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Abstract
Investigating molecular excitations with femtosecond time resolution is of pivotal importance

to understand the out-of-equilibrium processes taking place in molecular systems upon light

absorption. The photochemistry of solvated species is heavily determined by the early steps

of the relaxation dynamics.

In this thesis, ultrafast electronic spectroscopies are exploited to study relaxation dynamics of

photoexcited molecules in solution by probing the transient electronic structure.

Vacuum-ultraviolet (VUV) ultrashort monochromatized light pulses (HARMONIUM, 15-100

eV) are exploited for steady-state photoelectron spectroscopy (PES) and time-resolved PES

in a pump-probe scheme. This is a powerful tool for investigating electronic structure and

ultrafast processes of solvated molecules with high time (50 fs) and energy (0.12 eV) resolution.

PES retrieves binding energies of valence and core electronic states with elemental specificity

and without the constraints of selection rules, and is here applied to liquids and solutions by

means of a liquid micro-jet.

With the aim of extending this technique to a larger class of solutes, we demonstrate the capa-

bility to perform studies on volatile liquids such as organic solvents. PES spectra of gas phase

and liquid phase aromatic compounds are presented and their valence orbitals are compared

and identified. The solvation is discussed and the vertical ionization energies are reported.

This retrieves important parameters for electrochemistry and opens new perspectives towards

PES studies of molecules in organic solvents.

Upon photoexcitation, molecules can undergo several relaxation processes such as non-

radiative relaxation processes which include dissociation, internal conversion and intersystem

crossing. Energy can also be released to the solvent environment by intermolecular processes

such as vibrational energy transfer. All of these phenomena are reflected in a transient elec-

tronic configuration. PES can hence probe electronic and structural dynamics along the entire

reaction coordinates.
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Abstract

The ferric trisoxalate complex represents an ideal coordination compound showing an in-

triguing cascade of processes upon photoexcitation. We have directly observed the metal

photoreduction due to an instantaneous intramolecular charge transfer. We then suggest a

branching between photodissociation and a back-electron transfer channels, which completes

the picture of the compound’s photochemistry. This experiment shows PES sensitivity to oxi-

dation state changes, providing an interesting perspective for photoredox reaction studies in

solution and for intramolecular and intermolecular charge-transfer phenomena.

Vibrational wave packets (WP) are interesting observables to map non-adiabatic dynamics,

relaxation pathways and coupling to solvent of the excited molecule. We have investigated

molecular iodine in ethanol, which we have studied first by optical transient absorption

spectroscopy using a white light continuum probe. The electronic absorption spectrum of

I2 in ethanol is strongly modified compared to the case of other organic solvents, due to a

strong coupling of covalent and ionic states. We have mapped the vibrational WP dynamics,

in particular its trajectory and damping along the I-I bond axis. This study is intended to

prepare for an ultrafast PES experiment aimed at linking the response of inner shells to the

WP launched in the valence states. Preliminary steady-state PES spectra are reported and

discussed.

Keywords:

relaxation dynamics, ultrafast electronic spectroscopy, photoelectron spectroscopy, liquid phase,

organic solvents, photoexcitation, charge transfer, ferric trisoxalate, vibrational wavepacket,

non-adiabatic dynamics
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Sommario
Lo studio di eccitazioni molecolari con risoluzione al femtosecondo è di fondamentale impor-

tanza per capire la dinamica fuori equilibrio che avviene in sistemi fotoeccitati. La fotochimica

di specie in soluzione è infatti definita nelle prime fasi del processo di rilassamento.

In questa tesi vengono impiegate spettroscopie elettroniche ultraveloci per investigare la

struttura elettronica transiente di molecole fotoeccitate in soluzione, come osservabile per la

dinamica strutturale conseguente.

Vengono usati impulsi di luce VUV ultracorti e monochromatizzati (HARMONIUM, 15-100

eV) per esperimenti di spettroscopia di fotoemissione (PES) statici e risolti in tempo in confi-

gurazione pompa-sonda. Tutto ciò si rivela un potente strumento di indagine per la struttura

elettronica e i processi ultraveloci di molecole in soluzione, fornendo elevate risoluzioni in

energia (0.12 eV) e tempo (50 fs). La PES permette di ottenere le energie di legame di elettroni

di valenza e di core con sensibilità elementale e senza le limitazioni di alcuna regola di selezio-

ne. Se ne mostra in questo lavoro l’applicazione a liquidi e soluzioni, grazie alla tecnica del

micro-getto.

Allo scopo di estendere la metodologia ad una più larga classe di soluti, viene dimostrata

la possibilità di fare esperimenti su liquidi volatili come i solventi organici. Sono mostrati

gli spettri PES di composti aromatici in fase liquida e gassosa, i cui orbitali di valenza sono

stati identificati. Ne viene discussa la solvatazione in fase liquida e si riportano le energie di

ionizzazione. Queste informazioni hanno grande rilevanza per l’elettrochimica e danno alla

PES nuove prospettive circa studi di molecole in solventi organici.

