybenzylidene-2,3-dimethylimidazolinone (p-HBDI), a model for the GFP chromophore.

The imidazolinone is linked to the phenolate by a C=C-C bridge. 113

4.3 UV absorption spectra of p-HBDI− in the gas phase (black squares) taken from Reference

194 and in 3/2 (v/v) H2O:MeOH solution (black line). The comb indicates the vertical ex-

citation energies of the first 4 excited states of gas phase p-HBDI−, calculated in Reference

216. Arrows show the wavelengths employed in the multiphoton photoelectron spectroscopy

measurements. The orange function fitted to the first excited state centred around 430 nm is

obtained by convoluting the spectrum with a Gaussian to best estimate the adiabatic excita-

tion energy (AEE) in solution (orange dashed line, see Figure 4.4). The red, green and purple

Gaussians are fitted to best estimate the AEE of the higher-lying excited states (see Figure 4.5).

Inset: schematic structure of p-HBDI−. 116
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4.4 Estimation of the AEE of the first 1
1ππ∗ state (S1). The action-absorption spectrum of the

isolated chromophore p-HBDI− taken from Reference 194 is represented by black squares.

A Gaussian (full-width half maximum 0.6 eV) is fitted to the gas phase spectrum to best

approximate the inhomogenous broadening expected from solvation by convolution of the

two functions (blue dots). The convolution of the gas phase action absorption spectrum with a

Gaussian is then shifted by 0.32 eV (orange dots) to the peak maximum of the solution UV-vis

spectrum (black line). The gas phase action-absorption spectrum is then used to estimate the

AEE by noting the position of the AEE in the gas phase relative to the absorption maximum

and lining this up with the absorption spectrum in solution (black dashed line), which is

2.83 eV. 117

4.5 UV absorption spectra of p-HBDI− in 60:40 H2O:MeOH solution (black line) showing the

fitting of all excited states with Gaussians to estimate the AEEs. The AEE for the higher-

lying states S2-S4 is taken as the 95 % confidence interval. Only the AEEs of the 1
1nπ∗ state

(S2, red Gaussian), 2
1ππ∗ state (S3, purple Gaussian) and 3

1ππ∗ state (S4) are used with this

estimation method. The 1
1ππ∗ state (S1, blue Gaussian) is shown only for the fitting purposes

of the higher-lying excited states and the AEE has been estimated in Figure 4.4. Coloured lines

indicate the AEEs and are 3.58 eV (red), 4.32 eV (purple) and 4.63 eV (green). 117

4.6 Photoelectron eKE measured following 2 + 1 REMPI of Xe at 249.7 nm in the presence of a

liquid-microjet of 20 µM p-HBDI− and 30 mM NaF, plotted as a function of distance x be-

tween the ionisation point and the liquid-microjet. Measured eKEs correspond to the Xe(1S0)

→ Xe+(2P3/2) ionisation process. Measurements are fitted using eKE(x) = eKEfield-free −

(Lφsp)/L + ∆x + V, where L is the distance between the ionisation point and the skimmer,

eKEfield-free is the eKE following 2+1 photoionisation of Xe when the jet is not running, φsp is

the streaming potential and V accounts for additional fields in the magnetic bottle spectrom-

eter with the liquid-microjet nozzle in place. V, is determined by a separate methodology,

which is explained in Section 2.2.4. (a) 249.7 nm; L = 0.53 mm, φsp = 0.17 ± 0.01 eV and V =

−0.15 eV (b) 300 nm; L = 0.53 mm, φsp = 0.07 eV and V = −0.19 eV and (c) 439.8 and 430 nm;

L = 0.86 mm, φsp = −0.04 eV and V = −0.06 eV 119
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4.7 MPI photoelectron spectra of 20 µM p-HBDI− in 3/2 (v/v) H2O:MeOH recorded following

photoexcitation at 439.8 nm (2.82 eV), 430 nm (2.88 eV), 300 nm (4.13 eV) and 249.7 nm (4.97

eV), plotted as a function of eKE. Intensities of the individual spectra have been normalised to

their maxima. Gaussians represent S1(11ππ∗)-D0 (orange), S1(11ππ∗)-D2 (yellow), S0-D0 (light

grey), S0-D1 (dark grey), S4(21ππ∗)-D2 (purple) and e−(aq)→ e−(g) (blue). 120

4.8 Electronic configurations and molecular orbitals of the states contributing to the MPI PES of

p-HBDI−, taken from Reference 216. 121

4.9 Energy level diagram illustrating ionisation pathways for 430 nm (2.88 eV), 300 nm (4.13 eV)

and 249.7 nm (4.97 eV). Solid black vertical lines represent the photon energy, hν. Dashed

black vertical lines represent the eKE. Coloured horizontal lines correspond to the vertical

excitation energy of the excited states: S1 (orange); S2 (red); S3 (green); S4 (purple) and the

vertical detachment energies of the neutral radical. Shaded blocks represent the excess vibra-

tional energy determined using the estimation of the adiabatic excitation energy (hν−AEE).

439.8 nm follows the same ionisation pathways as the 430 nm scheme and so it omitted for

brevity. 125

4.10 MPI photoelectron spectum of 20 µM p-HBDI− in 3/2 (v/v) H2O:MeOH recorded following

photoexcitation at 249.7 nm (4.97 eV), plotted as a function of eKE and fit with (a) 3 Gaussians

and (b) 2 Gaussians. Intensities of the individual spectra have been normalised to their max-

ima. Directly below each fit is the residual. In (a), Gaussians represent those in the main text,

S1(11ππ∗)-D0 (orange), S4(21ππ∗)-D2 (purple) and e−(aq)→ e−(g) (blue). 126

4.11 Residuals of Gaussian fits to the photoelectron spectra following photoexcitation at 439.8 nm

(2.82 eV), 430 nm (2.88 eV), 300 nm (4.13 eV) and 249.7 nm (4.97 eV), plotted as a function of

eKE. The residuals are plotted on the same intensity scale as the photoelectron spectra, which

are normalised to the intensity maxima. 127
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4.12 Schematic energy level diagram showing the electronic structure of p-HBDI− in the gas phase

(left), in solution (center, this work) and in S65T-GFP (right). Black arrows represent the vertical

detachment energy. Blue arrows indicate the threshold for formation of the solvated electron

using the binding energy of 3.7 eV for e−(aq). Electronic excited states in the gas phase and in

solution correspond to the electronic characters given in Table 4.1 and the gas phase energies

are from Ref. 216. The S1 state in GFP is from Ref. 198. The excited-shape resonance (ESR)

state of GFP is from Ref. 198. All numbers are given in eV. 130
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1 Introduction

There is considerable interest in improving our understanding of how molecules respond to ul-

traviolet (UV) light, both from a fundamental point of view and as a result of relevance in nature

and technology. Already there has been a revolution in technology from understanding how light

interacts with nature; the learning from and harnessing of photosynthesis leading to photovoltaics,

understanding the inner workings of the eye bringing a wealth of information on vision; and fluo-

rescent biological proteins that have transformed biomedical imaging. A great deal of our detailed

understanding of the UV photoresponse of molecules has come from gas phase experiments and

calculations involving isolated molecules, free from complex interactions with solvent or protein

environments. However, electronically excited states can be very sensitive to their environment,

and particularly to the presence of polar solvents such as water, the most important medium for

chemistry and biology. The extent to which dynamical insights obtained from detailed gas phase

studies can be used to inform our understanding of the dynamics of photoexcited molecules in

chemically and biologically relevant environments has been, and still is, a subject of much current

discussion.1–5

Understanding the UV photoresponse of a molecule requires a detailed understanding of its

electronic structure and electronic relaxation pathways. Experimentally, a direct way of determin-

ing the electronic structure is through the measurement of electron binding energies using pho-

toelectron spectroscopy. Femtosecond time-resolved photoelectron spectroscopy has proved to be

a particularly valuable tool for tracking electronic relaxation pathways in gas phase molecules6–9

and molecules on surfaces.10;11 In the early 1970s, Hans and Kai Siegbahn first attempted applying

similar techniques to the liquid phase. The main challenge they faced was, that in the presence

of highly volatile liquids, emitted photoelectrons undergo multiple elastic and inelastic collsions
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with the surrounding vapour molecules. Inelastic collsions, in contrast with elastic collisions, re-

sult in the kinetic energy of the photoelectron not being preserved due to energy dissipating into

translational, vibrational and rotational modes, complicating the interpretation of photoelectron

spectra.

A region of high vapour pressure was exactly what limited Siegbahn and Siegbahn in their first

study ‘ESCA applied to liquids’ (ESCA is an abbreviation for electron spectroscopy for chemi-

cal analysis).12 The apparatus used in these early experiments was only suitable for liquids with

vapour pressures much less than 1 Torr, thereby excluding aqueous solutions because water has

a vapour pressure of 4.6 Torr near its freezing point.13 Their first reported experiment was with

a beam of liquid formamide (CH3NO), which has a low vapour pressure of 0.01 − 0.02 Torr.

The pair managed to sucessfully record oxygen 1s, nitrogen 1s and carbon 1s core photoelectron

spectra from a liquid beam of formamide, distinguishing liquid and vapour signals. This was the

first reported X-ray photoelectron spectrum of solvated species, and allowed for the assignment of

absolute binding energies of the core levels of the elements in their liquid phase.

The experimental breakthrough in the measurement of liquids with high vapour pressures came

with the introduction of the liquid-microjet technique.14;15 Developed in 1988, Faubel et al. used

the liquid-microjet apparatus to report the first photoelectron spectrum of neat water in 1997.16

Liquid-microjet X-ray photoelectron spectroscopy has since been widely used to probe the elec-

tronic structure of liquid water,17–19 salt solutions19–31 and some organic molecules and nanopar-

ticles.32–39

1.1 UV photoelectron spectroscopy in liquids

Only a handful of groups are using liquid-microjet UV photoelectron spectroscopy (PES) to probe

the electronic structure and dynamics of UV photoexcited molecules in solution. This approach

has the added benefit that resonance-enhanced multiphoton ionisation (REMPI) of a molecule en-

hances the signal-to-noise ratio of the photoelectron spectrum of the molecule and is essentially

free from the solvent background. Importantly, UV light spans the energy range needed to access

the electronically excited states of most photoactive molecules, meaning that the dynamics essential

to natural systems can be directly investigated. It allows for the study of valence electrons, which
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govern chemical and biological reactions, from bond-breaking and -making to electron and proton

transfer reactions.

When a photon of suitable energy interacts with a molecule, an electron may be ejected from

the occupied molecular orbital via the photoelectric effect. PES is a technique that measures the

resulting kinetic energy of the emitted photoelectron. The spin of the electron must be conserved,

but the symmetry selection rule is relaxed such that all electronic, vibrational and rotational states

may be ionised, hence there are no ‘dark states’, unlike in electronic absorption spectroscopy.

Furthermore, conservation of momentum tells us that only a negligible amount of kinetic energy

will be transferred to the molecular fragment, as the electron is much lighter. Therefore, the kinetic

energy of the electron (eKE) can be assumed to be equal to the total kinetic energy release for the

photoionisation process. For a neutral molecule, M, the photoionisation process is represented as

M + hν→ M+ + e− (1.1)

where hν is the photon energy and M+ is the cation formed by removing the electron. In the

independent electron approximation, the photoionisation process is pictured without any reorgan-

isation of the remaining electrons (Koopmans’ model),40 such that the eKE distribution of pho-

toelectrons provides a direct determination of the electron binding energy (eBE) of the molecular

orbital from which the electron is ionised, with respect to the cation that is left behind, using

eKE = hν− eBE (1.2)

As a result of the Born-Oppenheimer approximation, the ionisation process is effectively instan-

taneous compared to the time scale for nuclear rearrangement. Therefore, the molecular geometry

is considered frozen so that the spectral profile is determined by the Franck-Condon overlap of vi-

brational wave functions within the ground electronic state of the neutral and the ground electronic

state of the corresponding cation; for a closed-shell neutral, these are conventionally labelled S0 and

D0, respectively. Furthermore, electronically excited states are given the symbol Sn, where n is an

integer usually determined by the relative energy of the electronic state to the ground electronic

state, S0. Important quantities are the vertical ionisation energy (VIE) and adiabatic ionisation en-

ergy (AIE), depicted in Figure 1.1. The VIE is the difference between the electronic energies of the
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neutral and corresponding cation at the geometry of the neutral in its ground vibrational state. The

AIE is the difference between the electronic energies of the neutral and corresponding cation, in

their ground vibrational states.

V
IE M

M+

A
IE

E

R

S0

D0

Figure 1.1: Potential energy curves of a neutral molecule, M, in its ground electronic state, S0, and the associated cation
formed upon ionisation, M+, in its ground electronic state, D0, as function of a single vibrational mode coordinate, R.
Vertical arrows indicate the vertical ionisation energy (VIE) and the adiabatic ionisation energy (AIE), noting for either
transition to be observed experimentally there must be a sufficient overlap integral between the two wavefunctions of the
vibronic states.

In these descriptions, we have considered only direct photoionisation, which is a non-resonant

ionisation process. Here, the excess energy of the photon is transferred to kinetic energy of the

electron and its signature in PES is a feature at constant eBE when plotted using a series of photon

energies. However, in multiphoton UV PES, the photon can be resonant with an excited state of

the molecule. This process is shown in Figure 1.2, and is termed indirect photoionisation. In this

case, the photon is resonant with the vibronic transition to an excited electronic state, resulting in

internal vibrational excitation that has a propensity to be conserved upon ionisation. Hence, this

manifests as a feature with constant eKE = E(Sn)− E(D0) in the photoelectron spectrum as the

photon energy is varied.

So far we have discussed the PES of neutrals within this section, but organic chromophores

sometimes exhibit their photophysical and photochemical properties in a naturally anionic form;

for example, the chromophore of Green Fluorescent Protein (see Chapter 4). In the case of anions

under the influence of solvation, a polar solvent will stabalise the charged species, which causes
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Figure 1.2: Schematic of the ionisation pathways possible in ultraviolet multiphoton photoelectron spectroscopy. Left:
direct photoionisation. Right: indirect photoionisation via an intermediate excited state where the excess vibrational
energy has a propensity to be conserved during ionisation. The dashed black line indicates the ionisation threshold.

an increase to the detachment threshold of an electron as compared to the gas phase molecule

(Figure 1.3). The reverse is seen for PES of neutral species, as a polar solvent will stabilise the

ion formed upon ionisation, thereby lowering the ionisation threshold. When considering anions,

the terminology changes to refer to transitions as the vertical detachment energy (VDE) and the

adiabatic detachment energy (ADE).

S0 S0

D0

D0
E

neutral anion

(g) (g) (aq)(aq)

Figure 1.3: Energy level diagram illustrating the stabilisation effects of a polar solvent (in this case water) on the ground
electronic states of the charged species associated with photoelectron spectroscopy of neutrals (left) and anions (right).
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1.2 Photoactive molecules in liquids

Photoionisation/detachment is an endergonic process (i.e. energy is absorbed) that results in both

the solute and the solvent having associated reorganisation energies in response to the nuclear

coordinates of the entire system changing. The reorganisation energy, represented by λ, is the

energy required to reorganise nuclei from coordinates of the reactant state to coordinates of the

product state, without electron transfer occurring. Consider an oxidation reaction (analogous to

ionisation), which is well-described by Marcus theory.41 The reorganisation energy is defined as

the energy needed for the oxidised species (M+•) to structurally relax to its equilibrium geometry

from the equilibrium geometry of the reduced species (M), as shown in Figure 1.4. In solution,

the reorganisation energy includes both the rearrangement of the internal degrees of freedom

of the molecule (λin) and the surrounding solvent reorganisation (λout). In Marcus theory, the

reorganisation energy corresponds to the difference between the vertical and adiabatic ionisation

energy when averaged over all possible solvent configurations (Figure 1.4).42

M

M+·

VIE

AIE

λ

Figure 1.4: Marcus parabolas for the oxidation reaction M→ M+• + e−. The vertical ionisation energy (VIE) and adiabatic
ionisation energy (AIE) represent energies averaged over all possible solvent configurations. λ denotes the reorganisation
energy.

The arrangement of the solvent molecules depends on the charge distribution of the solute.

There is currently no clear description of the solvent,43–46 but for simplicity (and perhaps this is

enough for the scope of this work) the solvent molecules may be classified into two distinct en-
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vironments. Inner sphere solvation denotes a solvent sheath, comprising those solvent molecules

creating a geometrically favourable configuration prior to and independent of the photoionisation.

Outer sphere solvation then encompasses the remaining solvent. Following photoexcitation or

photoionisation, these two environments re-orientate themselves in response to the new charge

distribution of the solute. Theoretical descriptions of solvation include different types of inter-

molecular interactions, including hydrogen bonding, ion-dipole interactions, and van der Waals

forces originating from both dipole and induced-dipole interactions or a combination of the two.

The photoionisation/detachment process in solution is considered to have a similar mechanism

to that observed in the gas phase. However, solute-solvent interactions introduce deactivation

pathways for photoexcited molecules that are not available to their gas phase counterparts. Upon

absorption of UV light, a molecule is promoted to an electronically excited state, whereby the nuclei

are no longer in their equilibrium positions. The excess vibrational energy that results may either

be redistributed within the molecule (Figure 1.5), transferred to the surrounding environment, or

lead to bond dissociation. The coupling between vibrational modes of the photoexcited molecule

leads to intramolecular vibrational relaxation (IVR) on a typical timescale of 10−12 − 10−10 s. The

molecule may then undergo fluorescence (involving a transition from a singlet excited state to a

singlet ground state), in which it relaxes back to the ground electronic state by emitting a photon

on a 10−10 − 10−7 s time scale. Alternatively, if the molecule is in a triplet excited state and relaxes

to a singlet ground state by emission of a photon, this is termed phosphorescence and occurs on

a 10−6 − 1 s time scale. Non-radiative electronic relaxation processes are usually in competition

with these radiative electronic relaxation processes. For example, internal conversion (IC) takes

population out of the excited state to a lower electronic state via a conical intersection (CI); a CI is

a point of crossing on the potential energy surfaces for the two electronic states where the energy

spacing between them is zero, leading to infinite nonadiabatic coupling (i.e the breakdown of the

Born-Oppenheimer approximation). As a result, the lifetime of IC is very short and transfers

population on a 10−14 − 10−11 s. Intersystem crossing (ISC) may occur, which transfers population

to a lower-lying triplet state on a typical time scale of 10−10 − 10−8 s.

The relaxation of vibrational state population distributions has been shown to be system depen-

dent.47–49 IVR mechanisms can be affected by an environment, as the thermal fluctuations of the
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Figure 1.5: Jablonski diagram illustrating some of the radiative and non-radiative deactivation pathways following pho-
toexcitation from the ground electronic state, S0, to vibrationally excited levels of S1.

solvent environment induce shifts in the energy levels of the solute, and/or can add or remove

small amounts of energy to/from the solute.49 This has a knock-on effect as it increases IVR prob-

abilities by allowing transitions that were previously non-resonant in the isolated molecule to be

in-resonance.50 The presence of solvent also allows intermolecular energy transfer (IET) to take

place, in which energy in the photoexcited solute molecule is transferred into individual modes of

a solvent molecule, or into low frequency modes of the whole solvent environment. There has been

an increasing interest in the relative importance of IVR and IET in photoexcited molecules in solu-

tion, and this has led to both terms being absorbed into a general description, vibrational energy

transfer (VET).51;52 In solution, the timescales for VET are sensitively dependent on the strength

of the solute-solvent interaction and on the particular mode excited. Typically, low frequency vi-

brations relax faster than isolated high frequency modes. Consider a photoexcited molecule that

undergoes IC to a highly excited vibrational level of the ground (or lower-lying) electronic state,

VET will be much faster initially owing to the higher density of states and small energy separations,

but slows down as relaxation occurs and the state density decreases.53

As the AIE of a neutral solute molecule is lowered when in a polar solvent environment, au-
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toionisation of excited states is activated at energies well below the gas phase ionisation potential

(Figure 1.6).32;54–57 One of the species typically formed in aqueous solution is the solvated elec-

tron - a trapped electron in liquid water. As the simplest reducing agent in aqueous chemistry,

the solvated electron has been the focus of many experimental and theoretical studies in recent

years,22–28;28–30;54;58–66 also because it plays a pivotal role in radiation damage of biological sys-

tems, particularly DNA.67–73

S0 S0

D0

D0

Sn

Sn

E

(g) (aq)

e-(aq)

e-(g)

e-(g)
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hν
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*

*

Figure 1.6: Energy level diagram of a neutral molecule in the gaseous (left) and aqueous (right) phase depicting the
process of autoionisation (*). A molecule in an excited state Sn may spontaneously emit one of the outer-shell electrons
with respect to the electron continuum D0. In aqueous solution, the threshold for formation of solvated electrons allows
for autoionisation to occur well below the gas phase ionisation potential.

Photodissociation processes provide other pathways for the formation of solvated electrons,

alongside a wider range of species stemming from the solute. Naturally, the solute-solvent in-

teraction will have a significant impact on these mechanisms. Organic chromophores in solution

have been seen to photodissociate under exposure to UV radiation to form the solvated electron

and the associated charged species.54 However, the precise detail of the mechanism(s) has been

widely debated and is still a matter of clarification. Several proposals have been put forward and

are dependent on the system, including excited state proton transfer (ESPT),74 bond fission and

excited-state proton-coupled electron transfer (PCET). In PCET, it is believed that the proton and

electron are involved in a concerted transfer,75;76 as opposed to a stepwise one, and this is known

to be an important mechanism in the photochemical properties of many biological systems.77;78
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Recombination of an electron and ionised species may also occur, a process which is practically

non-existent in the gas phase, except at extreme high pressures, but is clearly an important con-

sideration in the condensed phase.50 Recombination involves the interaction and reaction of two

species, with at least one having originated from the solute following photodissociation. When two

products re-encounter each other following a single photodissociation event this is termed gem-

inate recombination. Two cases arise from the solvent environment: either caged recombination

may occur within the inner solvation sphere; or the photodissociation species escape this cage but

diffusional motion brings them together at a later stage (Figure 1.7).79

M

photodissociation

M+

e-

M
e-

M+

in cage pair

pair survivaldiffusive
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recombination

Figure 1.7: Illustration of three possible outcomes following photodissociation forming the ionised species and an electron.
The pair are able to escape the solvent cage and diffuse separately in solution or diffusively recombine to form the starting
molecule. However, if the pair remain within the solvent cage they can recombine on a faster time scale than that for
diffusive recombination.