Dopo essere state fotoeccitate, le molecole sono soggette a diversi processi di rilassamento,

tra i quali rilassamenti non-radiativi che includono la dissociazione, la conversione interna,

e l’intersystem crossing. Il rilascio di energia può avvenire anche verso il solvente attraverso

processi intermolecolari come il trasferimento di energia vibrazionale. Tutti questi fenomeni

sono tradotti in una configurazione elettronica transiente. La PES può quindi monitorare

dinamiche elettroniche e strutturali lungo tutte le coordinate di reazione.
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Sommario

Il trisossalato ferrico rappresenta un complesso ideale che, fotoeccitato, mostra un’interessan-

te casacata di processi. Abbiamo osservato direttamente la fotoriduzione del metallo, dovuta

ad un istantaneo trasferimento intramolecolare di carica. Suggeriamo inoltre una ramifica-

zione del rilassamento in fotodissociazione e in retro-trasferimento di carica, inserendosi

come completamento del quadro della fotochimica di tale composto. Questo esperimento

dimostra la sensibilita della PES ai cambi di stato d’ossidazione, aprendo così un’interessante

prospettiva per studi di ossidoriduzione in soluzione, oltre che per fenomeni di trasferimento

di carica inter- e intra-molecolari.

Un’interessante osservabile per monitorare le dinamiche non-adiabatiche, percorsi di rilassa-

mento e accoppiamento con il solvente di molecole fotoeccitate, è data dai pacchetti d’onda

vibrazionali (PO). La molecola di iodio in soluzione di etanolo è stata studiata con assorbi-

mento transiente utilizzando una sonda a largo spettro nel visibile. Lo spettro statico risulta

fortemente modificato rispetto a soluzioni in altri solventi organici, a causa dei forti accop-

piamenti degli stati ionici e covalenti. Abbiamo esplorato la dinamica del PO, e in particolare

le sue traiettorie e lo smorzamento lungo l’asse di legame. Lo scopo di questo studio è la

caratterizzazione preliminare ad un esperimento risolto in tempo di PES, che vuole correlare

la risposta elettronica dei livelli di core al PO in evoluzione lungo i potenziali degli stati di

valenza. Viene infine presentato uno studio preliminare degli spettri PES statici della soluzione

di iodio.

Parole chiave:

dinamica di rilassamento, spettroscopia elettronica ultrarapida, spettroscopia di fotoelettroni,

fase liquida, solventi organici, fotoeccitazione, trisossalato ferrico, trasferimento di carica,

pacchetto d’onda vibrazionale, dinamica non-adiabatica
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1 Introduction

Absorption of light by molecules is a way of transferring and transforming energy, as in

fundamental processes such vision [1], photosynthesis [2], solar energy harvesting [3], catalysis.

An example where light is converted into information through structural modifications is

vision [4]. On the other hand, a biological relevant example of ultrafast energy relaxation is

given by the photostability of DNA which displays ultrafast dissipation channels such that the

photon energy is not converted in chemical reaction and its unity is preserved [5, 6, 7].

In general, molecular relaxations begin from the photoexcited state and depend on the topol-

ogy of the potential energy surfaces. The early steps upon photoexcitation are crucial for the

consecutive relaxation cascade, which completely define the way the molecules will convert

the absorbed photon energy.

A good understanding of these processes can be exploited to tailor the outcome of photore-

actions and to convert light into convenient forms of energy, chemical products, or simply

dissipated. Since light absorption takes place in sub-fs time scale, therefore ultrafast probing

techniques are needed to investigate such a class of phenomena.

Many interesting molecules are often in solution, as most of the biological systems, or because

there is no other way to isolate the compound. Solvation induces fascinating effects on the

solute, from solvatochromism as a consequence of energy level relaxation, to more important

perturbations of the relaxation dynamics as for example solvent caging, vibrational energy

transfer, charge transfer to solvent. These are only few examples, and their effect is related to

the solute-solvent interaction strength. Novel dynamics are therefore expected for solvated

systems compared whit the gas phase.

A way to monitor relaxation dynamics is to probe the electronic configuration of the system.

Optical absorption spectroscopy is sensitive to transitions from occupied electronic states, and

in the time domain, ultrafast transient absorption (TA) can monitors the electronic population
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Chapter 1. Introduction

dynamics by measuring energy and intensity of optical transitions of the excited systems.