Spectral lines, which we observe in photoelectron spectra, have a finite width caused by many

broadening factors, such as the finite lifetime of excited states, thermal Doppler effects, collisions

(pressure broadening), and resolution of the spectrometer. In particular, electronic transitions are

accompanied by vibrational transitions, giving rise to a vibronic band. As such, electronic transi-

tions are broadened by vibronic effects described by the Franck-Condon principle. These broaden-

ing factors can be described by convoluting the spectral lines with Gaussian, Lorentzian, or Voigt
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functions. For a molecule in solution, collision and proximity broadening (i.e. perturbation of

electronic energies by the solvent) dominate photoelectron spectra. The solvent molecules are in

constant fluctuation around the solute molecule, which gives rise to inhomogeneous broadening

of the spectra. Since the inhomogenous broadening is often significantly larger than the lifetime

broadening, the Gaussian lineshape dominates in solution.80 Therefore, in the analysis of liquid-

microjet photoelectron spectra, Gaussian functions are fitted to best describe the spectral feature(s)

within the spectrum with the form

g(x) =
A

σ
√

π
2

exp

(
−2
(

x− xc

σ

)2
)

(1.3)

where A is the area, xc the centre and σ the width.

1.3 Liquids in vacuum

1.3.1 Electron mean free path and electron attenuation length

Instrumental to the success of PES in the gas phase was the advancement in vacuum technology

in the latter half of the twentieth century. High-vacuum conditions result in the electron mean

free path (EMFP) being large enough that almost all emitted photoelectrons reach the detector

without undergoing any scattering events. The EMFP is a fundamental quantity to PES, and is

defined as the average distance an electron of a given kinetic energy travels between two successive

scattering events (inelastic or elastic). Inelastic collisions, in contrast to elastic collisions, result

in the kinetic energy of the electron not being preserved, with the energy being dissipated into

translational, vibrational and rotational modes of the collision partner. Electron kinetic energies

are only preserved within the spectrometer if the inelastic mean free path (IMFP) is suitably large.

A fundamental parameter in liquid-microjet PES, which naturally involves a high-pressure en-

vironment, is the effective attenuation length (EAL). The EAL is defined as the distance over which

the initial electron signal is reduced to 1/e. It is on the same order of magnitude as the EMFP (l)81

l = (nvapσel)
−1 (1.4)
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which is determined by the density of the vapour molecules nvap and the total scattering cross-

section σel of the electron with a vapour molecule at a given kinetic energy.

1.3.2 Experimental conditions

The EMFP can be used to determine the distance at which the entrance to the photoelectron anal-

yser should be placed relative to the liquid surface of the liquid-microjet in order to collect photo-

electrons effectively. The ideal gas law (Equation 1.5) can be used as a first approximation to derive

the density of the vapour molecules from the pressure, ρ, of the interaction chamber.

nvap =
ρ

kBT
(1.5)

Photoelectrons emitted with a kinetic energy between 1 − 10 eV have a scattering cross section

between 21.9 − 117.0× 10−16 cm2 with water molecules.82 Photoelectrons in typical UV exper-

iments have kinetic energies < 10 eV, such that to satisfy an EMFP of < 1 mm (Equation 1.4)

pressures of below 5.4 × 10−5 mbar are required.

nvap

radial distance, r

Figure 1.8: Schematic illustrating the change of water-vapour density as a function of radial distance, r (red line). Blue
arrow indicates the liquid-microjet. Inset: density of water vapour molecules nvap as a function of radial distance r.

To achieve near collision-free conditions, the liquid-microjet is formed with cylindrical geome-

try so that the effective pressure reduces significantly (relative to other geometries such as a sheet)
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by minimising the surface area of the liquid-microjet by surface tension. This ensures the maxi-

mum number of molecules are in the bulk and are surrounded by and interact with neighbouring

molecules to reduce the vapour pressure of the liquid-microjet in the radial distance r. Hence, the

density of vapour molecules nvap decreases exponentially as a function of radial distance r from

the liquid-microjet, with the form e−El/kBT (where El is the liquid binding energy), as shown in

Figure 1.8. The flow regime is laminar for a significant distance along the flow, defining a region

in which the ionising radiation should be incident on the liquid-microjet (Figure 1.9), preventing

disruption to the measurement of photoelectron spectra. A laminar flow occurs when a fluid flows

in parallel layers, with no disruption between adjacent layers. At low velocities (below 1.2 mL/min

seen in liquid-microjet experiments)83, the fluid tends to flow without lateral mixing (i.e. horizon-

tal mixing perpendicular to the mean flow), which can be pictured like playing cards sliding past

one another. In laminar flow, the motion of the fluid particles is extremely ordered, such that there

are no eddy currents (loops) or swirls. The flow is characterised by high momentum diffusion

and low momentum convection.84 This is in contrast to turbulent flow, which is characterised by

the irregular movement of fluid particles, with no observable pattern and no definite layers. The

Reynolds number is an important parameter that describes whether the flow conditions will lead

to laminar or turbulent flow, which when applied to the approximation of flow through a pipe, is

defined as85

Re =
ρvDH

µ
=

vDH
ν

=
QDH
νA

(1.6)

where DH is the hydraulic diameter of the pipe, v is the mean velocity of the fluid, ρ is the density of

the fluid, µ is the dynamic viscosity of the fluid, ν is the kinematic viscosity of the fluid (ν = µ/ρ),

Q is the volumetric flow rate and A is the cross-sectional area of the pipe. The Reynolds number

is dimensionless, and defines a ratio of the inertial force to the shearing force of the fluid (i.e. how

fast the fluid is moving relative to how viscous the fluid is), independent of the scale of the fluid

system. Laminar flow occurs when the Reynolds number is below a critical value of approximately

2040, though the transition range between turbulent and laminar flow is typically between 1800

and 2100. The range is dependent on small disturbance levels in the fluid or imperfections in the

flow (i.e. micro-particles). If the flow rate is increased, the Reynolds number will increase, then the
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flow will transition from laminar to turbulent.

(a) (b)3 mm

Figure 1.9: Photographic images taken of the liquid-microjet at UCL under ambient conditions using the Schlieren imag-
ing tecnique. (a) shows the magnified region 6 mm downstream of the nozzle orifice where the flow becomes turbulent
and (b) shows the magnified region where the flow regime is laminar, determined by the refractive index. Photographs
have been taken by Dr Michael Parkes (UCL) and the work forms part of a detailed publication on Schlieren imaging
currently in preparation. 86

When a liquid surface is in equilibrium with its gas phase, molecules will evaporate and con-

dense at the liquid surface at a rate per unit area of81

j = 〈vvap〉nvap =
1
4
(8kT/πmvap)

1
2 (pvap/kBT) (1.7)

where 〈vvap〉 is the average velocity of the vapour molecules, nvap is the density of the vapour

molecules, mvap is the mass of the vapour molecule, pvap is the pressure of the vapour, kB is

the Boltzmann constant and T is the temperature of the system. The surface coverage may be

approximated in units of langmuirs (L), where 1 L = 1.3 × 10−6 mbar s. At a pressure of 10−6 mbar,

the number of molecules required to form a monolayer arrives at the surface within 1 s. Liquid

water has a vapour pressure of approximately 6 mbar near its freezing point,13 yielding a time for

evaporation of a monolayer of about 100 ns. This means that, after an evaporation or condensation
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event, it takes on average 100 ns before a second molecule evaporates or impacts from the gas

phase at the same surface site. Collisions with adjacent liquid molecules, however occur on a 1 ps

time scale and create thermodynamic equilibrium within 10s of picoseconds.81 The four orders

of magnitude difference in time scales between liquid-liquid collisional relaxation and gas phase

impact collision at the liquid surface, mean that the fast-flowing liquid-microjet is close to local

thermodynamic equilibrium.

The flow conditions of the liquid-microjet are such that a laminar flow regime is maintained

for approximately 3 mm. A smooth, laminar liquid surface also means the surface is continuously

refreshed to remove sample aging effects and prevent freezing of the liquid surface in vacuum.

1.3.3 Photoemission probing depth

Photoemission is the emission of photoelectrons from a medium following the absorption of ion-

ising radiation. The sensitivity to whether electrons are emitted from the surface or the bulk of

the liquid is determined by the photoemission probing depth. The depth is determined by the

electron pathway and emission processes inside the medium as well as the intensity distribution

of the ionising radiation. Variations in the intensity of light and the electron pathway through the

medium alter the kinetic energy distribution of photoelectrons, their angular distributions and the

photoelectron yield.

In this section, the same terminology is applied to the liquid medium as was used in Section

1.3.1, which described processes occuring once the electron has escaped into vacuum. The electron

pathway is governed by inelastic and elastic collisions within the liquid, hence the EMFP is a

central quantity in understanding the processes occurring within the liquid-microjet. Quantitative

modeling of electron transport in liquids for low eKEs has so far been restricted due to a lack of

reliable data for the EMFP of low kinetic energy electrons.87 This is mainly a result of experimental

difficulties, again as a consequence of the high vapour pressures of certain liquids coupled with

the high-vacuum conditions required. Recently, the liquid-microjet technique has been employed

to study the EMFP,88;89 as well as using aerosol particles.90 Aerosols have the advantage for such

measurements in that the kinetic energy and anisotropy of photoelectrons are dependent on the

particle size. Finite size changes of the aerosol particle have shown to affect the MFP in differing
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ways, providing a more detailed understanding of the MFP than using liquid-microjets.

In a study on water aerosol particles, Signorell et al. have determined the inelastic and isotropic

elastic mean free paths for electron kinetic energies below 3 eV. The findings from this study

are presented in Table 1.1.91 Water vapour is isotropically distributed around the liquid-microjet,

and therefore at low eKE, elastic scattering occurs with an isotropic angular distribution. The

anisotropic component of the elastic MFP is dominated by forward scattering, so the distribution

of photoelectrons is unaffected.92

Table 1.1: Inelastic and isotropic elastic mean free path and electron attenuation lengths for liquid water retrieved from
photoelectron imaging of water droplets. Estimates of uncertainties of ∼ 40% are stated for the inelastic mean free path
and a factor of two for the isotropic elastic mean free path.

Taken from Reference 91

eKE / eV Inelastic mean free
path / nm

Isotropic component of the
elastic mean free path /
nm

EAL / nm

3.0 5.1 16.2 3.9
2.5 4.5 15.2 3.5
2.0 3.9 14.8 3.1
1.5 3.4 11.1 2.6
1.0 2.9 5.3 2.2

In comparison to a water liquid-microjet study, which only reports a single value for the EAL

of approximately 5 nm, the values obtained in the aerosol study agree well. The EALs reported in

Table 1.1 lie just below the inelastic MFPs also given, as one might expect. Electron scattering at low

kinetic energies (< 100 eV) is insufficiently described by the IMFP because elastic and vibrational

inelastic scattering becomes increasingly important at low energies. A low kinetic energy electron

is likely to undergo multiple elastic scattering events prior to an electronic inelastic scattering

event, which results in the IMFP being longer than the EAL, or the distance between two electronic

inelastic scattering events (Figure 1.10).89 As such, the EAL is a practically more important quantity

than the IMFP and is relatively easier to evaluate experimentally. The EAL will not exceed the

IMFP at low kinetic energies, but the two quantities will coincide at higher energies when elastic

and vibrational inelastic scattering becomes less important. Therefore, the EAL provides a lower

bound measurement of the IMFP.

The EAL values so far reported are ~14.4 times larger than a single water molecule (2.75 Å);

though as Buchner et al. showed, this does not equate to the liquid-microjet depth, which suggests
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Figure 1.10: Illustration showing the inelastic mean free path (IMFP) and the electron attenuation length (EAL) in a
medium for a low kinetic energy electron (< 10 eV). I(A) is the electron signal at the starting point A and I(B) is the elec-
tron signal attenuated at the end point B.

measured photoelectron spectra are both bulk and surface sensitive.26 The degree of sensitivity

is dependent on the photon energy of the ionising radiation. A systematic study performed by

Signorell et al. showed the dependence of the photon energy on the probing depth of ionising

radiation to the fraction of photoelectrons detected (Figure 1.11a).65 To further investigate this, the

first derivative for one photon energy (5.2 eV) has been plotted to show the probability of detecting

photoelectrons from a specific depth (Figure 1.11b). This shows that the probability decreases at

larger probing depths, suggesting that the majority of photoelectrons detected will originate nearer

the surface.
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Figure 1.11: (a) cumulative fraction of the total electron intensity originating from cylindrical shells for photon energies
(3.6− 13.6) eV and an extreme UV photon with energy hν = 38.7 eV. Taken from Reference 65. (b) first derivative plotted
for photon energy 5.2 eV showing the probability of detection electrons from a specific depth.

In the same study, Signorell et al. have begun to quantify the change in kinetic energy of an

emitted photoelectron across the same photon energy range of 3.6− 13.6 eV as a result of inelastic
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scattering. Careful measurements of UV photoelectron spectra of solvated electrons revealed that

the measured electron binding energy gradually increases with photon energy, indicating that the

photoelectron energy diminishes as a result of electron-solvent molecule inelastic scattering before

emission from the surface of the liquid.30 The subsequent scattering simulations performed by

Signorell et al. were then able to quantify the effect of inelastic scattering on the photoelectron

spectra.65 This forms part of the discussion for the work presented in Chapters 3 and 4.

The importance of electron-molecule collisions,93;94 particularly at low energy,73;95 has stim-

ulated significant work both experimentally96 and theoretically.97 However, the precise physics

involved in low-energy collisions is complicated, involving many subtle effects and possible out-

comes. The theoretical modeling of electron scattering is best separated into two regimes based

on the collision energies involved. The simplest to model is the high-energy region, in which the

collisions are essentially impulsive and can be described by perturbation theory or impact approxi-

mations that neglect any exchange interactions.98–100 However, such approximations do not hold in

the low-energy regime, defined as the region below the ionisation threshold.101 Several theoretical

frameworks have been set-up to describe the process,102;103 but a general approach is considered

under the Born-Hartree-Bethe approximation. When an electron with initial momentum p scatters

from a many-electron target (atom or molecule), the transition probability from the initial state |i〉

with energy Ei to the final state | f 〉 with energy E f is determined by104

dwi→ f = 2π
〈

f p
′
∣∣∣U∣∣∣ip〉2

δ

(
p
′2 − p2

2
+ E f − Ei

)
dp
′

(2π)3 (1.8)

where

U =
A

∑
j=1

Zj

|r−Rj|
−

N

∑
j=1

1
|r− rj|

(1.9)

is the interaction potential of the incident electron with electronic coordinates rj and the molecule

composed of A nuclei with charges Zj, coordinates Rj and N electrons.

The differential cross-section of electron scattering for the transition from the molecular state |i〉
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to state | f 〉 is

dσi→ f

dΩ
=

p
′

4π2 p
|
∫
〈 f |Ueiqr|i〉dr|2 (1.10)

where q = p - p
′

is the electron momentum transfer.

A final factor to consider for photoemission in a liquid is the charging of the insulating liquid

surface by the moving charges of the photoelectrons. The radial surface potential, Φsur f , resulting

from the charging of the jet by the emission of electrons, is given by105

Φsur f = −
1

2πε0

I
vjet

ln
(djet

2

)
(1.11)

where I is the emission current, vjet is the velocity of the jet, djet is the liquid-microjet diameter and

ε0 is the permittivity of free space. The velocity can be determined from conservation of energy

as106

vjet =
√

2Pnρ−1 (1.12)

where ρ is the density of the liquid and Pn is the nozzle backing pressure. The advantage of a

liquid-microjet is that the charging potential may be neglected, as djet is small 10 − 20 µm, and vjet

is large, resulting in a radial surface potential that is below the resolution of the spectrometer.106

1.3.4 Electrokinetic charging

The liquid-microjet is inherently electrically charged due to the electrokinetic charging arising from

the disruption of an electric double layer formed around the inner walls of the quartz nozzle. The

resulting streaming current induces an electric potential that will either decelerate or accelerate

photoelectrons emitted from the liquid surface. The streaming current forms when a solution

flows over the quartz (crystalline silica) surface, carrying with it one charge-type of ion (cations

or anions) whilst the counter ions stay bound to the static interface, see Figure 1.12. Even when

using low conductivity solutions, such as deionised water, the autoprotolysis will still cause a

non-zero ionic concentration. The interaction between water and the quartz surface causes the

quartz surface to become hydrated, forming what is known as a Haber-Haugaard layer with acidic
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hydroxyl groups.107;108

Figure 1.12: Illustration of the dynamic separation of the electrical double layers formed around the inner walls of the
quartz nozzle.

At neutral pH, the acidity of the surface hydroxyl groups will lead to a negative surface charge

as they are able to act as proton acceptors or donors,109 established within an equilibrium shown

in Figure 1.13. The negative surface charge relative to the solution induces an electrostatic potential

to form a diffusely bound layer of counter ions, known as the Gouys-Chapman layer.

The degree of negative charge not countered by the cations depends on the concentration of

ions in solution. A higher ion concentration will cause higher excess charge to be accumulated. At

increasing distance from the surface, the concentration of the diffuse Gouys-Chapman layer falls

off exponentially. The length over which the potential falls to 1/e is described by the Debye length

rD
110

rD =

√
ε0ε

j
rkBT

2e2NAS
(1.13)

where ε0 is the vacuum permittivity, ε
j
r is the relative permittivity of the jet, kB is the Boltzmann

constant, T is the jet temperature, e is the elementary charge, NA Avogadro’s constant and S is the

ionic strength. The ionic strength is dependent on the concentration of the ions ci and their ionic

charge zi

S =
1
n

n

∑
i=0

cizi2 (1.14)

The Debye length is approximately 56 nm for liquid-microjet experiments discussed in this
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thesis, meaning that a large proportion of ions will effectively counter the charge on the quartz

surface.

A laminar flowing jet produces a velocity profile that is parabolic, such that the velocity di-

minishes at the nozzle interface (Figure 1.12). As solution flows through the nozzle, a proportion

of diffusely bound ions are sheared off, establishing a net separation in charge. The resulting

streaming current is given as105;111

Istr =

rn∫
0

ρz(r)µ(r)dr (1.15)

where ρz(r) is the net ion charge density, µ(r) is the velocity profile, and r is the radius of the

nozzle.111 The integration runs from the centre of the jet when r = 0 to the inner wall of the nozzle

where r = rn.

The streaming potential itself, as reported by Faubel et al., is given by16

Φstr = − 1
2πε0

Istr

vjet
ln
(djet

2

)
(1.16)

where vjet is the jet velocity and djet is the jet diameter.

Electrokinetic charging is also dependent on the pH of the solution. Protons are able to diffuse

in and out of the silica surface rapidly. Fast proton diffusion is then followed by a slower diffusion

of larger ions. Under acidic conditions, positive charging on the silica surface is favoured by the

adsorption of protons, while basic conditions cause negative surface charging.112 Therefore, we

expect the streaming potential to vary in sign depending on the conditions of the liquid. It is

crucial then that the streaming potential is measured at the start of each experiment to account for

any changes before equilibrium has established.

Several groups combat the streaming potential by the addition of a halide salt NaX.19;113;114

A systematic study by Kurahashi et al. determined the streaming current to be zero at a certain

concentration of halide salt.19 Streaming currents have been measured using a variety of salts:

NaF, NaCl, and NaI. However, as conditions of the jet, including the flow velocity and solute

concentration used, will affect the streaming potential, this concentration must be systematically

derived. At a specific concentration, the ions will stabilise the double layer such that a charge is not
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Figure 1.13: Illustration of a quartz (crystalline silica) surface becoming hydrated. The hydroxyl groups either act as
proton donors or acceptors before establishing equilibrium.

displaced. We have chosen not to follow this method and instead measure the streaming potential

directly (Section 2.2.4), as the evaporative rate of our liquid-microjet will alter the concentration of

the salt, which may lead to small changes in the streaming potential as an experiment progresses.

High salt concentrations are also damaging to biological materials, due to the disruption of salt-

bridges that form part of their structures. However, we do add salt to our solutions to increase the

conductivity, which has benefits to the measurement of stable streaming potentials (Section 2.2.4).
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2 Solutions to photoelectron spectroscopy of liquids:

design and operation of the UCL liquid-microjet pho-

toelectron spectrometer

The importance of understanding how molecules, particularly organic chromophores found in na-

ture, respond to UV light motivated the design of a new recirculating liquid-microjet photoelectron

spectrometer for multiphoton UV photoelectron spectroscopy. Most liquid-microjet photoelectron

spectroscopy experiments involve running the liquid through a thin fused silica liquid-microjet

into vacuum and then freezing it on a cold-trap filled with liquid nitrogen. However, for samples

that are only available in small quantities, such as proteins, nanoparticles, and bespoke molecules,

it becomes desirable to recirculate the liquid rather than freeze it out. This chapter describes the

design and construction of a new apparatus combining a recirculating liquid-microjet and a mag-

netic bottle spectrometer. The design and technical details are described in Section 2.1. Section 2.2

explains the operation, calibration, and characterisation of the instrument, including a comparison

between measurements of the streaming potential using the recirculating system and using a liquid

nitrogen cold trap (Section 2.2.4). In Section 2.3, we illustrate the performance of the instrument

by comparing photoelectron spectroscopy measurements of aqueous phenol made using the recir-

culating system and a liquid nitrogen cold-trap. The instrument was designed jointly by Professor

Helen Fielding and Dr Bingxing Wang, who also built the instrument, with technical input from Dr

Michael Parkes. The recirculator was designed by Microliquids (GmbH) with input from myself

and Dr Bingxing Wang.
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2.1 Instrument design and technical details

A cross-section of the liquid-microjet photoelectron spectrometer is presented in Figure 2.1. The

main components are: (i) the laser-liquid interaction chamber, (ii) the photoelectron time-of-flight

chamber and (iii) the photoelectron detection chamber. The interaction, time-of-flight and detec-

tion chambers are constructed from 316 stainless steel and have volumes of around 1.6× 10−2 m3,

1.5× 10−2 m3 and 3.1× 10−3 m3, respectively. The chambers are differentially-pumped to main-

tain pressures of around 1× 10−6 mbar, 2× 10−8 mbar and 3× 10−8 mbar, respectively. During

operation of the liquid-microjet with the recirculating system (Section 2.3), these pressures increase

to 2 × 10−5 mbar, 5 × 10−7 mbar and 6 × 10−7 mbar. If the liquid-microjet is operated with a

liquid nitrogen cold-trap to freeze out the liquid, the pressure in the interaction chamber rises to

a higher pressure of 1− 2× 10−4 mbar. This has a significant impact on the performance of the

liquid-microjet photoelectron spectrometer
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Figure 2.1: Cross-section of the liquid-microjet photoelectron spectrometer that combines a liquid-microjet assembly (Mi-
croliquids GmbH) and a magnetic-bottle photoelectron spectrometer. The expanded region highlights the following com-
ponents: (1) magnet, (2) nozzle, (3) skimmer, (4) catcher tip, (5) heater, (6) inner PTFE sleeve with groove for solenoid, (7)
solenoid, (8) outer PTFE tube and (9) double µ-metal tube. The interaction chamber has three separate xyz-manipulators
for alignment: (M1) for the liquid-microjet, (M2) for the magnet and (M3) for the catcher assembly. To monitor alignment,
a CMOS camera (C1) is located on the far side of the instrument. Using a 1000 l s−1 turbomolecular pump (T1) and cryo-
genic pumping with a cold trap (10), a pressure of around 2× 10−5 mbar is maintained in the interaction chamber when
the liquid-microjet is running (see text). The time-of-flight chamber consists of two concentric tubes: a flight tube (11) and
a drift tube (12). The high-vacuum conditions of the drift tube are maintained using two 600 l s−1 turbomolecular pumps
(T2 and T3). The detection chamber housing a double-stack microchannel plate detector (13) is pumped using a 220 l s−1

turbomolecular pump (T4). An additional CMOS camera (C2) is located to observe fluorescence on a phosphor screen
mounted at the back of the MCP plates.
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2.1.1 Liquid-microjet

The liquid-microjet assembly was purchased from Microliquids GmbH. Liquid is pumped through

1/16′′ polyether ether ketone (PEEK) tubing with an approximate length of 1 m by a high-performance

liquid chromatography (HPLC) pump (Microliquids 02) and injected into the laser-liquid interac-

tion region through a 25 mm long quartz nozzle with internal diameter of 10− 50 µm. The internal

diameter of the nozzle is selected to minimise evaporation and is therefore dependent on the

vapour pressure of the liquid.83 The HPLC pump has a built-in pulsation damper to remove any

bubbles that form inside the tubing; it works efficiently at pressures above 70 bar. Before the liquid

passes through the HPLC pump, it passes through a 10 µm suction filter within the reservoir and

after the HPLC pump it passes through a 2 µm filter in the PEEK tubing. These filters help to

prevent microparticles blocking the nozzle. The quartz nozzle is mounted on a motor-controlled

xyz-positioning stage assembly for precise alignment of the liquid-microjet. For a 20 µm diameter

nozzle and aqueous solutions, typical flow rates and backing pressures are 0.6 mL min−1 and 70

bar. For water/methanol mixtures, we found lower flow rates were required to maintain a backing

pressure within the upper limits of the HPLC pump, as expected because of the higher viscosity of

methanol compared to water.115 The liquid-microjet flows laminarly for around 2− 4 mm before

breaking up into a stream of droplets and the laser-liquid interaction occurs ≤ 1 mm below the

nozzle in the laminar flow region. The liquid is caught into a recirculating system.

The recirculating system, based on one reported previously,116 is shown in detail in the ex-

panded region of Figure 2.1. It comprises a catcher assembly mounted on a motor-controlled

xyz-positioning stage 3 mm below the laser-liquid interaction region. The liquid enters the catcher

through a 500 µm hole at the top of an electrically-grounded beryllium copper cone tip (CuBe2).

Beryllium copper is a non-magnetic alloy that is a good conductor of heat; this allows it to be used

in the magnetic bottle spectrometer and to be maintained at a temperature of 40◦C to ensure the

liquid does not freeze. Beryllium also forms a conducting oxide layer after contact with the liquid

which ensures that the cone tip remains electrically-grounded.

The catcher tip has several circular indentations around the lower circumference to fit a conduc-

tive rod from the heater at various positions. The threading of the PEEK base to which the catcher

tip is secured may change upon replacement, which alters the position at which the conductive
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rod can be secured. Having several indentations ensures that the bulky rod may be consistently

placed in its optimum position within the close-packed geometry of the interaction chamber. An

additional, much smaller, slot on the catcher tip is used to fasten a grounding wire to connect

the catcher tip to the stainless steel base of the assembly. The solution passes through antistatic

explosion-proof laboratory tubing (BOLA), which is conductive and grounded to prevent electro-

static charging, and then squeezed through Tygon E-3603 soft tubing (with inner diameter 2 mm

and outer diameter 4 mm) by a peristaltic recycling pump (Microliquids Recycling Pump Type 1)

and returned to the reservoir connected to the liquid-microjet.

A liquid nitrogen cold-trap for liquid collection can be used instead of the recirculating system.

The cold-trap is mounted on the same flange as the catcher assembly, approximately 14 cm below

the liquid-microjet. The trap is made of stainless steel with a copper inner and has a capacity of

0.5 L. The orifice is 4 cm in diameter, which results in an increase in pressure in the source chamber

to 1− 2× 10−4 mbar when the liquid-microjet is running, compared with 2× 10−5 mbar using the

recirculating system. Cold traps with smaller orifices (1.5 cm) accompanied by additional diffusion

pumping of the cold trap region have been shown to reduce the base pressure of the source chamber

to between 10−4 − 10−5 mbar.111

2.1.2 Magnetic bottle photoelectron spectrometer

Photoelectron spectroscopy can be performed using various techniques to record the distribution

of photoelectron kinetic energies, for example using a hemispherical electrostatic analyser,117 or

by velocity map imaging (VMI)118 time-of-flight spectrometry.119 These methods each have advan-

tages and disadvantages in terms of their capability to resolve angular distributions and collection

efficiency. For example, hemispherical analysers do not provide the full energy distribution in one

shot as they are limited by the pass energy (i.e. the electrostatic fields that define the hemispher-

ical trajectories). VMI requires a large aperture to accommodate the inhomogenous electrostatic

fields that provide the image, which is unsuitable for a liquid-microjet because of the high-vapour

pressures. In our instrument, a magnetic bottle time-of-flight (TOF) spectrometer design was im-

plemented because the magnetic fields increase the photoelectron detection efficiency dramatically,

compared to a magnetic field-free TOF design, but still allow the whole range of photoelectron
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kinetic energies to be collected in a single measurement.119–122 It is also relatively straighforward

to achieve resolutions of ∆E/E ∼ 1% in TOF photoelectron spectrometers.

Figure 2.2: Photograph of the inside of the interaction chamber alongside a schematic of the pathway of an emitted
photoelectron to the detector. (a) liquid-microjet nozzle, (b) skimmer (orifice 300 µm orifice), (c) catcher tip, (d) permanent
soft iron tip magnet. Emitted photoelectrons are directed by the strong magnetic field through the skimmer into the flight
tube of the magnetic bottle spectrometer where the field becomes weaker. Photoelectron flight times are recorded using a
double stack micro-channel plate (MCP) detector.

Figure 2.2 shows a photograph of the interaction chamber alongside a schematic of the emitted

photoelectron trajectories in a magnetic bottle spectrometer. The time-of-flight of the photoelectron

is recorded using a double stack micro-channel plate (MCP) detector (see Section 2.1.4).

2.1.3 Magnetic bottle photoelectron spectrometer: theory

The time-of-flight of the photoelectron, t, in a TOF spectrometer is given as

t = L/v (2.1)

where L is the path length from the interaction region to the detector and v is the photoelectron

velocity. Therefore, as the path length is fixed, the photoelectron velocity and, hence, its kinetic

energy can be determined from the flight time.

The magnetic bottle spectrometer has a magnetic field that varies spatially along its axis to

effectively collect electrons that are emitted in a solid angle of 4π. An emitted photoelectron

experiences an initially strong inhomogeneous magnetic field (Bi) in the interaction region. The
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Figure 2.3: (a) Electron trajectory in a uniform magnetic field with the field direction on the vertical axis. (b) Schematic of
the magnetic field lines (orange) that photoelectrons follow illustrating the phenomena of delayed electrons (see text). The
red dotted circle illustrates the detachment sphere of solid angle 4π when electrons are emitted from the liquid jet by the
laser beam (red diffuse circle).

strong divergent magnetic field bends the trajectories of electrons by a dihedral angle of 2π with

respect to the field direction, causing a cyclotron motion of electrons localised around the field axis

induced by a Lorentz force, Figure 2.3 (a).119 The interaction region, where the magnetic field is

strong, is kept short in comparison to the distance to the detector. Emitted photoelectrons will

follow different magnetic field trajectories dependent on the magnetic field gradient and hence the

magnet position (Figure 2.3 (b))

In the direction of motion towards the detector the field rapidly decreases to a point of becoming

homogeneous (B f ), see Figure 2.2. The initial angular momentum, li, of the circular motion is given

by

li =
m2

e v2 sin 2θi
eBi

(2.2)

Therefore an electron initially emitted at an angle θi to the z direction (axis defined in Figure

2.2), with energy E and velocity v undergoes a helical motion in the field Bi. The angular frequency

of this motion, wi, is

wi =
eBi
m

(2.3)

Equation 2.2 implies that electron kinetic energy and angular momentum are conserved. When
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the field decreases to the region of B f , the angle of helical motion in this region θ f must also

decrease to maintain li.

sin θ f

sin θi
=

(B f

Bi

) 1
2

(2.4)

By decreasing the angle of helical motion, the transverse component of velocity decreases. How-

ever, to preserve the kinetic energy the overall velocity must remain unchanged, so that the longi-

tudinal component increases. By doing so, the electron motions are effectively brought into parallel

paths for the majority of the flight time. As the length of this region is significantly larger than

in the region of the strong magnetic field, the variation in arrival times become less important

and a high energy resolution is achieved.120 The gradient of the magnetic field may also lead to

longer trajectories, as shown in Equation 2.4. A high gradient reduces the energy resolution of the

spectrometer, by elongating the electron motion perpendicular to the magnetic field lines.122

A further limiting factor on the energy resolution is photoelectrons with the same kinetic en-

ergy being ejected at different angles. The angle at which the photoelectron emit, will determine

the magnetic field line it follows. However, within our kinetic energy range of 0− 5 eV, an in-

crease in distance from the spectrometer axis of symmetry should not alter the energy resolution

significantly.119

As the electron motion perpendicular to the magnetic field line is fixed by a constant gradient,

the electron motion is consequently bound by the same field lines. Therefore, for a given electron

kinetic energy Ekin the diameter of cyclotron motion may be given as a maximum

dcyc =

√
2meEkin
|eB| (2.5)

When considering the electron spiralling around its field line, one may view every cross-section

through the spectrometer as an image of the electrons starting position magnified by a factor of

M =

(
Bi
B f

) 1
2

(2.6)

i.e. the lateral displacement of a field line from the z axis is proportional to B
1
2 (first order).119
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2.1.4 Magnetic bottle photoelectron spectrometer: design

The magnetic bottle is formed by combining a strong permanent magnet generating a strong inho-

mogeneous magnetic field of around 1 T in the laser-liquid interaction region with a solenoid to

generate a weak homogeneous magnetic field along a drift tube. Photoelectrons emitted from the

liquid after interaction with the laser are guided along the drift tube towards a micro-channel plate

(MCP) detector, where their arrival times are recorded relative to the trigger of the laser pulse. The

design of the magnetic bottle photoelectron spectrometer used here is based on that of Neumark

and co-workers.23 The strong permanent magnet is assembled from two magnetised cylinders of

Sm2Co17, each with a diameter of 25 mm and length 15 mm. A 15 mm long soft iron cone (42◦ half

angle) is placed in front of these to increase the field strength in the interaction region. The per-

manent magnet assembly is mounted on a vacuum compatible, motor-controlled, xyz-positioning

stage (mechOnics MS30) for precise alignment of the magnetic bottle. The tip of the soft iron cone is

located approximately 1 mm from the liquid-microjet and 2 mm from a 300 µm gold-coated copper

skimmer mounted on the front of a top-hat adapter. The skimmer acts as a differential pumping

aperture between the interaction and time-of-flight chambers and is in a fixed position. The mag-

net tip is aligned with the centre of the skimmer. The small orifice of the skimmer ensures low

pressures are maintained in the time-of-flight and detection chambers whilst the liquid-microjet is

running (5× 10−7 and 6× 10−7 mbar, respectively), which is essential both for minimising electron

scattering and for the high-voltage operation of the MCP detector. A CMOS (complementary metal-

oxide semiconductor) camera (C1, Figure 2.1) with a resolution of 1.92 MPix (iDS, UI-3250LE) is

mounted outside the interaction chamber and is positioned to visualise the liquid-microjet during

operation (Section 2.2).

The solenoid of the magnetic bottle is formed by wrapping 2 mm diameter Kapton-insulated

copper wire with approximately 394 turns per metre around a 666 mm long polytetrafluoroethylene

(PTFE) sleeve outside the time-of-flight tube. The solenoid begins 41 mm from the interaction

region and ends 14 mm beyond the MCP detector. The solenoid current is kept at 4 A. The magnetic

field at the centre of the solenoid is given by Ampere’s law

B = µnI (2.7)
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where µ is the permeability of the core (4π × 10−7 T/amp m), n is the turn density and I is the

current. Therefore, the magnetic field in the solenoid is 2 mT. An outer PTFE tube isolates the

solenoid and is surrounded by two 0.5 mm thick µ-metal tubes separated by 5.85 mm to shield

the time-of-flight tube from external magnetic fields. A drift tube of length 630 mm is installed

inside the time-of-flight tube and is perforated with 3 mm diameter holes to allow it to be pumped

efficiently.

Electrons that reach the end of the flight tube are detected by a double stack of MCPs with a

phosphor screen mounted behind them (Beam Imaging Solutions, BOS-25). A copper mesh with

90% transmission, grounded to the drift tube, is placed in front of the MCPs to accelerate the

electrons before they hit the detector. Currently, the front surface of the MCPs is grounded, but a

voltage can be applied to further accelerate the electrons if needed. The electron signal is amplified

by applying a voltage of +1800 V to the back MCP. These amplified electrons are projected onto the

phosphor screen by applying a potential of 2000− 3400 V between the back of the MCPs and the

conductive layer of the phosphor screen. The image of the photoelectrons hitting the MCP on the

phosphor screen is visualised using a CMOS camera (C2, Figure 2.1; iDS, UI-1220LE) and assists

spatial alignment in the interaction chamber (Section 2.2.2).

2.1.5 Light sources

A schematic of the laser system is presented in Figure 2.4. The laser pulses are generated using

a Ti:Sapphire femtosecond oscillator centred at 800 nm (Coherent Micra-5) pumped by the second

harmonic (532 nm) of a continuous diode Nd:YAG laser (Coherent Verdi). The 800 nm oscillator

output seeds an ultra-short pulse Ti:Sapphire amplifer operating at 1 kHz (Coherent Legend),

which is pumped by the second harmonic (527 nm) of a Q-switched intra-cavity doubled Nd:YLF

laser (Coherent Evolution). The amplified output seed is frequency up-coverted by two optical

parametric amplifiers (TOPAS) to generate wavelengths in the range 230− 580 nm.

For experiments described in Chapter 3, 199 nm light was used. This wavelength corresponds

to the fourth harmonic (4ω = 200 nm) of the Legend (800 nm). Firstly, the fundamental 800 nm

light is doubled (as the sum of the two identical input frequencies) forming the second harmonic

(2ω = 400 nm). This process is termed second harmonic generation (SHG). The third harmonic
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Figure 2.4: Schematic of the femtosecond experimental set-up, where two UV wavelengths may be generated using optical
parametric amplifiers.

(3ω = 265.5 nm) is then generated using sum-frequency generation of the second harmonic with

residual fundamental. Finally, the fourth harmonic is generated using sum-frequency generation

of the third harmonic with residual fundamental.

The laser flux is attenuated so that the count-rate is typically 500 Hz, i.e. below 1 photoelectron

per pulse, to avoid space-charge effects and saturation of the detector.

2.1.6 Signal acquisition

The photoelectron current is capacitively decoupled from the phosphor screen (Figure 2.5), ampli-

fied (20 V/V; Ortec 9326) and recorded, together with arrival time relative to the trigger of the laser

pulse (Figure 2.6), by a high-speed digitiser (Keysight U5309A) using a typical bin width of 500 ps.

The digitised electron signal associated with each laser pulse is then discriminated and the electron

time-of-flight distribution determined using LabVIEW based software.

2.2 Instrument operation

To determine the relationship between the photoelectron time-of-flight (TOF) and photoelectron

kinetic energy (eKE), multiphoton ionisation (MPI) spectra of gaseous NO are recorded. Resonance-

enhanced MPI (REMPI) spectra of gaseous Xe are recorded to determine the energy resolution, to

optimise the alignment of the components in the interaction region and to determine the streaming

potential of the liquid-microjet. Full details of the calibration are given in Section 2.2.1. To perform

the measurements, gas samples are admitted through a 100 µm nozzle, held approximately 4 mm

behind the laser-liquid interaction region and angled so that the nozzle is clear of the path of the
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Figure 2.6: The modelocked oscillator has a repetition rate of 76 MHz, which seeds the regenerative amplifier. The syn-
chronisation and delay generator (SDG II) receives a trigger from the Q-switched pump laser (Evolution) and controls the
timing between the modelocked seed and the amplifier, which has a repetition rate of 1 kHz. This is used as a reference
and the times-of-flight are triggered from it. The amplifier generates femtosecond laser pulses, which interact with the
liquid-microjet at the interaction point (dot) to produce photoelectrons that are detected by the MCP. The digitiser records
all MCP signal within a time window triggered from the amplifier.
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laser light and CMOS camera (C1) monitoring the interaction region.

The procedure for operation is as follows. (1) Two TOF calibrations using NO gas are performed

in the absence of the liquid-microjet nozzle (Section 2.2.1); one of these is with the magnet in the

optimum magnetic bottle geometry, for sample measurements, and the other is with the magnet

translated away from the interaction region, for streaming potential measurements. (2) With each

NO calibration, a photoelectron spectrum of Xe is also recorded to check the accuracy of the TOF

calibration and to measure the energy offset that accounts for stray electric fields arising from the

liquid-microjet nozzle (Section 2.2.1). (3) The sample solution is run continuously through the

liquid-microjet at ambient pressure for around 24 hours to passivate the system (Section 2.2.4). (4)

The liquid-microjet is placed in the spectrometer and the pressures of the chambers are gradually

lowered (Section 2.2.2). (5) The liquid-microjet and recirculator are aligned to the laser focus and

the skimmer orifice (Section 2.2.2). (6) A streaming potential measurement is made with the magnet

translated away from the interaction region (Section 2.2.4). (7) Photoelectron spectra of the sample

are recorded with the magnet in the optimum magnetic bottle geometry. (8) If time permits, a

second streaming potential measurement is performed.

2.2.1 Photoelectron time-of-flight calibration

Photoionisation with total photon energy hν > 9.24 eV gives rise to transitions to vibronic states

of NO+: NO(X2Π1/2, v′′ = 0) → NO+(X1Σ+, v+). Photoelectron spectra of NO following MPI at

268.5 nm (4.62 eV), 244.3 nm (5.08 eV), 240.0 nm (5.09 eV), 238.2 nm (5.17 eV) and 238.0 nm (5.21 eV),

recorded in the absence of the liquid-microjet nozzle, are presented in Figure 2.7. The energetics

scheme for the MPI of gaseous NO is shown in Figure 2.8. Six vibronic bands (v+ = 0− 5) are

observed following three-photon ionisation at 268.5 nm, with TOFs in the range 540− 650 ns. Nine

vibronic bands (v+ = 0− 2) are observed following two-photon ionisation at 244.3 nm, 240.0 nm

and 238.0 nm, with TOFs in the range 850− 1200 ns. The electron kinetic energies corresponding

to the vibronic transitions are determined from conservation of energy using eKE = nhν− IE(v+),

where n is the number of photons in the photoionisation process and IE(v+) is the ionisation

energy for NO(X2Π1/2, v′′ = 0) → NO+(X1Σ+, v+, N+ = 0).123 The maxima of the peaks in the
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TOF spectra are fitted to

eKE =
me

2

(
s

t− t0

)2
− E0 (2.8)

where eKE is the electron kinetic energy associated with each observed vibronic transition, t is the

TOF, me is the electron mass, s is the distance from the laser-liquid interaction point to the detector,

t0 is a temporal offset that accounts for the time delay between the trigger to the digitiser and the

measured electron arrival time and E0 is an energy offset that accounts for any stray electric fields

that affect the velocity of the photoelectrons. The calibration constants s, t0 and E0 are obtained

from the fit and for the calibration in Figure 2.7 are s = 0.65± 0.01 m, t0 = 64.88± 5.48 ns and

E0 = 0.65± 0.02 eV. The uncertainty in t0 corresponds to an uncertainty of ±0.07 eV. The calibration

constants are dependent on the relative alignment of the liquid-microjet, laser beam and magnetic

bottle, so they are determined daily.