TA can be carried out with femtosecond time resolution and can be applied to any opaque

sample. On the other hand, the plethora of possible transitions, typical of large compounds,

are usually quite entangled in energy and the interpretation might require some knowledge of

the involved electronic states and their relative energy difference. Moreover, the excitation can

be monitored only if the probing light is on the correct energy window, and despite the large

variety of broadband light sources now available, this provides always a severe constraint in

accessing the whole relaxation cascade. Finally, electronic transitions are possible only if the

symmetry of initial and final states are compatible with the kind of transition (usually dipole)

and all the momenta conservation rules are satisfied (selection rules). For these reasons, often

some system configurations cannot be observed (dark states).

Photoelectron spectroscopy (PES), conversely, is based on photoionisation which is an always

allowed process. PES has the advantage of taking a full snapshot of the occupied electronic

states and, extended to the time domain, can monitor the transient electronic configuration.

Moreover, intermolecular processes such as charge transfers can be observed since any change

of electronic structure is reflected into the ionisation energy of the occupied state. In the case

here reported, the valence electrons of iron display both great signal and energy shift, resulting

the perfect monitor of intra- and inter-molecular electron transfer. A second advantage with

respect to TA is that it retrieves the binding energies and not just the difference between the

two involved electronic energy levels. The light source in this case has to be highly energetic

to ionise the sample (& 10 eV). The accessible electronic states are defined by their binding

energy: high-energy photons can probe deeper in the electronic configuration.

Differently than TA where the application to liquids is more straightforward, PES technical

constraints were overcome thanks to the liquid micro jet technique, which allows to measure

volatile liquids and solutions [8, 9, 10].

The combination of these two techniques can provide complementary information about

the sample, the whole transient electronic structure upon excitation and about the relaxation

cascade. PES can follow the evolution along the potential energy surfaces , mapping the reac-

tion coordinate onto the ionic state. Population can be probed through conical intersections

without constraints and along the reaction coordinate.

Vibrational coherence can be exploited as a monitor of such non-adiabatic coupling [11].

Vibrational wave packets (WP) are in this perspective an intriguing object localised in space

and time along the reaction coordinate that displays a periodic motion within adiabatic

potentials. If the system undergoes non-adiabatic relaxations, and if the process preserves the

intrinsic coherence of the WP, it can be a great probe of the interaction strength and speed of

the relaxation, since the passage happens when the wavepacket is on the crossing, displaying

2



impulsive leakage towards lower levels. This can therefore be prepared by means of coherent

excitation of the system and monitored, either by ionisation or by TA - for which is a marker of

the excited state - and from its dynamics to retrieve information on the relaxation cascade.

This work is focussed on the application of time-resolved PES to unravel ultrafast processes in

solvated species. To do so, the experimental end-station for PES on liquids has been upgraded

improving the collection efficiency and the stability during pump-probe experiments. The

HARMONIUM light source is exploited to perform PES with vacuum-ultraviolet radiation

monochromatised from high-harmonic generation (HHG). Such an impulsive light source

provides adequate energy and time resolution to resolve electronic dynamics in photoexcited

systems.

PES is then exploited to characterise new organic solvents suitable for LPES. In the time

domain, ultrafast pump-probe experiments can easily follow charge transfer and compound

photochemistry with femtosecond time resolution.

This thesis is structured as follows

In Chapter 2 an overview about molecular energy relaxations, coherent excitations and the ef-

fect of the liquid environment on these systems is given. The basic principles of photoelectron

spectroscopy are also presented.

The experimental setups for tr-LPES and TA are described in Chapter 3.

Novel steady-state PES studies on organic solvents are discussed in Chapter 4 as a new per-

spective for PES on solution of organic solvents.

The ferrioxalate ultrafast photoreduction is disclosed in Chapter 5 by means of an ultrafast

PES study. The static solute signal is first identified, then the transient signal upon 266 nm

excitation is studied and the results are discussed to complete the compound photochemistry

picture in the framework of previous studies.

In Chapter 6 vibrational coherence of iodine in ethanol solution is explored in TA. The molecu-

lar relaxation process upon excitation is outlined and a strong solvent interaction is observed to

modify the relaxation cascade. I2(4d) orbital electrons are observed by PES in the perspective

of further studies on this system.

Chapter 7 summarizes the findings of this work and gives perspectives for further studies.
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2 Basic concepts

In this chapter a general overview of the phenomenology discussed in this work is given. The

observation of ultrafast phenomena is examined from an experimental point of view, stressing

which observables each technique can probe.

Optical absorption is introduced by describing its basic principles. Transient absorption

is then the natural extension to observe photoexcited molecules and study their relaxation

mechanisms.

Photoelectron spectroscopy is then introduced, highlighting the advantages of such an ex-

perimental method. After a brief introduction of the underlying theoretical concepts, its

application to liquid samples is described and the extension of the technique to the temporal

domain in a pump-probe approach is illustrated.