The calibration fitting parameters allow electron TOF to be converted to electron kinetic energy

(eKE). Photoelectron spectra are then extracted from the TOF spectra by multiplying the photoelec-

tron counts by the Jacobian to ensure the integral of the signal is preserved

∫
S(Ekin)dEkin =

∫
S(t)

δEkin
δt

dt (2.9)

When changing coordinate system, i.e. from time-of-flight to kinetic energy, the shape of the

function is distorted. As the distortion is uneven, the total integral for the original area is preserved

by a Jacobian factor:

S(Ekin)dEkin = S(t)dt
mes0

2

(t− t0)3 (2.10)

A similar procedure is used to calibrate the spectrometer with the magnet translated away from

the interaction region, the geometry used for streaming potential measurements.

The energy resolution is determined from photoelectron spectra of Xe recorded following 2 +

1 REMPI via the 5p5(2P3/2)6p[1/2]0 state to Xe+(2P3/2) and Xe+(2P1/2) (Figure 2.9). ∆E/E is

found to be 2 − 3% when the magnet is in the optimum magnetic bottle geometry for sample

measurements and is limited by the bandwidth of the femtosecond lasers.
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Figure 2.7: Time-of-flight photoelectron spectra of NO recorded following MPI with 268.5 nm (4.62 eV, grey), 244.3 nm
(5.08 eV, purple), 240.0 nm (5.17 eV, green) and 238.0 nm (5.21 eV, blue) femtosecond laser pulses. The electron kinetic
energies for NO(X2Π1/2, v′′ = 0) → NO+(X1Σ+, v+ = 0 − 5) vibronic transitions were determined using known
ionisation potentials, 123 and assigned to the peaks in the time-of-flight spectra (circles) and fitted to Equation (2.8) (dark
blue curve) Numbers in brackets represent values of v+.

Photoelectron spectra of Xe recorded for the two magnetic bottle geometries are compared in

Figures 2.9b and 2.9c. When the magnet is very close to the interaction region, all photoelectrons

emitted in the 2π solid angle facing the detector are collected.119 When the magnet is translated

a fraction of a millimetre away from the interaction region, photoelectrons that are emitted in the

2π solid angle facing away from the detector are turned around when they try to enter the region

of higher magnetic field. This manifests itself as an increase in detection efficiency and a slight

increase in the spread of arrival times. For the photoelectron spectra presented in Figure 2.9b,

the magnet position was set for such maximum photoelectron signal. As the magnet is moved

further away from the interaction region, the spread of arrival times continues to increase and a

dip appears in the centre of the photoelectron signal (Figure 2.9c). This dip is attributed to the

forward and backward photoelectron signals separating and a drop in the efficiency of collection
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Figure 2.8: MPI energy level diagram for nitrous oxide (NO). The ionisation process involved in NO, where a wavelength
of photon energy nhν is used to ionise NO(X2Π1/2, v′′ = 0, J′′ = 1/2) leading to transitions of the vibrational modes of the
cation NO+(X1Σ+, v+ = 0− 32, J+ = 0). Either a 2hν ionisation process (purple) and a 3hv ionisation process (orange) is
required to overcome the ionisation potential.

of photoelectrons emitted with a significant component of their velocity perpendicular to the TOF

axis. For our calibration of the spectrometer with the magnet translated away from the interaction

region, we measured the positions of the centres of the split peaks. We attribute the broad feature

in Figure 2.9c extending from 0.2− 1.3 eV to background photoelectrons from scattered light and

suspect that it is only observed when the magnet is translated away from the interaction region

because of the associated increase in collection volume.

2.2.2 Alignment

The liquid-microjet is aligned to be directly between the skimmer orifice and the tip of the soft iron

cone on front of the magnet (magnet tip). The laser beam intersects the liquid-microjet orthogonal

to the axes of the liquid-microjet and the skimmer-magnet tip. The catcher assembly is mounted

directly below the liquid-microjet. Operation begins with aligning the running liquid-microjet with

the catcher at ambient pressure in the interaction chamber, whilst the time-of-flight and detection

chambers are kept at lower pressures by continuous pumping with the backing pump for T4 (Figure

2.1). During this initial alignment, the liquid-microjet is kept far enough away from the skimmer
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Figure 2.9: 2 + 1 REMPI photoelectron spectra of gaseous Xe recorded at 249.7 nm: Xe(1S0)→ Xe+(2P3/2)/Xe+(2P1/2) via
the 5p5(2P3/2)6p[1/2]0 intermediate. Photoelectron spectra are plotted as a function of TOF (a) and eKE (b), on logarith-
mic scales to emphasise the lower intensity feature attributed to Xe(1S0)→ Xe+(2P1/2). (c) Photoelectron spectrum plotted
as a function of eKE following translation of the magnet away from the laser-microjet interaction region, for streaming
potential measurements (Section 2.2.4), illustrating the split peaks discussed in the main text.

to avoid splashes of liquid entering the time-of-flight chamber.

The interaction chamber pressure is then lowered to around 10−3 mbar using rotary and cryo-

genic pumping before turning on the turbomolecular pump to reduce the pressure further. At

this point, the pressure reading provides another means of monitoring the alignment; if the liquid

comes into contact with the tip of the catcher, splashes cause the pressure reading in the interaction

chamber to increase.

Once the liquid-microjet is aligned with the catcher tip and the pressure in the interaction cham-

ber is around 2× 10−5 mbar, the liquid-microjet and catcher assembly are translated together until
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they are approximately 1 mm from the skimmer. Crude alignment is achieved by monitoring the

pressure in the time-of-flight chamber; when the jet is directly in front of the skimmer, the pressure

passes through a maximum. The alignment is refined by monitoring the spatial distribution of

photoelectrons on the phosphor screen behind the MCPs using CMOS camera C2.121 First, gaseous

Xe is ionised in a 2 + 1 REMPI process at 249.7 nm without the liquid-microjet running. This gives

rise to an image of a line of photoelectrons corresponding to electrons emitted along the path of

the laser beam; the maximum length of the line corresponds to the diameter of the skimmer. This

allows us to draw an image of the circumference of the skimmer orifice. Next, photoelectrons are

generated from the liquid-microjet which gives rise to an image of a point source of electrons corre-

sponding to the laser-liquid-microjet interaction. When the laser-liquid-microjet interaction region

is correctly aligned with the centre of the skimmer, the image of the point source of electrons sits

in the centre of the image of the skimmer orifice.

laser laser

liq
u
id

 jet

Figure 2.10: CMOS camera images of the fluorescent phosphor screen with a voltage of +3200 V applied. Left: photo-
electron signal of gas phase Xe appears as a line corresponding to photoelectrons emitted along the path of the laser
beam; the maximum length of the line is equal to the diameter of the skimmer, allowing for the circumference to be drawn
(white dashed circle). Right: photoelectron signal from a point source ionisation following interaction with the laser and
the liquid-microjet.

2.2.3 Solution preparation

To ensure solutions of interest are free from microparticles, all glassware is cleaned using aqua

regia. The solutions are degassed using an ultrasonic cleaner and filtered through a 0.45 µm filter

(Whatman Spartan 30).
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2.2.4 Streaming potential and energy offset calibration

The liquid-microjet is inherently electrically charged due to dynamic separation of the electrical

double layers formed around the inner walls of the quartz nozzle (Section 1.3.4). The resulting

streaming current generates a streaming potential that can accelerate or decelerate photoelectrons

emitted from the liquid-microjet.81 The sign and amplitude of the streaming potential depend

on the solution and its concentration, the nozzle diameter and the flow-rate.112 To minimise the

streaming potential, electrolytes are added to the solution (Section 1.3.4).19;20;27;32;36;105;112;124–127

The addition of electrolytes has been found to be useful for grounding the liquid-microjet when

using the recirculating system (see below).

The streaming potential can vary significantly by a few tenths of an eV as a result of the time

it takes for the ion-exchange processes that are responsible for the streaming potential to reach

equilibrium.19;25;128 Using a method similar to that employed by Kurahashi et al.,19 the current

has been found to become stable after around 24 hours. Thus, before recording liquid-microjet

photoelectron spectra, the solution is run through the nozzle for at least 24 hours to passivate it.

Following this procedure, it was found that the streaming potential varied by less than 0.02 eV

before and after liquid-microjet photoelectron spectroscopy measurements.

To quantify the streaming potential, it is measured using a method similar to the one reported

by Tang et al.129 The magnet is translated away from the skimmer and 2 + 1 REMPI photoelectron

spectra of gaseous Xe at 249.7 nm are recorded with the liquid-microjet running at various distances

between the ionisation point and the magnet. Photoelectron eKE is plotted as a function of distance

x (Figure 2.11). eKE(x) can be expressed as129

eKE(x) = eKEtrue −
Lφstr
L + x

+ V (2.11)

where eKE(x) is determined using a TOF to eKE calibration (Section 2.2.1) carried out with the

magnetic bottle geometry set for streaming potential measurements, eKEtrue = 3hν − IE where

IE is the known ionisation energy of Xe, L is the distance between the ionisation point and the

skimmer, x is the distance between the ionisation point and the liquid-microjet, φstr is the streaming

potential and V accounts for additional fields in the magnetic bottle photoelectron spectrometer
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with the liquid-microjet nozzle in place.114 L is determined using CMOS camera C1 that monitors

the interaction region. The pixels of the camera are scaled by translating the liquid-microjet a

complete turn on the micrometer, which is equivalent to 1 mm. This distance in pixels sets a

unit measurement for millimetres, which allows L to be determined from the number of pixels

between the camera images of the skimmer orifice and the liquid-microjet. To measure a change

in magnitude of the streaming potential as the liquid-microjet is moved away from the ionisation

point, a total translation distance of x ∼ 5 mm is required. To allow for this, the magnet is translated

to a distance of around 8 mm from the ionisation point.
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Figure 2.11: Photoelectron eKE measured following 2 + 1 REMPI of Xe at 249.7 nm in the presence of a liquid-microjet
of 100 mM phenol and 30 mM NaF and plotted as a function of distance x between the ionisation point and the liquid-
microjet. Measured eKEs correspond to the Xe(1S0)→ Xe+(2P3/2) ionisation process. Blue circles represent measurements
made using a liquid nitrogen cold-trap (L = 1.1 mm, φstr = −0.13 ± 0.01 eV). Black squares represent measurements
made using the recirculating system (L = 1.05 mm, φstr ∼ 0; see text). Error bars represent the mean maximum deviations
in eKE(x) from the fitted lines from two separate data sets. Inset: experimental geometry used for streaming potential
measurements.

Equation 2.11 implies that both φstr and V can be determined from the measurement; however,

only φstr can be determined accurately because of the peak splitting discussed in Section 2.2.1. To
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Figure 2.12: Photoelectron spectra following 2 + 1 REMPI of Xe at 249.7 nm recorded during the measurement of the
streaming potential at various distances of the liquid-microjet from the ionisation point, x. Fits with two and one (inset)
Gaussians are shown. x = (a) 0.9 mm, (b) 1.9 mm, (c) 3.0 mm and (d) 4.75 mm.

determine φstr accurately requires eKE(x) to be determined accurately, which is challenging as it

varies by less than 0.1 eV (Figure 2.11). Figure 2.12 shows Xe spectra measured at four distances of

the liquid-microjet from the ionisation point. It is clear that an accurate measurement of the centre

of the splitting is more difficult when the liquid-microjet is closer to the ionisation point. The

peak at lower eKE (∼ 2.44 eV) is significantly broader in Figure 2.12a compared to Figure 2.12d,

whereas the peak at higher eKE has at a fairly constant width. Thus, a Gaussian is fitted to the

higher eKE feature to determine the streaming potential, which depends only on the curvature of

eKE(x). Consequently, V cannot be extracted from these measurements. Instead, V is determined

in a separate measurement which is described later in this section.

Streaming potential measurements for 100 mM aqueous phenol and 30 mM NaF (as the elec-

trolyte) using the recirculating system and a cold-trap are compared in Figure 2.11. The cold-trap

data shows that the eKE increases when the liquid-microjet is closer to the ionisation point, im-

plying that the liquid-microjet is negatively charged. Fitting the data presented in Figure 2.11
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to Equation 2.11 gives φstr = −0.13 ± 0.01 eV (blue curve). The magnitude of φstr is similar to

measurements reported using other liquid-microjet photoelectron spectrometers with cold traps;

|φstr| = 0.1− 0.3 eV for aqueous and alcohol solutions containing electrolytes.19;25;27;30;114

As x → 0, eKE(x) → eKEtrue − φstr + V and as x becomes very large, eKE(x) → eKEtrue + V.

The true eKEs of cold-trap data measurements are therefore obtained from the measured eKEs,

after V has been determined, using

eKEtrue = eKEmeas + φstr −V. (2.12)

For the recirculating system, eKE(x) is a straight line (Figure 2.11), indicating that the streaming

potential is effectively zero. We believe this can be attributed to the electrically conducting catcher

tip grounding the liquid-microjet and suspect that the fluctuations in the data in Figure 2.11 may

arise from the solution not being in constant contact with the grounded catcher tip. Setting φstr =

0 in Equation 2.11, gives the true eKEs of recirculating data measurements obtained from the

measured eKEs by

eKEtrue = eKEmeas −V. (2.13)

Both Equations 2.8 and 2.11 have constant terms accounting for additional fields, E0 and V,

respectively. V is an additional energy offset introduced by having the liquid-microjet nozzle in the

spectrometer. To determine V, photoelectron TOF spectra are recorded following 2 + 1 REMPI of

Xe at 249.7 nm with the magnetic bottle geometry set for streaming potential measurements, first

without the liquid-microjet nozzle in place and then with the liquid-microjet nozzle in place and

the liquid-microjet running. The energy difference between Xe+(2P3/2) and Xe+(2P1/2) (1.31 eV)

is then used to calibrate the TOF to eKE conversion. Figure 2.13 shows the fits of the two TOF

spectra using Equation 2.8 for both the recirculator (2.13a, without liquid-microjet nozzle; 2.13b,

with liquid-microjet running) and cold-trap measurements (2.13c, without liquid-microjet nozzle;

2.13d, with liquid-microjet running). The data points are at the approximate centres of the peak

splittings and the error bars reflect the uncertainty in these measurements. The distance parameter

s is fixed at the value determined accurately from our usual calibration procedure (Section 2.2.1),

and the energy offset parameter E0 is varied to optimise the fit through the two data points (green

lines).
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Figure 2.13: Photoelectron TOF spectra following 2 + 1 REMPI of Xe at 249.7 nm with the magnetic translated away from
the interaction region, for streaming potential measurements. Top panels: recirculator data (a) without the liquid-microjet
nozzle and (b) with the liquid-microjet nozzle 475 mm from the ionisation point with the jet running. Bottom panels:
cold-trap data (c) without the liquid-microjet nozzle and (d) with the liquid-microjet nozzle 475 mm from the ionisation
point with the jet running. Fitting the approximate centres of the peak splittings to Equation (2.8) (green lines) gives E0 =
0.58 ± 0.01 eV (a), 0.52 ± 0.03 eV (b), 0.57 ± 0.03 eV (c) and 0.48 ± 0.03 eV (d). The difference between measurements
of E0 from (a) and (b) corresponds to V = −0.06 ± 0.03 eV for the recirculator measurements and the difference between
measurements of E0 from (c) and (d) corresponds to V = −0.09 ± 0.03 eV for the cold-trap measurements.
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For the cold-trap, E0 = 0.57 ± 0.01 eV and 0.48 ± 0.03 eV for measurements without the liquid-

microjet nozzle and with the liquid-microjet running, respectively. The difference between these

measurements is −0.09 ± 0.03 eV and corresponds to V. For the recirculator, E0 = 0.58 ± 0.01 eV

and 0.52 ± 0.03 eV for measurements without the liquid-microjet nozzle and with the liquid-

microjet running, respectively. The difference between these measurements, V = −0.06 ± 0.03 eV.

These values of V each lie within the error bars of the other, as expected since V is the energy offset

introduced by the liquid-microjet nozzle.

2.3 Performance

To demonstrate the performance of the recirculating liquid-microjet photoelectron spectrometer, a

comparison between the 275 nm REMPI photoelectron spectrum of 100 mM phenol in aqueous

solution (with 30 mM NaF as an electrolyte) recorded using the recirculating system and the liquid

nitrogen cold-trap (Figure 2.14) is provided. The full analysis is described later in Chapter 3.

Phenol absorbs radiation around 270 nm (4.6 eV) and 205 nm (6.0 eV) in aqueous solution;

these bands arise from transitions from the electronic ground state, S0, to 11ππ∗ and 21ππ∗ states.

Between these two 1ππ∗ states, around 235 nm (5.28 eV), is a dissociative 11πσ∗ state. The 1 + 1

MPI photoelectron spectroscopy study of the electronic structure of aqueous phenol using our

liquid-microjet photoelectron spectrometer with the liquid nitrogen cold-trap (Chapter 3), showed

that for wavelengths in the range 275− 250 nm, the 1 + 1 photoelectron spectra were best fit with

single Gaussians with maxima around 3.5 ± 0.1 eV eBE, corresponding to the 1
1ππ∗ −D0 vertical

ionisation energy (VIE). At 235.5 nm, where the UV absorption cross-section is a minimum, direct

ionisation from S0 gives rise to two Gaussians centered around 2.9 ± 0.1 eV and 2.0 ± 0.1 eV eKE,

corresponding to 7.6 ± 0.1 eV and 8.5 ± 0.1 eV S0 −D0 and S0 −D1 VIEs, respectively. These

VIEs are in agreement with those measured using XUV radiation at BESSY II (7.8 ± 0.1 eV and

8.6 ± 0.1 eV).32 Recently, Bradforth and coworkers reported a 267 nm 1 + 1 REMPI photoelectron

spectroscopy study of aqueous phenol using a liquid-microjet photoelectron spectrometer with a

cold-trap. Their spectrum, plotted as a function of binding energy, was fit with two Gaussians

from which they determined the VIEs from S0 to be 8.0 ± 0.1 eV and 8.5 ± 0.1 eV, which also

agree well with the XUV measurements.39 Their analysis was based on two assumptions: (1) that
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Figure 2.14: Photoelectron eKE recorded following 1 + 1 REMPI of 100 mM aqueous phenol with 30 mM NaF at 275 nm.
(a) Comparison between photoelectron spectra recorded using the recirculator system (black) and the liquid nitrogen cold-
trap (blue). (b) Photoelectron spectrum recorded using the liquid nitrogen cold-trap with a constrained single Gaussian fit
(red) together with the residual (below the main panel); the fit is for eKE > 0.2 eV to avoid the low eKE data affected by
the increased vapour pressure in the interaction chamber when using the cold-trap. (c) Photoelectron spectrum recorded
using the recirculator with a relaxed single Gaussian fit (red) and a two Gaussian fit (solid and dashed black lines);
corresponding residuals are shown below the main panel for the single Gaussian fit (red) and the two-Gaussian fit (black).
The solid black Gaussian is centred at 1.1± 0.1 eV and can be attributed to 11ππ∗ −D0 ionisation and the dashed black
Gaussian is centred at 0.6± 0.1 eV and can be attributed to 11ππ∗ −D1 ionisation.
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Figure 2.15: The photoelectron spectrum presented in Figure 2.14(c) highlighting the global fitting of Gaussians at eKEs
below 0.5 eV. Inset: global fit at eKEs below 0.2 eV where we believe our transmission efficiency to be significant.

the Franck-Condon overlap between the first 1ππ∗ state and D0 is the same as that between S0 and

D0 and (2) that inelastic scattering shifts the spectrum in a similar way to photoelectron spectra of

solvated electrons in aqueous solution.65

In Figure 2.14(a), 275 nm 1+ 1 REMPI photoelectron spectra of phenol recorded using the liquid-

microjet photoelectron spectrometer with the liquid nitrogen cold-trap and the recirculator are

compared. The cold-trap data has a noticeable background count at low eKE compared to the

recirculator data, that is attributed to increased scattering of low eKE electrons from water vapour

in the interaction chamber when operating with the cold-trap.

The cold-trap data can be fit with a single Gaussian, centered at 0.8 ± 0.1 eV eKE (Figure

2.14(b)). This corresponds to 3.7 ± 0.1 eV 1
1ππ∗ −D0 VIE. The recirculator data, however, is best

fit with two Gaussians centred at 1.1± 0.1 eV (solid black line) and 0.6± 0.1 eV (dashed black line)

eKE (Figure 2.14(c)). The feature at higher eKE (11ππ∗ −D0) corresponds to a VIE of 3.4 ± 0.1 eV.

The feature at lower eKE (11ππ∗−D1) corresponds to a VIE of 3.9 ± 0.1 eV. The lower eKE feature

can only be extracted, with confidence, from our recirculator data because the reduced vapour

pressure around the jet allows the fitting to very low eKEs. It is worth noting that the residual of

the fit at low eKE is only 8% at 0.1 eV (Figure 2.15), highlighting the good transmission efficiency

of our spectrometer at low eKE. This increases to 21% at 0.05 eV, but we note this region is now

limited by the bandwidth of the femtosecond laser.

Assuming that the VIEs from S0 can be determined by adding the S0− 11ππ∗ adiabatic excitation
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energy, estimated as 4.46 eV from the uv-vis absorption spectrum (see Chapter 3 Section 3.2),

to the VIEs from the 11ππ∗ state and that inelastic scattering shifts the spectrum in a similar

way to photoelectron spectra of solvated electrons in aqueous solution,65 gives S0 − D0 VIEs of

7.6 ± 0.1 eV and 8.5 ± 0.1 eV. The effect from inelastic scattering (Chapter 1 Section 1.3.3) is

discussed in more detail in Chapter 3. These values agree with the BESSY II data, within the

experimental errors of both measurements; however, our values are slightly lower, which could be

the result of solvent relaxation during the REMPI process. The difference between our data and

the REMPI photoelectron spectroscopy study of Bradforth and coworkers is attributed to the good

quality of our data at low eKE, which is only achieved by use of the recirculator system as a direct

consequence of the reduced base pressure in the chamber. The difference of approximately 0.05 eV

between the cold-trap data and recirculator data is suspected to arise from an uncertainty in the

calibration of the cold-trap data. Here, the calibration causes the gaseous Xe measurement to be

offset by 0.05 eV, which propagates through the analysis.

2.4 Outlook

This chapter has described the design and characterisation of a new recirculating liquid-microjet

photoelectron spectrometer for multiphoton ultraviolet photoelectron spectroscopy. It was de-

signed and built for the study of samples that are only available in relatively small quantities, such

as chromophores that are not available commercially, proteins and nanoparticles. The alignment

and calibration procedures have been described in detail as well as the approach to characterising

the streaming potential that ensures our measurements are as accurate as possible. The recir-

culating system has been shown to improve the quality of the photoelectron spectra at low eKE

compared to a liquid nitrogen cold-trap. Interestingly, the streaming potential has been shown

to be zero when using the recirculating system and this is attributed to the recirculating system

grounding the liquid-microjet.

Multiphoton ultraviolet liquid-microjet photoelectron spectroscopy is a young field and there are

still many challenges in the interpretation of liquid-microjet photoelectron spectra. The measured

peak positions and widths depend on the reorganisation energy of the solute and solvent but are

also influenced by inelastic scattering in the liquid-microjet, which we explore further in Chap-
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ter 3.36;37;65 In order to be able to unravel the contribution of electron scattering, it is essential to

have high quality photoelectron spectra and to account for, or eliminate, uncertainties arising from

streaming potentials. By comparing high quality multiphoton ultraviolet liquid-microjet photo-

electron spectra and time-resolved photoelectron spectra33–35;39;121 with analogous measurements

in the gas phase,130 this should provide a new gold standard against which calculations can be

benchmarked and improve our understanding of the role a solvent or protein environment plays in

determining electron binding energies and the timescales of relaxation processes of photoexcited

molecules.
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3 Resonance-enhanced photoelectron spectroscopy of phe-

nol in the gaseous and aqueous phases

3.1 Phenol: a biological motif

Phenol is a ubiquitous molecular motif in many biologically relevant chromophores. It is the

chromophore in the amino acid tyrosine, which plays an important role in photosynthesis, and it

is a building block of the chromophore in green fluorescent protein (Chapter 4).

N
N

O

HO

NH2HO

O

OH

Tyrosine

p-HBDI
Figure 3.1: Chemical structures of two biological chromophores containing the phenol moiety (blue highlight).
Top: L-Tyrosine (L-2-Amino-3-(4-hydroxyphenyl)propanoic acid) Bottom: p-HBDI (p-hydroxybenzylidene-2,3-
dimethylimidazolinone), the chromophore in green fluorescent protein.

The highest-occupied molecular orbital (HOMO) in phenol is a π orbital and the lowest-unoccupied

molecular orbital (LUMO) is a π∗ orbital. Phenol, and other heteroaromatic molecules containing

a X-H (X = O, N, S) group, have important dissociative excited states along the X-H coordinate

(Figure 3.2). These excited states, termed πσ∗ states, form by UV excitation of an electron to σ∗

molecular orbitals.131 The repulsive nature of πσ∗ states arises from the properties of the σ∗ orbital.
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Repulsive character has three main contributing factors: firstly, the electron density is localised on

the single O atom, the orbital is antibonding with respect to the O-H bond, and upon O-H stretch-

ing the 3sσ∗ orbital collapses to a 1s orbital of the H atom resulting in a large energy gain.64 The

O-H bond strength is also reduced, as delocalisation of the unpaired electron will stabilise the

radical product.

Figure 3.2: High-level calculation of the potential energy surface of phenol along the RO−H coordinate using
CASPT2(10/10)/aug(O)-AVTZ. The excited state characters are: S1 ππ∗, S2 πσ∗, S3 ππ∗ and S4 πσ∗. Transition dipole
moments have been indicated by arrows on the phenol structure. Taken from Reference 132.

These chromophores, however, are renowned for their strong UV absorption (Section 3.2) at-

tributed to π∗ ← π transitions.132 In fact, there has been a great deal of interest in the interplay

between the “optically bright” 1ππ∗ states of phenol and the “optically dark” 1πσ∗ states.133–135 A

surprising observation is the low quantum yield of fluorescence, which must stem from ultrafast

non-radiative decay channels dominating. The fluorescent lifetime of the first excited electronic

state of phenol, S1 (11ππ∗), is 2 ns.136

Photodissociation studies of phenol in the gas phase have shown that O-H bond fission is the

main fragmentation process. The conical intersection (CI) of the 11πσ∗ state with the 11ππ∗ is at

RO−H ~1.2 Å and energy around 5 eV above the S0 minimum; the CI with S0 is at RO−H ~2.1 Å and

energy around 4.5 eV above the S0 minimum.132;137 When photoexciting across the absorption

band for S1 from the ground state below the S1/S2 (11ππ∗/11πσ∗) CI, bond fission occurs on a
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nanosecond timescale arising from tunneling through the barrier under the CI to the dissociative

11πσ∗ (S2) potential energy surface where the phenoxyl radical is formed in its ground electronic

state (X̃2B1) from the ejection of a H atom (Figure 3.2).133 Alternatively, excitation above the S1/S2

(11ππ∗/11πσ∗) CI allows the dissociative 11πσ∗ state to be accessed directly and results in rapid

O-H bond fission, on a femtosecond time scale.138 Furthermore, O-H bond cleavage has been

observed in the phenolic moiety in tyrosine following absorption of 200 nm light.139 It is thought

that dynamical responses involving ultrafast relaxation (not along a dissociative pathway) are the

protective mechanism behind most biomolecules,140;141 such as DNA bases, preventing mutations

caused by UV light; the electronic energy can couple into vibrational modes, which dissipate to the

surrounding environment.131

Solution-phase transient absorption studies have shown that in weakly interacting solvents, such

as hexane, the initial bond fission process and time scales are very similar to those in the gas

phase.142 In aqueous solution, additional relaxation mechanisms are accessible; solvated electrons

have been observed following photoexcitation both above and below the S1/S2 (11ππ∗/11πσ∗) CI

(at 200 nm and 266 nm), on time scales of 200 fs and 2 ns respectively, and attributed to autoion-

isation from excited electronic states to the solvent continuum.57 At an excitation wavelength of

200 nm, the S2 state is directly populated, where electron density is localised on the outer-edge of

the H atom of the O-H group.137 An additional transient feature prior to formation of the solvated

electron and phenoxyl radical was detected, which was assigned to the phenol radical cation, there-

fore supporting the autoionisation mechanism. At an excitation wavelength of 267 nm, the slower

timescale results from the vibrational redistribution at the S1 origin to a symmetry allowed mode

for autoionisation to the PhOH+(aq) + e−(aq) asymptote of the ground state.

Although the electronic relaxation dynamics of photoexcited neutral phenol molecules has been

studied extensively, there has been less interest in the photoionisation of phenol. PES143–147 and

multiphoton ionisation (MPI) mass-spectrometry148 measurements of gas phase phenol have de-

termined the first two adiabatic ionisation energies (AIEs) to be 8.508 eV148 and 9.36 eV143 for the

ground and first electronically excited states of the radical ion, labelled D0 and D1 respectively.

A resonance-enhanced MPI (REMPI) PES study of gas phase phenol revealed the vertical ionisa-

tion energy (VIE) from the 11ππ∗ state to D0 to be around 0.3 eV higher than the AIE.149 Recent
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quantum dynamics calculations have identified the key vibrational modes contributing to the sub-

sequent electronic relaxation of the radical ion following photoionisation.150 In aqueous solution,

an X-ray PES study of aqueous phenol using a liquid-microjet revealed the VIEs for D0 and D1 to be

lowered to 7.8 ± 0.1 eV and 8.5 ± 0.1 eV, respectively.32 Calculations of phenol · (H2O)4 clusters,

in which the VIEs were determined using the equation-of-motion coupled-cluster method with

single and double excitations for the ionisation potentials (EOM-IP-CCSD)151 method for phenol

perturbed by a 35 Å spherical box of water molecules modelled using the effective fragment po-

tential (EFP) method, have given VIEs to D0 and D1 of 7.9 eV and 8.6 eV, respectively, in agreement

with experimental measurements.32

3.2 Electronic absorption spectroscopy

Phenol absorbs UV radiation around 270 nm (4.6 eV) and 210 nm (5.9 eV) in the gas phase and

in aqueous solution (Figure 3.3). These bands arise from transitions from the electronic ground

state (S0) to the S1 (11ππ∗) and S2 (21ππ∗) states, whose vertical excitation energies (VEEs) are

barely perturbed from their gas phase values by the addition of an aqueous environment. The

dissociative 11πσ∗ state lies between the 11ππ∗ and 21ππ∗ states. The S0 → S1 transition shows

resolved vibrational structure in the gas phase with an electronic origin at λ = 275.1 nm. In

aqueous solution, the AEE is estimated by noting that the absorption spectrum resembles that of

the gas phase, albeit broadened as if convoluted with a Gaussian to describe the effect of solvation.

Therefore, the slight structure on the low energy side of the spectrum may be attributed to the

feature assigned to the electronic origin in the gas phase, and the point of inflection is given as the

estimate for the AEE at 4.46 eV.

The wavelengths used in this investigation are shown in Figure 3.3, providing a systematic

study across the electronic absorption range of phenol. In Section 3.3.6 199 nm is employed, which

is omitted from Figure 3.3 due to the working range of the UV/vis spectrometer.

3.3 1 + 1 UV photoelectron spectroscopy

In this section, we have employed one-colour multiphoton 1 + 1 UV PES to measure and com-

pare the electronic structure and photoionisation of phenol in aqueous solution (using both a
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Figure 3.3: UV absorption spectra of phenol in the gas phase (g) and in aqueous solution (aq). Arrows indicate the wave-
lengths employed in our multiphoton PES measurements (199 nm not shown due to scale and is relevant to Section 3.3.6)
and the dashed vertical line indicates the estimate of the S0-S1 AEE (4.46 eV).

cold-trap and recirculator for liquid collection) with analogous measurements in the gas phase.

Calculations of photoionisation cross-sections for 1 + 1 ionisation of isolated phenol and clusters

of phenol + 6H2O have been performed by Dr Mariana Assmann to help aid the interpretation of

the photoelectron spectra and are presented as an introductory guide in Section 3.3.1. In Section

3.3.2, the discussion begins with first understanding the gas phase PES of isolated phenol, free

from any interactions with an environment. All gas phase measurements were performed by Dr

Joanne Woodhouse using a molecular-beam photoelectron spectrometer.152 In Section 3.3.4, the

PES measurements of aqueous phenol using the liquid-microjet photoelectron spectrometer de-

scribed in Chapter 2 with the cold-trap for liquid collection (experimental procedure Section 3.3.3)

are presented and these compared directly to the gas phase measurements. Section 3.3.6 describes

experiments employing the recirculating system for liquid collection (experimental procedure Sec-

tion 3.3.5) and due to the improved quality of the data compared to collection with a cold-trap,
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offers new insights and understanding in the interpretation of complex photoelectron spectra of

solutions, which is expanded upon in Section 3.4.

3.3.1 Ionisation cross-sections of isolated phenol and clusters of phenol + 6H2O

Calculations of photoionisation cross-sections for 1 + 1 non-resonant ionisation from S0 and 1 + 1

resonant ionisation via the 11ππ∗ state of phenol to the D0 and D1 states of the phenol cation

(Figure 3.4) have been performed by Dr Mariana Assmann to help aid the interpretation of the

photoelectron spectra. These show that the 11ππ∗ state ionises predominantly to D0 and that the

S0 state ionises to both D0 and D1, but with a higher probability of ionising to D0 at the photon

energies employed in these experiments.
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Figure 3.4: (a) One-photon photoionisation cross-sections from the S0 state of phenol to the D0 and D1 states of the phenol
cation plotted as a function of photon energy for an equivalent two-photon (1+1 non-resonant) ionisation process. (b)
One-photon photoionisation cross-sections for ionisation from the 11ππ∗ state of phenol to the D0 and D1 states of the
phenol cation plotted as a function of photon energy. Calculations were performed for isolated molecules in the gas phase
(dashed lines) and clusters of phenol + 6H2O (solid lines). Dyson orbital norms were calculated using the EOM-IPEE-
CCSD/aug-cc-pVDZ method. Calculations performed by Dr Mariana Assmann.

3.3.2 Gaseous phenol

It is instructive to begin with a discussion of the gas phase PES (Figure 3.5). The 275 nm (4.51 eV)

1+ 1 PES has a sharp peak at 0.51 eV eKE which, since 275 nm is resonant with the electronic origin

of the S0-11ππ∗ transition, corresponds to a 11ππ∗-D0 adiabatic ionisation energy (AIE) of 4.0 eV;

this is consistent with the literature value for the S0-D0 AIE (8.508 eV).153 Built on the 11ππ∗-D0
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origin is a broad peak centered around 0.25 eV eKE, which corresponds to a 11ππ∗-D0 vertical

ionisation energy (VIE) of 4.3 eV. The VIE-AIE difference (∼ 0.3 eV) is the vibrational energy left in

D0 following photoionisation from the 11ππ∗ state, consistent with earlier observations.154

The peak centered around 4.3 eV eBE, corresponding to 11ππ∗-D0 vertical ionisation, appears

in all the PES (labelled I in Figure 3.5); however, photoexcitation at 235.5 nm is not expected

to populate the 11ππ∗ state directly (Figure 3.3). Thus, the observation of 11ππ∗-D0 ionisation

suggests that following photoexcitation above the 11ππ∗/11πσ∗ CI, the 11ππ∗ state is populated

by rapid internal conversion (IC) from the 11πσ∗ state, that is populated directly, on the timescale

of the measurement (∼ 300 fs) and that the lifetime of the 11ππ∗ state is longer than this.

For λ < 275 nm, a small peak appears on the low eBE edge of the 11ππ∗-D0 feature (labelled

II in Figure 3.5); it remains at constant two-photon eBE (asterisk in Figure 3.5) and is therefore

attributed to 1 + 1 non-resonant ionisation from S0. The S0-D0 VIE can be read directly from the

two-photon eBE scale of the 235.5 nm 1 + 1 PES (∼ 8.8 eV).

The S0-D1 AIE is approximately 9.36 eV;156 coincidentally, at 235.5 nm, this ionisation process

produces electrons with very similar eKEs to those generated by 1 + 1 resonant 11ππ∗-D0 ionisa-

tion, which explains why the 235.5 nm PES is dominated by only two peaks and why the peak

at higher eBE, which has contributions from 11ππ∗-D0 ionisation (labeled I in Figure 3.5) and S0-

D1 (labeled III in Figure 3.5), is more intense than the peak at lower eBE corresponding to S0-D0

ionisation (labeled II in Figure 3.5).

3.3.3 Phenol in aqueous solution using a cold trap: experimental procedure

Photoelectron spectra were recorded using the liquid-microjet magnetic-bottle time-of-flight (TOF)

photoelectron spectrometer with a cold-trap for liquid collection. The solution of 100 mM aqueous

phenol was prepared using demineralised water (conductance < 15 MΩ/cm); 30 mM sodium flu-

oride was added to minimise charging effects and increase the conductivity of the liquid-microjet.

The aqueous solution of phenol was delivered through a 20 µm diameter quartz nozzle, using a

backing pressure of 70 bar and a flow rate of 0.6 mL/min.

The streaming potential was measured before (φ = −0.13 eV, R2 = 0.968) and after (φ =

−0.15 eV, R2 = 0.964) recording the photoelectron spectra (Figure 3.6) using the method described
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Figure 3.5: 1 + 1 UV PES of phenol in the gas phase recorded following photoexcitation at 275 nm (4.51 eV), 265.5 nm
(4.67 eV), 253 nm (4.90 eV), 249.7 nm (4.97 eV) and 235.5 nm (5.26 eV), plotted as a function of eKE (left), one-photon eBE
(middle) and two-photon eBE (right). Intensities of the individual spectra have been normalised to their maxima. Roman
numerals represent 11ππ∗-D0 (I), S0-D0 (II) and S0-D1 (III) ionisation processes (I and III overlap in the 235.5 nm PES). The
asterisks mark the S0-D0 AIE and are consistent with the literature value of 8.508 eV. 155
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in Section 2.2.4. The measurement with the best fit was taken as the streaming potential mea-

surement (φ = −0.13 eV) and was accounted for by adjusting the eKEs derived directly from the

time-of-flight measurements.
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Figure 3.6: Photoelectron kinetic energy measured as a function of distance ∆x between the ionisation point of Xe and
the 100 mM aqueous phenol jet (solid circles). Xe was ionised by 2 + 1 REMPI at 249.7 nm. The solid blue line is the
least-squares fit of Eq. 2.11. L = 1.1 mm for these measurements. Error bars represent the mean maximum deviations in
eKE(x) from the fitted lines from the two data sets. (a) Measurement taken before photoelectron spectra of phenol were
recorded (φ = −0.13 eV, R2 = 0.968). (b) Measurement taken after photoelectron spectra were recorded (φ = −0.15 eV,
R2 = 0.964).

3.3.4 Phenol in aqueous solution using a cold trap: 1 + 1 UV PES

The spectra recorded in aqueous solution are all shifted to higher eKEs (lower eBEs) by around

0.8 eV compared to those in the gas phase (Figures 3.7 and 3.9). For wavelengths in the range

275− 249.7 nm, the resonant 1+ 1 PES can be fit to a single Gaussian with maxima centered around

3.5± 0.1 eV one-photon eBE (Figure 3.7), corresponding to the 11ππ∗-D0 VIE. The peak positions

vary slightly as a result of changes in the Franck-Condon overlap between the 11ππ∗ and D0 states.

The widths of the peaks depend on the reorganisation energy of phenol and the aqueous solution.

Inelastic electron scattering in the liquid-microjet is also likely to influence the measured eBEs and

peak widths.65 The residuals of Gaussian fits to the photoelectron spectra in this wavelength range

are shown in Figure 3.8. Generally, the fitting of a single Gausian well-describes the photoelectron

spectra. However, there is noticeable residual on the high-eBE side of the spectra (corresponding

to low eKE), which was originally attributed to the transmission efficiency of the magnetic bottle

photoelectron spectrometer preventing the collection of low (< 0.3 eV) eKEs. However, improve-
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Figure 3.7: 1+1 UV PES of phenol in the gas phase (black) and in aqueous solution (blue) recorded following photoexci-
tation at 275 nm (4.51 eV), 265.5 nm (4.67 eV), 253 nm (4.90 eV) and 249.7 nm (4.97 eV), plotted as a function of eKE (left),
one-photon eBE (middle) and two-photon eBE (right). Intensities of the individual spectra have been normalised to their
maxima. Grey Gaussians represent 11ππ∗-D0 ionisation (I). S0-D0 ionisation is marked for the gas phase PES (II).

ments to the data quality achieved using a recirculator for liquid collection (highlighted in Section

3.3.6) suggest otherwise.

At 235.5 nm, where the UV absorption cross-section is low (Figure 3.3), direct ionisation from

S0 to D0 and D1 competes with resonant 1 + 1 ionisation (Figure 3.9). At this photon energy, we

found the PES could be fit with Gaussians centered at 2.9± 0.1 eV and 2.0± 0.1 eV eKE, which

correspond to 7.6 ± 0.1 eV and 8.5 ± 0.1 eV two-photon eBEs; these are equivalent to the S0-D0

and S0-D1 VIEs, respectively. As with gas phase phenol, coincidentally, the S0-D1 and 11ππ∗-D0

ionisation processes generate electrons with similar eKEs, which explains why the spectrum is

dominated by only two peaks and why the area of the Gaussian centered at higher eBE is much

larger than the area of the Gaussian centered at lower eBE. At first sight, the measured S0-D0 and
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Figure 3.8: Residuals of Gaussian fits to the photoelectron spectra following photoexcitation at 275 nm (4.51 eV), 265.5 nm
(4.67 eV), 253 nm (4.90 eV) and 249.7 nm (4.97 eV), plotted as a function of one-photon eBE. The residuals are plotted on
the same intensity scale as the photoelectron spectra, which are normalised to the intensity maxima.
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Figure 3.9: 1+1 UV PES of phenol in the gas phase (black) and in aqueous solution (blue) recorded following photoexci-
tation at 235.5 nm (5.27 eV), plotted as a function of eKE (left) and one-photon eBE (right). The additional scale marked
on the top horizontal axis of the right panel (red) represents the two-photon eBE for this photon energy. Intensities of the
individual spectra have been normalised to their maxima. Grey Gaussians represent 11ππ∗-D0 (I), S0-D0 (II) and S0-D1
(III) ionisation processes (I and III overlap are represented by just one Gaussian) and the blue Gaussian has been assigned
to e−(aq)→ e−(g).

S0-D1 VIEs appear to be in good agreement with those measured using XUV synchrotron radiation

at BESSY II (7.8± 0.1 eV and 8.5± 0.1 eV) and those determined using the EOM-IP-CCSD/EFP

method (7.9 eV and 8.6 eV);32 the variations between the experimental values may arise from the

streaming potential which, although often assumed to be insignificant, was accounted for in our

measurements.

As with the gas phase PES, it is noteworthy that there is evidence of 11ππ∗-D0 ionisation in the

235.5 nm PES, since the 11ππ∗ state is not expected to be populated directly at this wavelength

(Figure 3.3). This suggests that, similar to the gas phase, the 11πσ∗ state is excited directly and

population flows rapidly to the 11πσ∗/11ππ∗ CI, where some undergoes IC to the 11ππ∗ state,

on the timescale of the measurement in aqueous solution (∼ 150 fs), and some continues on the

dissociative 11πσ∗ surface.

There is a tail on the high eBE edge of the 235.5 nm spectrum that cannot be described without

the addition of a third Gaussian centered at 4.2 ± 0.1 eV eBE (one-photon), highlighted by the

low residual of the Gaussian fit (Figure 3.10). Energetically, this can be attributed to 11ππ∗-D1

ionisation (we would expect the difference between the VIEs from 11ππ∗ to D0 and D1 to be

similar to the difference between the VIEs from S0 to D0 and D1, which is 0.9 eV) or the PES of

the solvated electron, e−(aq)→ e−(g).30;65 However, when we first analysed this data we felt it was
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Figure 3.10: Residual of the Gaussian fit to the photoelectron spectra following photoexcitation at 235.5 nm (5.27 eV),
plotted as a function of two-photon eBE. The residual is plotted on the same intensity scale as the photoelectron spectra,
which is normalised to the intensity maximum.

unlikely that D1-11ππ∗ ionisation would be observed only in the 235.5 nm spectrum, which has a

significant contribution from direct ionisation from S0 to D0 and D1, and not in the PES at longer

wavelengths, which are dominated by resonant 1 + 1 ionisation via the 11ππ∗ state; therefore, we

believed the most likely explanation for the feature around 4.2 eV eBE was the formation of solvated

electrons on the timescale of the measurement (∼ 150 fs).

The formation of solvated electrons on an ultrafast timescale following photoexcitation of or-

ganic molecules with acidic hydrogen atoms is not without precedent.61 Solvated electrons have

been observed to be formed within 200 fs following 260 nm photoexcitation of indole in aqueous

solution55 and 200 nm photoexcitation of the second absorption band of phenol in aqueous solu-

tion.57 The mechanism for the formation of solvated electrons following 200 nm photoexcitation of

phenol was proposed to be autoionisation from electronically excited states to form PhOH+(aq) +

e−(aq). In contrast, following 200 nm photoexcitation of phenol in cyclohexane, PhO• radicals were

formed within 200 fs but solvated electrons were not observed.48 In our PES collected with a cold

trap, we observe significant 11ππ∗-D0 ionisation and interpreted a likely signature for solvated

electrons following photoexitation at 235.5 nm, below the second absorption band. We believed

this observation would be consistent with direct population of the 11πσ∗ state and rapid relaxation

to the 11ππ∗/11πσ∗ CI, followed by some population undergoing IC to 11ππ∗ and some under-

going O-H dissociation to form PhO• + H, followed by proton-coupled electron transfer, H(aq) +

H2O→ H3O+(aq) + e−(aq), on the timescale of our experiment (∼ 150 fs).

Although we could not completely rule out the possibility that autoionisation competes with

relaxation on the 11πσ∗ potential energy surface, PCET would be consistent with calculations of
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hydrogen atom transfer to the solvent shell in phenol-water clusters following relaxation on the

11πσ∗ state.137 The value of the eBE (4.2 ± 0.1 eV) merits discussion as it was thought to be

in-line with measurements of the maximum eBE in PES of fully solvated electrons using photon

energies of 5.2 eV and 5.4 eV (∼4.0 ± 0.1 eV eBE).30;65 However, the measured eBE of solvated

electrons presented by Yamamoto et al. is suggestive of a dependence on the photon energy, due

to inelastic scattering,30 but inelastic scattering is dependent on the initial kinetic energy (before

inelastic collisions) of the photoelectron. Extracting the expected loss of kinetic energy for this

feature (which has an eKE of 1.1 ± 0.1 eV) using the quantitative modeling performed by Luckhaus

et al.,65 would suggest the photoelectron experiences a range in the loss of kinetic energy between

0.2− 0.4 eV. Therefore, based on the quantitative modeling, the eKE would be corrected to a value

of 1.3− 1.5 eV (with an average value of 1.4 ± 0.1 eV), indicating an inelastic scattering corrected

eBE of 3.9 ± 0.1 eV. A recent PES study performed in the extreme ultraviolet (EUV) region (where

the cross-section for electron-vibron inelastic scattering declines)157 has determined the binding

energy of solvated electrons in water to be 3.76 ± 0.05 eV,63 which is in fairly good agreement with

our corrected eBE, although our value is notably higher.

Although solvation times are typically considered to be longer than the timescale of our mea-

surement (∼ 150 fs), the OH bond of phenol is already part of a network of hydrogen-bonded water

molecules, so it may be possible that the electron is formed in an environment close to its fully sol-

vated form. Future time-resolved PES measurements should be able to shed light on the timescales

for the formation of fully equilibrated solvated electrons following relaxation on a 11πσ∗ potential

energy surface, which are expected to be different to those for solvation of electrons formed by

autoionisation57 or CTTS states of anions.158;159 However, the validity to the assignment of the

solvated electron following photoexcitation at 235.5 nm is discussed in Section 3.3.6.

3.3.5 Phenol in aqueous solution using a recirculator: experimental procedure

Photoelectron spectra were recorded using our recirculating liquid-microjet magnetic-bottle time-

of-flight (TOF) photoelectron spectrometer. The solution of 100 mM aqueous phenol was prepared

using highly demineralised water (conductance, 15 MΩ/cm); 30 mM sodium fluoride was added

to minimise charging effects and increase the conductivity of the liquid-microjet. The aqueous
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solution of phenol was delivered through a 20 µm diameter quartz nozzle, using a backing pressure

of 70 bar and a flow rate of 0.6 mL/min.

The streaming potential was measured before recording the photoelectron spectra (φstr = 0)

using the method described in Section 2.2.4 (Figure 3.11).
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Figure 3.11: Photoelectron kinetic energy measured as a function of distance ∆x between the ionisation point of Xe and
the 100 mM aqueous phenol jet (black squares). Xe was ionised by 2 + 1 REMPI at 249.7 nm. The solid blue line is the
least-squares fit of Eq. 2.11. L = 1.05 mm. Error bars represent the mean maximum deviations in eKE(x) from two
separate data sets.

3.3.6 Phenol in aqueous solution using a recirculator: 1 + 1 UV PES

Subsequent to the work presented in Section 3.3.4, a liquid-microjet UV MPI PES study of phenol

in aqueous solution by Roy et al. reported VIEs of 8.0 ± 0.1 eV and 8.5 ± 0.1 eV.39 Despite both

these results and those reported in Section 3.3.4 (7.6± 0.1 eV and 8.5± 0.1 eV) yielding VIEs within

experimental error of the X-ray PES data (7.8± 0.1 eV and 8.5± 0.1 eV), they do not agree well

with each other. The photoelectron spectra recorded in Section 3.3.4 were analysed by fitting the

data to a single photoionisation process from 11ππ∗, to D0. The photoelectron spectra recorded by

Roy et al. were analysed by fitting the data to two ionisation processes from 11ππ∗, to D0 and D1,

and by including a shift to account for inelastic scattering, estimated from photoelectron spectra of

solvated electrons in aqueous solution.65 The different approaches to the analysis of liquid-microjet

MPI photoelectron spectra led to the motivation to investigate again the MPI of aqueous phenol. In

this section, we describe our subsequent work revisiting the MPI PES of aqueous phenol using our

recirculator for liquid collection, which has been shown to improve the quality of the photoelectron

spectra (Section 2.3).



96 solutions to solvation

2.0 2.5 3.0 3.5 4.0 4.5 5.0

275 nm

265.5 nm

253 nm

249.7 nm

hv - eKE / eV

P
ho

to
el

ec
tr

on
 s

ig
na

l /
 a

.u
.

S1-D0

S1-D1

Figure 3.12: MPI photoelectron spectra of phenol in aqueous solution (blue) recorded following photoexcitation at 275 nm
(4.51 eV), 265.5 nm (4.67 eV), 253 nm (4.90 eV) and 249.7 nm (4.97 eV), plotted as a function of one-photon eBE . Intensities
of the individual spectra have been normalised to their maxima. Gaussians represent S1(11ππ∗)-D0 (dark blue) and
S1(11ππ∗)-D1 (orange).
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The 275− 249.7 nm photoelectron spectra recorded following resonance-enhanced MPI via the

11ππ∗ state are now best fit with two Gaussians, corresponding to 11ππ∗-D0/D1 ionisation pro-

cesses (Figure 3.12). At 275 nm, the area of the peak corresponding to ionisation to D0 is around

three times larger than that of the peak corresponding to ionisation to D1, in agreement with the

calculations of photoionisation cross-sections from the 11ππ∗ state (Figure 3.4). This contrasts with

the 267 nm MPI photoelectron spectrum reported by Roy et al. in which the area of the peak cor-

responding to ionisation to D0 was substantially less than the area of the peak corresponding to

ionisation to D1.39 The ratios of the areas of the two peaks corresponding to ionisation from 11ππ∗

to D0 and D1 are observed to decrease with increasing photon energy (Figure 3.12), unlike the cal-

culations; this could be attributed to increased solute and solvent reorganisation during ionisation

to D1 compared to ionisation to D0, or an effect from inelastic scattering distorting the spectrum

(Section 3.4).63 The residuals of the fits of the 265.5− 249.7 nm spectra are plotted in Figure 3.13

and the residual on the low-eBE side can be attributed to non-resonant S0-D0 MPI that competes

with resonance-enhanced MPI; therefore, residuals are plotted as a function of two-photon eBE. The

contribution from non-resonant MPI increases with decreasing S0-11ππ∗ absorption cross-section,

as expected. This feature was not observed in either our cold-trap MPI study of aqueous phenol

or that by Roy et al. but is observed in the MPI gas phase PES, which is marked by an asterisk in

Figure 3.5.

The 235.5 nm (5.26 eV) MPI photoelectron spectrum is very broad and can be fit with either

three or four Gaussians (Figure 3.14). However, the fitting to three Gaussians is more appropriate

(and is based on a discussion regarding inelastic scattering in Section 3.4). There are four processes

contributing to the photoelectron spectrum fit to three Gaussians: resonant 11ππ∗-D0/D1 MPI

ionisation and non-resonant S0-D0/D1 MPI ionisation (Figure 3.15). As is the case with the PES

recorded at this photon energy with the cold-trap, the PES corresponding to 11ππ∗-D0 and S0-D1

lie on top of one another and it is not possible to distinguish between them by fitting an additional

Gaussian.

The peak centered at 8.0± 0.1 eV two-photon eBE corresponds to S0-D0 ionisation and is close to

the X-ray PES measurement.32 As was seen in the cold-trap measurements, the 11ππ∗ state is not

populated directly (Figure 3.3) but the observation of 11ππ∗-D0/D1 ionisation is consistent with
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Figure 3.13: Residuals of Gaussian fits to the photoelectron spectra following photoexcitation at 275 nm (4.51 eV), 265.5
nm (4.67 eV), 253 nm (4.90 eV) and 249.7 nm (4.97 eV), plotted as a function of two-photon eBE. The residuals are plotted
on the same intensity scale as the photoelectron spectra, which are normalised to the intensity maxima at a value of 1.
There is significant residual on the low-eBE side for spectra at > 265.5 nm, which is attributed to non-resonant S0-D0
MPI. A Gaussian may be fitted to the residual on the 253 nm and 249.7 nm PES owing to the reduced S0-11ππ∗ absorption
cross-section (Figure 3.3) allowing the contribution from non-resonant MPI to increase.
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Figure 3.14: 1 + 1 UV PES of phenol in aqueous solution recorded following photoexcitation at 235.5 nm (5.27 eV) nor-
malised to maximum photoelectron counts at a value of 1. (a) Plotted as a function of eKE showing a three Gaussian fit
corresponding to S1(11ππ∗)-D0 (dark blue), S1(11ππ∗)-D1 (orange) and S0-D0 (light grey). The residual is shown directly
below on the same scale. (b) Plotted as a function of eKE showing a four Gaussian fit corresponding to S1(11ππ∗)-D0
(dark blue), S1(11ππ∗)-D1 (orange), S0-D0 (light grey) and e−

(aq) → e−
(g) (light blue). The residual is shown below directly

below on the same scale. (c) Plotted as a function of time of flight to show the origin of the oscillations in the spectrum,
which are enhanced by the Jacobian transformation to eKE.
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Figure 3.15: 1 + 1 UV PES of phenol in aqueous solution recorded following photoexcitation at 235.5 nm (5.27 eV), plotted
as function of one-photon binding energy. The additional scale marked on the top horizontal axis represents the two-
photon binding energy. Intensities of the individual spectra have been normalised to their maxima. Gaussians represent
S1(11ππ∗)-D0 (dark blue), S1(11ππ∗)-D1 (orange), S0-D0 (light grey). The S0-D1 ionisation process overlaps with the
S1(11ππ∗)-D0 process (stripes).

photoexcitation of the 11πσ∗ state followed by rapid relaxation to the 11ππ∗/11πσ∗ CI, after which

some population will undergo IC to the 11ππ∗ state before photoionisation, on the timescale of the

measurement (∼ 150 fs).

In the cold-trap 235.5 nm spectrum presented in Section 3.3.4, the spectrum was fit to four

processes. The additional process was attributed to the photoelectron spectrum of the solvated

electron that we proposed was formed following relaxation through the 11ππ∗/11πσ∗ CI after

which, in addition to IC to the 11ππ∗ state, O-H dissociation could occur to form PhO· + H,

followed by proton-coupled electron transfer, H(aq) + H2O → H2O+(aq) +e−(aq). It is possible

that there is a contribution from solvated electrons to the peak we have assigned as S1-D1.

The 199 nm (6.23 eV) MPI photoelectron spectrum, which has not been reported before, is domi-

nated by a peak centred around 5.25± 0.1 eV eBE with a long tail at low eBE (Figure 3.16). The peak

centred around 5.25± 0.1 eV eBE can be fit with a single Gaussian and corresponds to 11.5± 0.1 eV

two-photon eBE, which may be attributed to ionisation from the 1b1 molecular orbital of water.81
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Figure 3.16: MPI photoelectron spectra of phenol in aqueous solution recorded following photoexcitation at 199 nm
(6.23 eV), plotted as a function of one-photon eBE (lower axis). The additional scale marked on the top horizontal axis
(blue) represents the two-photon eBE. Intensity has been normalised to the maximum. The dark green Gaussian corre-
sponds to two-photon ionisation from the 1b1 molecular orbital of H2O (l) and the inset corresponds to the residual of the
low eBE edge (plotted as a function of one-photon eBE) and is attributed to e−

(aq)→ e−
(g).

The residual of this fit is plotted as an inset and it can be fit with a Gaussian centred around

4.0± 0.1 eV (one-photon eBE) which is attributed to the photoelectron spectrum of the solvated

electron. This value of eBE lies between the values of 4.5 eV and 3.7 eV obtained from measure-

ments of the photoelectron spectra of solvated electrons at 5.8 eV and 13.6 eV, respectively,65 and

its observation is consistent with transient absorption measurements of solvated electrons being

formed on a 200 fs timescale following 200 nm excitation.57 The residual on the low eBE edge of

the solvated electron photoelectron spectrum can be attributed to S0-D0 ionisation (Figure 3.17).

3.4 Contributions from inelastic scattering

Using the improved photoelectron spectra obtained with the recirculator for liquid collection (Sec-

tion 3.3.6), alongside the analogous gas phase spectra, the effect of inelastic scattering on the photo-

electron spectra is now considered. Recent measurements of UV photoelectron spectra of solvated
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Figure 3.17: Upper panel shows 1 + 1 UV PES of phenol in aqueous solution recorded following photoexcitation at 199 nm
(6.23 eV). The photoelectron signal has been shown on a logarithmic scale to highlight signal at high eKE. The dark green
Gaussian has been assigned to two-photon ionisation from the 1b1 molecular orbital of H2O (l). Lower panel shows
residual of the Gaussian fit which is assigned to the photoelectron spectrum of the solvated electron. The residual of the
residual (inset) is assigned to the S0-D0 photoelectron spectrum.

electrons revealed that the measured eBE gradually increased with photon energy, indicating that

the photoelectron energy diminishes as a result of electron-solvent molecule inelastic scattering

before emission from the surface of the liquid.30 Subsequent scattering simulations quantified the

role of inelastic scattering on the photoelectron spectra.65

In order to investigate the impact of inelastic scattering on the peak positions and widths of

the liquid-microjet photoelectron spectra, the eKEs of the maxima and full-width half-maxima

(FWHM) of the Gaussians fitted to the 11ππ∗-D0/D1 processes for the recirculating data (Section

3.3.6) have been plotted, as a function of photon energy, alongside those for the 11ππ∗-D0 process

for gas phase phenol (Fig. 3.18). The peak widths do not seem to vary substantially with photon

energy. The overall shapes of the three sets of data are very similar, with the peak eKEs remaining

the same for both 275 nm and 265.5 nm spectra but then increasing approximately linearly. The

gradient of the line fitted to the linearly increasing component of the plot for the gas phase data is
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m = 1.02 ± 0.02

m = 0.56 ± 0.04

m = 0.74 ± 0.16

Figure 3.18: Plots of fitted Gaussian peak maxima (data points) and full-width half maxima (shaded areas) correspond-
ing to S1(11ππ∗)-D0 in the gas phase (g) and S1(11ππ∗)-D0/D1 in aqueous solution (aq), as a function of photon energy
(bottom axis) and wavelength (top axis). Solid straight lines are fits to the higher photon energy data points, with gra-
dients m indicated. Dashed lines are peak maxima estimated using S0-D0/D1 VIEs obtained from X-ray PES 32 and the
S0-S1(11ππ∗) AEE determined from the uv-vis absorption spectrum (Figure 3.3, orange dashed line), assuming that vibra-
tional energy is conserved during photoionisation.

1.02± 0.02, indicating that the propensity for conserving vibrational energy during the 11ππ∗-D0

photoionisation process holds extremely well over this energy range (Figure 3.19). In contrast, the

gradients of the lines fit to the peak positions corresponding to 11ππ∗-D0/D1 processes in aqueous

phenol are less than unity. Moreover, these lines are shifted from the positions estimated using

S0-D0/D1 VIEs obtained from X-ray PES32 and the S0-11ππ∗ AEE determined from the uv-vis

absorption spectrum (4.46 eV, Fig. 3.3), assuming that vibrational energy is conserved during pho-

toionisation (dashed lines in Figure 3.18). Using the 253 nm (4.90 eV) spectrum as an example, we

use the equation eKEest = 2hν−VIE− (hν−AEE) to estimate the expected eKE for the 11ππ∗-D0

ionisation peak without inelastic scattering effects, where (hν − AEE) corresponds to the excess

vibrational energy. Hence, the equation simplifies to eKEest = hν − VIE + AEE. For the peak



104 solutions to solvation

attributed to 11ππ∗-D0 ionisation, eKEest = 1.56 eV, compared to the measured eKE of 1.18 eV

suggesting a loss of 0.38 eV due to inelastic scattering. We used VIEs from X-ray PES measure-

ments rather than our own measurement at 235.5 nm because we have not deconvoluted inelastic

scattering from our 235.5 nm spectrum. Although it is possible that the propensity for conserving

vibrational energy does not hold for aqueous phenol, we believe this is unlikely because it holds so

well for gas phase phenol, the uv-vis spectra of gas phase and aqueous phenol are similar (Figure

3.3) and the overall trends of the lines plotted in Figure 3.18 are similar for aqueous phenol and

gas phase phenol. Thus, we believe the differences between the estimated peak positions and the

actual peak positions can be attributed to inelastic electron scattering and note that the peak shifts

are similar to those reported by Luckhaus et al. using their scattering simulations over the same

energy range.65

S0
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hv1

hv1
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Figure 3.19: Cartoon energy level diagram illustrating for an isolated molecule that as the photon energy increases hν3 <
hν2 < hν1, the excess vibrational energy carried into a resonant electronic excited state Sn increases proportionally to the
photon energy. Therefore, under the approximation that there is a propensity for vibrational energy to be conserved upon
ionisation, the eKE distribution will increase linearly with photon energy.

It is this consideration of inelastic scattering that suggests the 235.5 nm photoelectron spectrum

should be fit to three Gaussians rather than four. In the fit to four Gaussians (Figure 3.13), the

S1-D0 peak is shifted to higher eKE (2.9 eV) than in the fit to three Gaussians (2.5 eV). A higher

measured eKE results in a lower eBE (as eBE = nhν - eKE). An eKE of 2.9 eV gives an eBE of

7.6 eV, which is lower than that obtained from the X-ray data (7.8 eV). In contrast, the fit to three
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Gaussians (Figure 3.13) is shifted to higher eBE than the X-ray data (8.0 eV). Although both fitted

eBEs can be considered to be equivalent to those from the X-ray data within the experimental errors

of both measurements, inelastic scattering would shift the measured peak to higher eBE, which

suggests that the fit to three Gaussians is more appropriate. The wavelength dependence of inelastic

scattering poses a particular problem for photoelectron spectra that span a wide range of eKEs,

such as the 235.5 nm photoelectron spectrum. Although it is reasonable to fit Gaussians to a true

photoelectron spectrum, Gaussians will be distorted by a wavelength dependent inelastic scattering

shift. Therefore, it is desirable to deconvolute inelastic scattering from a measured photoelectron

spectrum to obtain a true photoelectron spectrum before fitting Gaussians.

To further explore a potential method for extracting the contribution to the photoelectron spec-

tra from inelastic scattering, the loss of kinetic energy of a measured photoelectron is plotted as

a function of the measured kinetic energy (Figure 3.20). The loss of kinetic energy attributed to

inelastic scattering is determined using the measured Gaussian peak centre and noting the differ-

ence from the known or estimated “true” value for the associated process or species. Included are

the values for 11ππ∗-D0/D1 described above, the S0-D0 VIE using the X-ray measurement as the

“true” value32 (S0-D1 can not be included due to the overlapping feature in the 235.5 nm spectrum)

and the solvated electron using the known binding energy.65

A recent study on the statistical description of scattering at the quantum level has shown that

the lognormal function, usually employed for probability distributions of macroscopic stochastic

events, may be used to represent the energy dependence of inelastic collisions at the microscopic

level, including ionisation.160 What many of the macroscopic phenomena described by a lognormal

distribution have in common is that their outcome is determined by many independent random

effects; thus justifying the use of statistical modeling based on the normal distribution. The energy

dependence of inelastic collisions in a liquid-microjet may share a link; that the probability of an

inelastic collision is not dependent on a single active electron approach but instead requires the

inclusion of electronic dynamics to describe any correlation and collective effects of the system,

points also towards the description by a lognormal distribution. Such effects form the foundations

of atomic and molecular physics and have led to significant challenges in their description by

theoretical approaches.102;161;162 Therefore, in Figure 3.20 the effective cross-section for inelastic
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Figure 3.20: Inelastic collision cross-section for photoelectrons with measured electron kinetic energies in the range of
0 − 4 eV. The loss of kinetic energy is noted to be well below the current experimental error of ± 0.1 eV for measured
eKEs below ∼ 0.5 eV. A lognormal function has been fitted to best describe the data (R2 = 0.93). Error bars represent the
experimental error of the measurement.
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scattering as a function of kinetic energy of the photoelectron has been described by a lognormal

function (R2 = 0.93). Considering the need for more data points to accurately describe the cross-

section for inelastic scattering, the R2 value is within the limits of which Laricchia et al. present in

their interpretations of various phenomena.160

Figure 3.21: 1 + 1 UV PES of phenol in aqueous solution recorded following photoexcitation at 253 nm (4.90 eV). The
original spectrum (grey) is shown alongside a corrected spectrum (blue) where the effects of inelastic scattering have been
accounted for using a lognormal function across the kinetic energy range of the spectrum (see Figure 3.20). Gaussians are
fitted to the corrected spectrum and represent 11ππ∗-D0 (blue) and 11ππ∗-D1 (orange). The cumulative fit is shown by
the black line.

In Figure 3.21 the 1 + 1 MPI photoelectron spectra of aqueous phenol recorded following pho-

toexcitation at 253 nm (4.90 eV) using the recirculator is presented along with the corrected spec-

trum using the lognormal function (Figure 3.20) to remove the effects from inelastic scattering.

253 nm was chosen as a first proof of principle as the measured Gaussian peak maxima attributed

to 11ππ∗-D0/D1 ionisation both lie below their expected values (Figure 3.18), indicating a loss of

kinetic energy from inelastic scattering as expected. Furthermore, the lognormal function is not

well-described for high kinetic energies (as more data points are required), hence a lower photon
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Figure 3.22: Residual of the Gaussian fits to the photoelectron spectra corrected for inelastic scattering following pho-
toexcitation at 253 nm (4.90 eV), plotted as a function of eKE. The residual is plotted on the same intensity scale as the
photoelectron spectra, which is normalised to the intensity maximum.

energy provides eKEs within the range of the inelastic scattering curve (Figure 3.20). The corrected

spectrum is best described by the fitting of two Gaussians corresponding to 11ππ∗-D0/D1 ionisa-

tion. The Gaussian peak maximum for 11ππ∗-D0 (blue) and 11ππ∗-D1 (orange) is 1.4 ± 0.1 eV

and 0.7 ± 0.1 eV, respectively. Both these values match exactly to their estimated values as shown

in Figure 3.18, which are 1.4 ± 0.1 eV and 0.7 ± 0.1 eV, respectively.

The spectral profile of the features within liquid-microjet photoelectron spectra are expected to

be Gaussian after accounting for the distortions resulting from inelastic scattering. The fact that

the cumulative fit (black line, Figure 3.21) does not describe the spectral profile well probably

reflects the crudeness of the model (Figure 3.22), highlighting the need for a more rigorous study

to cover the entire kinetic energy range, ideally below 5 eV where data are missing.89 However,

interestingly, the peak corresponding to ionisation to D0 is now three times larger than that of

the peak corresponding to ionisation to D1, as predicted by the calculations of photoionisation

cross-sections from the 11ππ∗ state (Figure 3.4). This may point to inelastic scattering leading to

a decrease in the ratio of the areas of the two peaks seen in the spectra presented in Figure 3.12,

but there will still be an expected contribution from solute and solvent reorganisation during the

ionisation processes. Nevertheless, such findings highlight the importance of being able to unravel

the effects from both inelastic scattering and solute and solvent reorganisation from liquid-microjet

photoelectron spectra.
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3.5 Outlook

By comparing analogous 1+1 UV PES measurements of phenol in aqueous solution and the gas

phase, this technique promises to be a powerful method for unravelling the role of an aqueous

environment on the VIEs of excited electronic states of chromophores and their relaxation dynamics

following UV photoexcitation. VIEs of excited states in aqueous solution are difficult to measure

using other methods but play an important role in determining the kinetics of charge transfer

processes. Furthermore, this direct comparison of liquid-microjet photoelectron spectra with gas

phase photoelectron spectra has shown that inelastic scattering results in peak shifts similar to

those reported for photoelectron spectra of the solvated electron.30;65 The wavelength dependence

of inelastic scattering poses a particular problem for interpreting broad photoelectron spectra and

highlights a need for a robust way of deconvoluting the effect of inelastic scattering from liquid-

phase photoelectron spectra. Quantifying the inelastic scattering of low energy electrons in aqueous

solution is also crucially important for improving our understanding of the role of (pre-)solvated

electrons in inducing damage in DNA in aqueous solution.

The use of the recirculating liquid-microjet apparatus has been crucial in providing improved

quality of the photoelectron spectra, compared to those reported using the cold trap, to help better

interpret these complex spectra. The recirculating data presented in Section 3.3.6 has allowed

for the identification of both the 11ππ∗-D0 and 11ππ∗-D1 ionisation processes and competing

direct S0-D0 ionisation. Following resonant MPI via the 21ππ∗ state, the signature of solvated

electrons was observed. Following resonant MPI via the 11πσ∗ state, 11ππ∗-D0/D1 and S0-D0/D1

processes were observed and, although there is no longer evidence for the formation of solvated

electrons, the possibility that solvated electrons are formed can not be ruled out. Time-resolved

PES measurements will be able to identify whether or not solvated electrons are formed following

photoexcitation of the 11πσ∗ state, and such measurements are planned in our laboratory.
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4 Exploring the effect of solvation on the electronic

structure of the green fluorescent protein chromophore

4.1 Green Fluorescent Protein (GFP)

First found in the jellyfish Aequorea Victoria in 1962, green fluorescent protein (GFP) now stands at

the forefront of the life sciences, having provided a comprehensive new approach to fluoresence

imaging and biosensing.163 The bioluminescence of Aequorea Victoria was found to be activated

by calcium binding to the protein aequorin.164 Calcium-bonded activation of aequorin in vitro

produced blue light; however, light produced within the jellyfish appears green. The difference in

the colour of emitted light was later found to be a result of a second protein, GFP, which is excited

by the light emitted from aequorin.165

GFP was first isolated over twenty-five years ago and it has since been determined to consist

of 238 amino acids.166 The ability to use GFP as a biological marker was first demonstrated by

Chalfie et al.,165 who were able to genetically express GFP in living organisms, Escherichia coli

(see Figure 4.1) and Caenorhabditis elegans. For both organisms, upon illumination by low-energy

ultraviolet or blue light, the organism glowed green. The emission of green light demonstrated that

the processes involved were not dependent on the environment of Aequorea Victoria. In addition,

the spectral features of GFP produced in E. coli. are indistinguishable from those of the isolated

protein from the jellyfish.164;165;167

The spectral properties of GFP are depicted in Figure 4.1. GFP absorbs in the blue region, maxi-

mally at 395 nm with a minor component at 480 nm, and emits green light at 509 nm, shouldering

to 540 nm.168
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Figure 4.1: Spectral and visible features of GFP. Left: absorption and emission spectra of GFP using a microscope with a
filter for fluorescence of fluorescein isothiocyanate (FITC). Taken from Reference 168. Right: genetic expression of GFP in
E. Coli. shown under UV light. The organism on the right side has the GFP expressed. Taken from Reference 165.

The fluorescence produced by GFP can be used today to reveal where a protein is expressed,169

with an extensive range of techniques having been developed to visualise proteins in living cells.170–173

Ghosh et al. provided the proof of principle for protein visualisation by the production of flu-

orescence from partial GFP polypeptides.174 Two polypeptides of GFP were fused to the coding

sequence of a target protein, which yields fluorescence upon a leucine zipper-facilitated reconstruc-

tion of the protein.175 Hu et al. extended this further to monitoring protein-protein interactions in

cultured cells.176 A colour variant of GFP, the yellow fluorescent protein (YFP), is split into two

non-fluorescent fragments and is assembled to fluoresce by interactions of the proteins fused to

each fragment.

The adaptability of GFP as a biological marker has enabled huge advances in super-resolution

imaging techniques.177–179 Some of these techniques now go beyond simple proteins, such as GFP,

requiring more complex characteristics to achieve resolution on the cellular level.163 These complex

proteins can be divided into two main classes: ones that convert from a dark state to a bright

fluorescent state, and ones that change fluorescence wavelength upon irradiation.180 Furthermore,

synthetic isolated fluorophores have attracted a wide interest in super-resolution imaging.181–188

Synthetic fluorophores, as well as GFP analogues,189 span the whole spectrum of visible light and

are renowned for their photostability, brightness and ability to photoswitch between long-lived

dark and bright states.190;191 The detailed understanding of these systems on a photophysical level

is still not complete, and an understanding of the role of the environment on the photoactive

fluorophores is crucial for the future development of such an expansive field.
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4.2 Isolated, solvated and in protein: the function of the GFP chromophore

The chromophore that lies at the heart of GFP, 4-hydroxybenzylidene-1,2-dimethylimidazolinone

(p-HBDI), is anchored covalently and by a network of hydrogen bonds to the protein that is

wrapped around it in a β-barrel structure (Figure 4.2). The two absorption bands of GFP (Figure

4.1) are associated with the neutral and deprotonated anionic (p-HBDI−) forms of the chromophore,

respectively. Excitation of either absorption band results in fluorescence from the anionic form of

the chromophore with a high quantum yield, Φ = 0.79 (excitation of the neutral form is followed by

excited-state proton-transfer via a proton relay between water molecules and amino acid residues

to generate the anionic form).192

Figure 4.2: Left: Green Fluorescent Protein (GFP) with the photoactive chromophore located within the β-barrel of the
protein structure. Taken from Reference 193. Right: the structure of p-hydroxybenzylidene-2,3-dimethylimidazolinone
(p-HBDI), a model for the GFP chromophore. The imidazolinone is linked to the phenolate by a C=C-C bridge.

The absorption spectra of the anionic form of GFP and p-HBDI− in vacuo are remarkably simi-

lar,194–198 suggesting that the β-barrel structure provides an electronic environment that is similar

to a vacuum; however, the environment of the GFP chromophore plays a crucial role in defining

the electronic relaxation dynamics of the first electronically excited state. Denaturing the protein

results in a loss of fluorescence, which returns upon renaturing.199 The isolated chromophore is

virtually non-fluorescent at biological temperatures, both in solution200 and in vacuo,197 but it flu-

oresces strongly in solution when cooled to 77 K200 and it has been found to have a sufficiently

long excited-state lifetime in vacuo when cooled to 100 K that it is expected to fluoresce.201 The
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isolated chromophore has also been found to become fluorescent when confined in metal-organic

frameworks or other non-native protein rigid scaffolds.202–205 The loss of fluorescence from the

free chromophore at biological temperatures has been attributed to rapid isomerisation around the

C-C-C bridge linking the phenolate and imidazolinone groups, followed by internal conversion

back to the electronic ground state.206;207 The timescales for isomerisation (∼ 300 fs) and internal

conversion (∼ 1.2 ps) are similar in the gas phase208 and in solution,206;207 suggesting that the

electronic relaxation mechanism is determined by the intrinsic electronic properties of the chro-

mophore. When the molecular framework of the chromophore is held rigid, isomerisation around

the C-C-C bridge is impeded and fluorescence from the excited state becomes the dominant relax-

ation pathway.

The higher lying electronically excited states of GFP are believed to be involved in phototrans-

formation processes such as oxidative decarboxylation209 and in the formation of solvated elec-

trons.210 Gas phase action absorption198 and photoelectron spectroscopy coupled with high-level

quantum chemistry calculations211–216 have played an important role in characterising the higher

lying electronic states involved in these processes. It has been suggested that the optically bright,

excited-shape resonance that is strongly coupled to the electron detachment continuum in the gas

phase may play an important role in the oxidative decarboxylation of GFP and the formation of

solvated electrons.

Nonetheless, an understanding of the vertical detachment energy (VDE) and the excited state

structure is crucial. The VDE is found to be much more affected by an environment than the vertical

excitation energy (VEE) when comparing gas phase measurements and calculations with those of

the protein. Several gas phase studies reported the VDE to lie in a range of 2.68− 2.85 eV.194;211–213,

but when using cryogenically cooled ions to provide a more resolved structure to the spectrum

was found to be 2.73 ± 0.01 eV.217 Microsolvation studies have begun building our understanding

of solvation by revealing that the first few water molecules progressively stabilise p-HBDI−, mani-

festing in an incremental increase in the VDE.218 In the S65T-GFP protein, the VDE was calculated

and shown to increase remarkably to 7.1 eV.198

The aim of the work described in this chapter was to determine how a water/methanol environ-

ment affects the electronic structure of p-HBDI−. We have employed one-colour multiphoton ultra-
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violet (UV) PES to measure the electronic structure of p-HBDI− in water/methanol using liquid-

microjet PES. Measuring the electron kinetic energy (eKE) distribution following photodetachment,

assuming that vibrational energy is conserved during photodetachment, and knowing the configu-

rations of the electronically excited states of the deprotonated anion and the corresponding neutral

radical, allows us to identify the detachment processes and determine the electron binding ener-

gies (eBEs) of the molecular orbitals from which the electrons are detached, with respect to the

electronic states of the neutral radical that are left behind.

4.3 Electronic absorption spectroscopy

The UV/vis spectrum of p-HBDI− in solution was recorded using the experimental conditions

outlined in Section 4.4.1. Unlike with GFP, the absorption maximum of p-HBDI− in a H2O/MeOH

solution is blue-shifted to 430 nm compared to the gas phase spectrum (Figure 4.3). Furthermore,

it would appear that all the excited states are blue-shifted by approximately 0.3 eV.

The first excited state, S1, dominates the absorption spectrum and is characterised as the 11ππ∗

state. The orange function in Figure 4.3 has been fitted by convoluting the gas phase action-

absorption spectrum with a Gaussian (Figure 4.4) as a crude model of the inhomogenous broaden-

ing in solution in order to provide an estimate for the adiabatic excitation energy (AEE), which is

crucial for analysing the photoelectron spectra (see Section 4.4.4).

Moving to shorter wavelengths, we reach an absorption minimum around 300 nm attributed to

a higher lying excited state, S2. The increase in absorbance at around 285 nm is the beginning of

higher-lying excited states. In the gas phase, Bochenkova et al. showed these states to lie close in

energy (3.7 and 3.8 eV) resulting in coupling and a mixing of character. In solution, they can be

clearly distinguished in the absorption spectrum. The first feature has a maximum at 265 nm, the

second at 240 nm, and are labeled as S3 and S4, respectively. The red, purple and green functions

are fitted Gaussians to best estimate the AEE of the corresponding states (Figure 4.5). We did

not perform a convolution due to the lack of experimental data in this energy range for isolated

p-HBDI−. Therefore, the AEE is crudely approximated using the 95% confidence interval of the

Gaussian.
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Figure 4.3: UV absorption spectra of p-HBDI− in the gas phase (black squares) taken from Reference 194 and in 3/2 (v/v)
H2O:MeOH solution (black line). The comb indicates the vertical excitation energies of the first 4 excited states of gas
phase p-HBDI−, calculated in Reference 216. Arrows show the wavelengths employed in the multiphoton photoelectron
spectroscopy measurements. The orange function fitted to the first excited state centred around 430 nm is obtained by
convoluting the spectrum with a Gaussian to best estimate the adiabatic excitation energy (AEE) in solution (orange
dashed line, see Figure 4.4). The red, green and purple Gaussians are fitted to best estimate the AEE of the higher-lying
excited states (see Figure 4.5). Inset: schematic structure of p-HBDI−.
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Figure 4.4: Estimation of the AEE of the first 1
1ππ∗ state (S1). The action-absorption spectrum of the isolated chro-

mophore p-HBDI− taken from Reference 194 is represented by black squares. A Gaussian (full-width half maximum
0.6 eV) is fitted to the gas phase spectrum to best approximate the inhomogenous broadening expected from solvation by
convolution of the two functions (blue dots). The convolution of the gas phase action absorption spectrum with a Gaus-
sian is then shifted by 0.32 eV (orange dots) to the peak maximum of the solution UV-vis spectrum (black line). The gas
phase action-absorption spectrum is then used to estimate the AEE by noting the position of the AEE in the gas phase rel-
ative to the absorption maximum and lining this up with the absorption spectrum in solution (black dashed line), which is
2.83 eV.

Figure 4.5: UV absorption spectra of p-HBDI− in 60:40 H2O:MeOH solution (black line) showing the fitting of all excited
states with Gaussians to estimate the AEEs. The AEE for the higher-lying states S2-S4 is taken as the 95 % confidence
interval. Only the AEEs of the 1

1nπ∗ state (S2, red Gaussian), 2
1ππ∗ state (S3, purple Gaussian) and 3

1ππ∗ state (S4)
are used with this estimation method. The 1

1ππ∗ state (S1, blue Gaussian) is shown only for the fitting purposes of the
higher-lying excited states and the AEE has been estimated in Figure 4.4. Coloured lines indicate the AEEs and are 3.58 eV
(red), 4.32 eV (purple) and 4.63 eV (green).
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4.4 MPI UV photoelectron spectroscopy

4.4.1 Experimental procedure

Photoelectron spectra were recorded using the liquid-microjet magnetic-bottle photoelectron spec-

trometer with the cold-trap for liquid collection. 20 µM of p-HBDI was dissolved in 3/2 (v/v) wa-

ter/methanol. The solution was prepared using highly demineralised water (conductance 15 MΩ/cm)

and lab-grade methanol (Sigma Aldrich, 99.8%). 30 mM NaF was added to reduce charging of the

liquid-microjet and 3 mM NaOH was added to deprotonate p-HBDI to form p-HBDI−. UV-vis

spectra of the solution were recorded before and after each experiment to ensure that p-HBDI was

in its deprotonated anionic form. The p-HBDI− solution was introduced into the photoelectron

spectrometer through a 20 µm diameter fused silica capillary using a high-performance liquid

chromatography pump operating with a backing pressure of 80 bar and a flow-rate 0.4 mL/min.

Photoelectron spectra recorded at different wavelengths were performed across several days and

therefore have distinct streaming potential measurements (Figure 4.6)

4.4.2 MPI UV PES

The one-colour multiphoton ionization (MPI) photoelectron spectra (PES) of the p-HBDI− chro-

mophore in a 3/2 (v/v) (H2O:MeOH) solution plotted as a function of electron kinetic energy

(eKE) is shown in Figure 4.7. The 439.8 and 430 nm photoelectron spectra represent 2 + 1 MPI

and the 300 and 249.7 nm spectra are 1 + 1 MPI processes. MPI processes have been deduced

by considering the energetics of all the processes in all four PES. In Figure 4.3, the wavelengths

employed in our 1 + 1 multiphoton UV PES study are marked with vertical arrows. Firstly, we

chose 300 nm, lying at the point of mimimum absorption, to minimise resonant processes of the

ionisation is dominated by direct ionisation from S0-Dn. We then chose our photon energy to be

resonant with the transition to probe the S1 (11ππ∗) state with 439.8 nm and 430 nm, which is re-

sponsible for fluorescence within the protein. Finally, we investigate the higher-lying excited states

using photons of 249.7 nm.
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Figure 4.6: Photoelectron eKE measured following 2 + 1 REMPI of Xe at 249.7 nm in the presence of a liquid-microjet of
20 µM p-HBDI− and 30 mM NaF, plotted as a function of distance x between the ionisation point and the liquid-microjet.
Measured eKEs correspond to the Xe(1S0)→ Xe+(2P3/2) ionisation process. Measurements are fitted using eKE(x) =
eKEfield-free − (Lφsp)/L + ∆x + V, where L is the distance between the ionisation point and the skimmer, eKEfield-free is
the eKE following 2+1 photoionisation of Xe when the jet is not running, φsp is the streaming potential and V accounts
for additional fields in the magnetic bottle spectrometer with the liquid-microjet nozzle in place. V, is determined by
a separate methodology, which is explained in Section 2.2.4. (a) 249.7 nm; L = 0.53 mm, φsp = 0.17 ± 0.01 eV and V
= −0.15 eV (b) 300 nm; L = 0.53 mm, φsp = 0.07 eV and V = −0.19 eV and (c) 439.8 and 430 nm; L = 0.86 mm, φsp =
−0.04 eV and V = −0.06 eV



120 solutions to solvation

Figure 4.7: MPI photoelectron spectra of 20 µM p-HBDI− in 3/2 (v/v) H2O:MeOH recorded following photoexcitation at
439.8 nm (2.82 eV), 430 nm (2.88 eV), 300 nm (4.13 eV) and 249.7 nm (4.97 eV), plotted as a function of eKE. Intensities of
the individual spectra have been normalised to their maxima. Gaussians represent S1(11ππ∗)-D0 (orange), S1(11ππ∗)-D2
(yellow), S0-D0 (light grey), S0-D1 (dark grey), S4(21ππ∗)-D2 (purple) and e−(aq)→ e−(g) (blue).
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Figure 4.8: Electronic configurations and molecular orbitals of the states contributing to the MPI PES of p-HBDI−, taken
from Reference 216.

4.4.3 A Koopmans’ theorem picture

To assign the Gaussians fitted to the spectra requires an understanding of the electronic states

of the deprotonated anion and corresponding neutral radical. It is instructive to begin with a

brief discussion of the gas phase electronic structure. The electronic configurations of the ground

electronic state and first four excited signlet states of gas phase p-HBDI− and of the three lowest

energy doublet states of the corresponding neutral radical have been determined using high-level

XMCQDPT2 calculations and are illustrated in Figure 4.8.216.

The lowest lying electronically excited state of the anion is a 1ππ∗ state, labelled 11ππ∗, and

involves a π3 → π∗1 transition. The higher lying states include a 1nπ∗ state, labelled 11nπ∗, in-

volving an n→ π∗1 transition, and two 1ππ∗ states, labelled 21ππ∗ and 31ππ∗, both of which have

π2 → π∗1 , (π3)
2 → (π∗1 )

2 and π3 → π∗2 character.

The three lowest energy electronic states of the neutral radical are: D0, which has a hole in the

π3 molecular orbital, (π3)
1; D1, which has a hole in the n molecular orbital, (n)1; D2, which has

mixed (π1)
1 and (π3)

0(π∗1 )
1 character.

To a first approximation, we can use Koopmans’ theorem to determine detachment propensities.

From the electronic configurations illustrated in Figure 4.8, we can see that S0 is most likely to

ionise to D0 and D1, the 11ππ∗ state is most likely to ionise to D0 and D2, the 11nπ∗ state is most

likely to ionise to D1 and the 21ππ∗ and 31ππ∗ states are most likely to ionise to D0 and D2. These

propensities, together with conservation of energy considerations, allow us to determine the MP

detachment processes contributing to the photoelectron spectra.
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4.4.4 A combined energetic and electronic structure approach

As recent measurements of UV photoelectron spectra of solvated electrons have shown, there is

an additional component to consider when quoting eBE (Section 1.3.3),65 we have corrected our

measured peak maxima, eKEmeas, by the shifts reported in Reference 65 to account for the change

in eKE by inelastic scattering, ∆shift. Hence, eKEcorr = eKEmeas + ∆shift. The corrected eBE is then

eBEcorr = nhν− eKEcorr. Corrected values, along with their measured values are given in Table

4.1. Throughout the text we report our measured eKEs from our raw photoelectron spectra and the

associated corrected eBEs.

Table 4.1: Measured eKE (peak maxima), their spectroscopic assignment following energetic analysis and estimated adia-
batic excitation energies (AEE) of the electronic excited states.

Wavelength eKEmeas ∆shift
a eKEcorr

b eBEcorr
c Assignment VDEpred

d

/ nm (eV) / eV / eV / eV / eV

439.8 0.6 0 0.6 2.2 S1-D2 7.9
(2.82) 1.1 0.2 - 0.4 1.3-1.5 [1.4]e

1.3 - 1.5 [1.4]e S1-D0 7.1

430 0.7 0 0.7 2.2 S1-D2 7.9
(2.88) 1.2 0.6 1.8 1.1 S1-D0 6.8

300 0.7 0 0.8 7.6 S0-D1

(4.13) 1.1 0.2 - 0.4 1.3-1.5 [1.4]e
6.8 - 7.0 [6.9]e S0-D0

249.7 0.6f
0 0.6f

4.4f S1-D0 7.2f

(4.97) 0.9f
0 0.9f

4.1f e−(aq)

1.5 0.2 1.7 3.3 S4-D2 7.9

Excited states
1

1ππ∗ (S1) 1
1nπ∗ (S2) 2

1ππ∗ (S3) 3
1ππ∗ (S4)

AEE / eV 2.83 3.58 4.32 4.63

All values have an experimental error of ±0.1 eV unless noted otherwise
a Loss of eKE as a result of inelastic scattering from Ref. 65

b Corrected eKE accounting for inelastic scattering by eKEmeas + ∆shi f t
c eBEcorr = nhν− eKEcorr
d Predicted value for S0-Dn = nhν− (hν−AEE)− eKEcorr
e Average value in loss of kinetic energy from inelastic scattering
f Experimental error of ±0.3 eV

We begin our discussion of the analysis of the liquid-microjet PES (Figure 4.7) with the 300 nm

data. Since the UV absorption cross-section is very small at 300 nm (Figure 4.3), we expect direct
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ionisation pathways from the ground electronic state, S0, to dominate the PES. At this photon

energy, we find that the PES can be fit with two Gaussians centred at eKEs of 1.1 ± 0.1 eV (light

grey) and 0.7 ± 0.1 eV (dark grey), which correspond to 6.9 ± 0.1 eV and 7.6 ± 0.1 eV two-

photon eBEcorr; these are equivalent to the S0-D0 and S0-D1 VDEs, respectively. Furthermore, the

assignment of these direct processes provides a starting point in the analysis of more complicated

resonant wavelengths and is used in our energetics model for the other spectra.

We now focus on the S1 (11ππ∗) state. This state is responsible in the protein for the fluorescent

properties. We have probed this state with two wavelengths; 430 nm at the absorption maximum

and 439.8 nm lying close to our estimated value of the AEE (438.1 nm) to provide a test of consis-

tency of our data analysis. Both spectra show very similar profiles and are best described by the

fitting of two Gaussians; knowing the VDE these can be attributed to 2 + 1 MPI processes. Firstly

we discuss 430 nm, at the absorption maximum. Here, the first feature at an eKE peak maximum

of 1.2± 0.1 eV (orange Gaussian) corresponds to an eBEcorr of 1.2± 0.1 eV and a second feature

at lower eKE of 0.7± 0.1 eV (yellow Gaussian) corresponds to an eBEcorr of 2.2± 0.1 eV. To help

assign these features, we first estimate the expected energy for S0-Dn that one would obtain using

the measured eKE from our spectrum, our prediction of the AEE from Figure 4.3 and the approx-

imation that there is a propensity for vibrational energy to be conserved upon ionisation (shaded

blocks in Figure 4.9) using

VDEpred = nhν− (hν−AEE)− eKEcorr (4.1)

where (hν − AEE) is the excess vibrational energy conserved upon ionisation. For the feature

where eKE = 1.2 ± 0.1 eV (orange Gaussian) we obtained a VDEpred of 6.8 ± 0.1 eV, which is

in good agreement with our measured value for S0-D0 = 6.9± 0.1 eV. The feature where eKE =

0.7 ± 0.1 eV (yellow Gaussian) gives a value of 7.9 ± 0.1 eV, notably higher than either of our

directly measured VDEs. Referring now to the 439.8 nm spectrum, the orange Gaussian sits at an

eKE of 1.1± 0.1 eV, corresponding to an eBEcorr of 1.4± 0.1 eV and the yellow Gaussian is at an

eKE of 0.6± 0.1 eV, corresponding to an eBEcorr of 2.2± 0.1 eV. Applying the same energetics

analysis using Equation 4.1, when eKE = 1.1 ± 0.1 eV (orange Gaussian) we obtain a VDEpred of

7.1 ± 0.1 eV, which is again in good agreement with our measured S0-D0 VDE. However, when



124 solutions to solvation

eKE = 0.6 ± 0.1 eV (yellow Gaussian) our VDEpred is 7.9 ± 0.1 eV, again higher than both our

assigned VDEs.

Using the discussion in Section 4.4.3 to compare the electronic states of the neutral radical with

the S1 (11ππ∗) state, we can indeed propose the assignment for ionisation from S1-D0, yet perhaps

not S1-D1 owing to the nπ∗ character. Instead, the assignment of S1-D2 ionisation seems plausible.

Noting our previous assignments made to the 300 nm spectra, we assign the yellow Gaussian from

430 nm and 439.8 nm, which both have the same eBEcorr (2.2± 0.1 eV), to S1-D2. This therefore

gives an average estimate for the VDEpred of S0-D2 as 7.9± 0.1 eV using Equation 4.1.

For the 249.7 nm spectrum, we now consider the higher-lying excited states, S3 (21ππ∗) and

S4 (31ππ∗). The spectrum is best described by three Gaussians (Figure 4.10). The feature with

the greatest area has an eKE of 1.5± 0.1 eV (purple Gaussian) corresponding to an eBEcorr of

1.7± 0.1 eV. We again can estimate our expected value for the predicted VDEpred from S0. Using

the eKE for the peak maximum of the purple Gaussian and the estimated AEE of S4 (4.63 eV,

Table 4.1), we obtain a VDEpred of 7.9± 0.1 eV, suggesting the feature may be attributed to S4-D2

ionisation. A further dynamical process is also speculated for the feature at an eKE of 0.6± 0.3 eV

(orange Gaussian), corresponding to an eBEcorr of 4.4± 0.3 eV. The increased experimental error

here is due to the cold trap and the additional background signal at low eKE. The energetics using

Equation 4.1 provide VDEspred for S4-Dn, S3-Dn, S2-Dn and S1-Dn of 9.0 ± 0.3 eV, 8.7 ± 0.3 eV,

8.0 ± 0.3 eV and 7.2 ± 0.3 eV, respectively. Resonant ionisation via both S4 and S3 are outside the

energies (with experimental error considered) of any of our observed VDEs. However, it may be

possible that an ionisation process to a higher-lying excited state of the neutral radical is accessed

at this wavelength. This is only a speculation as there are no equivalent gas phase measurements

or calculations to assist with this assignment. Resonant ionisation via S2 would suggest either S2-

D1 or S2-D2, the latter not being supported by Koopmans’ theorem. Furthermore, a time-resolved

gas phase study probing these higher-lying excited states revealed no evidence for relaxation to

S2,215 so this seems unlikely here. These considerations suggest relaxation to the 1
1ππ∗ (S1) state,

after which ionisation occurs to D0. Turning again to our Koopmans’ picture (Figure 4.8), both

assignments for the feature attributed to S4-D2 (purple Gaussian) and the feature assigned to S1-D0

(orange Gaussian) are supported.
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Figure 4.9: Energy level diagram illustrating ionisation pathways for 430 nm (2.88 eV), 300 nm (4.13 eV) and 249.7 nm
(4.97 eV). Solid black vertical lines represent the photon energy, hν. Dashed black vertical lines represent the eKE.
Coloured horizontal lines correspond to the vertical excitation energy of the excited states: S1 (orange); S2 (red); S3 (green);
S4 (purple) and the vertical detachment energies of the neutral radical. Shaded blocks represent the excess vibrational
energy determined using the estimation of the adiabatic excitation energy (hν−AEE). 439.8 nm follows the same ionisation
pathways as the 430 nm scheme and so it omitted for brevity.
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Figure 4.10: MPI photoelectron spectum of 20 µM p-HBDI− in 3/2 (v/v) H2O:MeOH recorded following photoexcitation
at 249.7 nm (4.97 eV), plotted as a function of eKE and fit with (a) 3 Gaussians and (b) 2 Gaussians. Intensities of the indi-
vidual spectra have been normalised to their maxima. Directly below each fit is the residual. In (a), Gaussians represent
those in the main text, S1(11ππ∗)-D0 (orange), S4(21ππ∗)-D2 (purple) and e−(aq)→ e−(g) (blue).
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Figure 4.11: Residuals of Gaussian fits to the photoelectron spectra following photoexcitation at 439.8 nm (2.82 eV), 430
nm (2.88 eV), 300 nm (4.13 eV) and 249.7 nm (4.97 eV), plotted as a function of eKE. The residuals are plotted on the same
intensity scale as the photoelectron spectra, which are normalised to the intensity maxima.
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The additional peak at an eKE of 0.9 ± 0.3 eV (blue Gaussian) has a corresponding eBEcorr

of 4.1± 0.3 eV. Applying our energetics (Equation 4.1) provides VDEspred for S4-Dn, S3-Dn, S2-

Dn and S1-Dn of 8.7 ± 0.3 eV, 8.4 ± 0.3 eV, 7.7 ± 0.3 eV and 6.9 ± 0.3 eV, respectively.

Considering similar arguments proposed for the peak at lower eKE, would suggest in our current

picture, ionisation from S1 to D0. However, we have already assigned this to the lower eKE feature,

which within our energetics can not be confidently assigned to any other process. Instead, this

feature at an eKE of 0.9 ± 0.3 eV (blue Gaussian) could be attributed to the solvated electron

(e−(aq) → e−(g)). If so, then our eBEcorr for the solvated electron of 4.1 ± 0.3 eV is in reasonable

agreement with the measurement that accounts for inelastic scattering reported by Luckhaus et al.

of 3.7 ± 0.1 eV.65 As GFP acts as a light-induced electron donor originating from a high-lying

excited state, it seems likely that p-HBDI− in a H2O/MeOH environment may also exhibit an

excited state with electron donating properties. However, recent PES measurements of solvated

electrons by Nishitani et al. (working in the EUV regime, see discussion in Chapter 3) revealed

the binding energy to decrease from 3.76 ± 0.05 eV in a water to 3.35 ± 0.06 eV in methanol.

Considering our solution is 3/2 (v/v) H2O/MeOH and that the solvated electron is more strongly

bound in water, our eBEcorr of 4.1± 0.3 eV is in reasonable agreement with the EUV measurement

in water. Furthermore, gas phase measurements have identified S4 (31ππ∗) as an excited-shape

resonance (ESR),198 which, although not identical in solution, may lead to an increased efficiency

for the formation of solvated electrons. ESR states in the gas phase typically have very short

autodetachment lifetimes (tens of femtoseconds).219 If we were populating the corresponding state

in solution, there may be an increased propensity for the formation of solvated electrons within

the time scale of our experiment. It may seem surprising then that we see evidence of ionisation

occuring from the S4 (31ππ∗) state. However, as the S3 (21ππ∗) and S4 (31ππ∗) states lie close in

energy in the gas phase, upon solvation the ordering may well have changed.

In all spectra, there is a noticeable residual on the high eKE side of the tail (Figure 4.11). Al-

though we are unable to definitively assign anything to these residuals, we speculate they may

arise either from ultrafast dynamics occuring, such as the twisting motion seen in transient absorp-

tion measurements,210 which broadens the overall spectrum; competing ionisation pathways; or,

an effect from inelastic scattering distorting the spectral profile.63
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4.5 Summary and outlook

We summarise our findings in Figure 4.12 and relate their importance to the current understanding

of p-HBDI− in the gas phase and in protein. The striking feature is the increase in VDE upon sol-

vation compared to gas phase p-HBDI−, which rises by a factor of about 2.5 from 2.73 ± 0.01 eV

to 6.9 ± 0.1 eV. Although this may be attributed to the stabilisation of a charged species by a

polar solvent, interestingly, the VDE lies close to the value calculated for that of the protein, 7.1 eV

(S65T-GFP),198 which is thought to have an environment resembling that in vacuo. This view arose

from the first excited state S1 in the gas phase and in protein having the same absorption maxi-

mum (2.57 eV),168;194 yet in solution, S1 is shifted higher in energy by 0.3 eV. It almost seems there

is a dichotomy in p-HBDI− concerning how the electronic structure and dynamics respond to an

environment. Nevertheless, by determining the VDE, we gain a more detailed picture on the for-

mation of solvated electrons. The solvated electron in aqueous solution is experimentally found to

be bound by 3.7 eV.65 Therefore, the threshold for the formation of a solvated electron in solution

lies at 3.2 eV, compared with 3.4 eV in GFP. Clearly, as both the ESR state of GFP and our excited

state proposed to form the solvated electron sit in the quasicontinuum of the solvated electron, the

understanding of the formation mechanism in solution is valuable to providing a comprehensive

understanding of the light-induced electron donating properties of GFP. Particularly as the appli-

cations can extend to many redox monitoring processes, and the ability to manipulate them, within

the biological sciences.220;221
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Figure 4.12: Schematic energy level diagram showing the electronic structure of p-HBDI− in the gas phase (left), in so-
lution (center, this work) and in S65T-GFP (right). Black arrows represent the vertical detachment energy. Blue arrows
indicate the threshold for formation of the solvated electron using the binding energy of 3.7 eV for e−(aq). Electronic ex-
cited states in the gas phase and in solution correspond to the electronic characters given in Table 4.1 and the gas phase
energies are from Ref. 216. The S1 state in GFP is from Ref. 198. The excited-shape resonance (ESR) state of GFP is from
Ref. 198. All numbers are given in eV.
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5 Concluding remarks

Over the last 60 years photoelectron spectroscopy (PES) has proven to be an incredibly powerful

tool for investigating the electronic structure and dynamics of gas phase and solid state matter.

However, it has only been within the last two decades that we have seen the emergence of PES

applied to liquids with the development of the liquid-microjet technique. Not only does this new

field offer to further bridge our understanding between the gas phase and solid state from a fun-

damental perspective, it opens up the application to investigating the natural world, in which key

photoactive molecules are surrounded by an environment. Long has humankind sought to learn

from nature, and now it seems nature may have some of the most promising solutions to the

challenges today’s world faces; from solar energy tackling climate change to fluorescent probes

mapping the previously unseen biological world, these technological advances have all relied on

an understanding of how the system responds to UV light.

The accessibility of biological molecules, such as proteins, or bespoke molecules and nanoparti-

cles, to study by liquid-microjet PES is limited by the quantity in which the samples are available.

Nearly all liquid-microjet instruments use a liquid-nitrogen cold-trap for liquid collection, where

the liquid is frozen out and then discarded. Naturally, this is not a sustainable nor viable option

when the sample is only available in small quantities. Our newly built and commissioned recircu-

lating liquid-microjet photoelectron spectrometer demonstrates the extensibility to a wider range

of solutions, as discussed in Chapter 2, which are of critical interest in the pursuit of furthering

developments in technology. Therefore, a wealth of understanding on many important photoactive

systems (e.g. vision, photosynthesis, biological photostability and photoprotection mechanisms,

etc), which have been previously inaccessible, can only be expected.

On a more practical note, one of the leading questions beginning to be addressed in this field,
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is to what extent gas phase measurements can provide insights into the photophysical and photo-

chemical processes that follow when a molecule interacts with UV light. In our group at UCL, we

have the unique ability to make analogous measurements of isolated molecules in the gas phase

and of those in a more realistic environment both in their neutral and anionic forms. In Chapter

3, we saw that phenol in an aqueous environment showed remarkably similar dynamics to those

seen in vacuo. However, a solvent environment introduces new relaxation pathways otherwise un-

available to the gas phase counterpart, and the sensitivity that PES offers in detecting these species

promises to be a valuable tool. The detection of solvated electrons in aqueous phenol following

irradiation with UV light offers insights into the formation pathways of these species that not only

govern radiation chemistry, but underpin the usage of phenol as a redox agent. Key to the role of

phenol in redox chemistry is also the effect an environment has on the VIEs of the excited elec-

tronic states, which have been shown to be exquisitely sensitive to their environment. In Chapter

4, we also saw that a water/methanol environment increased the VIE of p-HBDI by a factor of 2.5

compared to the isolated chromophore. Not only was the effect of solvation on the VIE substantial,

it also revealed the VIE to match that of the calculated VIE of the protein. This is both interesting

from the perspective of the effect of solvation, but is also enlightening to how the protein was long

thought to provide an environment that is similar to that of the isolated chromophore. Other tech-

niques, although incredibly valuable in their own regard, simply do not have the ability to access

such direct information on electronic structure; the marriage of photoelectron spectroscopy and the

liquid-microjet technique is therefore proving to be quite harmonious.

As with many good pairings, liquid-microjet PES does come with a few bumps in the road. As

was the case in the development of PES, liquid-microjet PES was first applied using X-rays. The

use of UV light in liquid-microjet PES is a recent development, and brings with it many new, but

scientifically rewarding, challenges. Throughout this thesis there has been a consideration of the

effect of inelastic scattering on the measured photoelectron spectra. The UV regime accessible with

the methods used in this work typically produces photoelectrons with a kinetic energy < 5 eV.

This energy range which is poorly described by the so-called “universal curve” for the inelastic

mean free path,222 which does prove robust for electron kinetic energies > 10 eV.88 Gaining a

complete quantitative understanding experimentally, through PES of solvated electrons has not



concluding remarks 133

proven to be difficult,30 requiring complementary simulations.65 However, these simulations led

to ambiguity in the experiment with their prediction of a bimodal spectral profile. This motivated

a fresh approach, where instead of quantitatively determining the loss of kinetic energy as a result

of inelastic scattering, the spectral distortion in kinetic energy space caused by inelastic scattering

was taken into account to retrieve the true Gaussian-shaped eKE distribution.63 Although this

allowed for the accurate binding energy of the solvated electron to be determined, which is a

huge advancement in the field (and critical to the fields of redox and radiation chemistry), there

is still the need to provide the missing experimental curve for the low kinetic energy regime of

the inelastic mean free path. The high quality spectra obtained using a recirculating liquid-microjet

photoelectron spectrometer allow measurements to be made that will perhaps lead to a quantitative

picture of inelastic scattering below 5 eV, as discussed in Chapter 3 Section 3.4. Furthermore, as

inelastic scattering may well be subtly dependent on the solute-solvent system, a recirculator is

essential in order to extend the study to most other solutions.

In fact, the effect of inelastic scattering in liquid-microjet PES has been such a challenge for

the UV regime, that the leading breakthrough has been moving away from the traditional energy

range accessed by optical parametric amplifiers and harmonic mixing optics, to the extreme UV

range.63 The use of an EUV probe to produce photoelectrons with kinetic energies at which the

cross-sections of elastic and electron-vibron scattering decline, is set to be a feasible resolution

to overcoming the difficulties of reporting accurate binding energies. However, the streaming

potential has remained a somewhat unsettled issue in ensuring measured photoelectron spectra

are accurate. Whilst some research groups measure the streaming potential directly to correct

for it in the raw spectra, some groups rely on the addition of a derived salt concentration that

results in a zero streaming potential. The latter is perhaps not as rigorous in ensuring accurate

measurements as directly measuring the potential, but interestingly, the finding of a zero streaming

potential when using the recirculating system may help overcome the issue of streaming potentials

in liquid-microjet PES.

There is an abundance of information waiting to be unraveled from liquid-microjet PES. A final

thought for consideration is the dependence of the reorganisation energy of the solute and solvent

on the measured peak positions and widths.36;37 The reorganisation energy represents not just
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an important thermodynamic parameter, and one that provides access to the standard potential

for one-electron half-reactions, it also determines the activation free energy leading to the crucial

understanding of the rates of redox reactions. Our ability to address the challenges concerning the

distortion to the spectra (from inelastic scattering) and the accuracy to which we report binding

energies (from inelastic scattering and streaming potentials) now leads to the potential of unlocking

reorganisation energies from liquid-microjet PES.

There are neither beginnings nor endings to the realm of science, but this is a beginning.
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