2.1 Photoexcited molecular systems

Light absorption in polyatomic molecules is followed by energy redistribution, which may lead

to a chemical reaction as dissociation or to intramolecular energy redistribution. Once the

absorbed photon has deposited its energy in the molecular system, the electronic structure is

modified. This excess of energy may be redistributed via intramolecular vibrational redistri-

bution (IVR), when vibrational modes have a strong coupling which allows the energy to be

transferred towards less energetic oscillations, via internal conversion (IC), when the electronic

relaxation involves states with the same spin multiplicity, and via intersystem crossing (ISC)

when the spin is not conserved along electronic relaxation [12]. During these processes, the

molecular structure undergoes transformation, which can be brutal as in the case of dissocia-

tive reactions triggered by bond cleavages, or less disruptive as the case of symmetry change,

isomerisation, ring opening. New relaxation pathways can be opened by the non-adiabatic

couplings between electronic states. The liquid environment for solvated species is determi-
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Chapter 2. Basic concepts

nant in this perspective. The interplay of electronic and vibrational dynamics is displayed

in the molecular photochemistry outcome, therefore is pivotal importance to understand

the physical processes underlying relaxation of light-sensitive molecular complexes. Since

these phenomena take place with time scale from attoseconds to hundreds of picoseconds,

ultrafast spectroscopic techniques such transient absorption and photoelectron spectroscopy

are here proposed to investigate the electronic structure upon photoexcitation and explore

the consequent energy relaxation processes.

In this chapter, the possible relaxation processes of photoexcited molecules are described. Vi-

brational wave packets are introduced and their quantum nature is presented, also describing

their evolution in time. Solvation is then discussed with respect to energy level relaxation but

also as external perturbation of the evolution of electronic and vibrational excitations.

2.1.1 Relaxation mechanisms

Energy relaxation in photoexcited molecular systems can take place in different manners.

These can be divided into radiative and non-radiative relaxation processes. The former is

accomplished as spontaneous emission if the transition is allowed by the selection rules

(fluorescence), or conversely as phosphorescence if the emitting state is metastable. In the

presence of an external field, stimulated emission is also possible.

The latter includes isoenergetic processes of internal conversion (IC) and inter-system crossing

(ISC), and also internal vibrational redistribution (IVR) where energy is spread among other

molecular degrees of freedom.

All these intramolecular relaxation processes are depicted through the molecular energetics

scheme, the Jablonsky diagram, in Figure 2.1.

Light absorption might trigger chemical reactions such as dissociation, redox, homolytic

fragmentation, and many more, which are governed by the photophysics upon excitation.

Is of pivotal importance to understand the mechanisms that drive relaxation towards some

pathways instead of others, that is what defines the fate of an excited molecular system.

The absorption of a photon by a transition metal complex can trigger five kinds of excitations

[13], classified with respect to the spatial localisation of the electronic density in the molecule,

whose components are the metal center and the ligands. Metal-centered (MC) excitations

happen in the metal center within its d-orbitals which exhibit a relevant spin-orbit split. Intra-

ligand (IL) transitions involve electronic orbitals localised within the same ligand. Ligand-

to-ligand charge transfer LLCT where the electronic orbitals involved are located in different

ligands. Metal-to-ligand charge transfer (MLCT) are transitions where the metal is oxidised

because an electron in the d-orbitals is promoted to an electronic state mostly localised on a

6



2.1. Photoexcited molecular systems

Figure 2.1 – Jablonksy diagram, where radiative (solid arrows) and non-radiative processes (curved
arrows) outline the main intra-molecular relaxation mechanisms upon light absorption. Energy
increases upwards, and the horizontal lines indicate electronic (black) and vibrational (grey) energy
levels. An horizontal process is isoenergetic, whereas vertical arrows imply energy dissipation.

ligand. Ligand-to-metal charge transfer (LMCT), conversely, happens when a ligand orbital is

depleted of an electron, which is localised around the metal in a d-orbital. The last two involve

a change in the metal atom oxidation state.

Among such a wide class of molecules, iron complexes have been deeply studied for the

interesting photophysical properties they display [12, 14], but also because of their reactivity

which can be exploited for photocatalytic reactions [15, 16, 17] and also as photo-drug in

cancer treatment [18]. Their industrial scaling is also facilitated by the fact that the iron is the

second most abundant metal on Earth surface.

Because of this class of electronic transitions light can induce, transition-metal coordination

compounds became object of studies of catalysis, solar-energy conversion, organic light-

emitting diodes (OLED), environmental chemistry. Their high reactivity when exposed to light

is due to the metal center, which lowers the minimum photon energy to trigger photoreactions

with respect to an organic compound [19]. Some of these molecular systems can hardly be

isolated, therefore is paramount to study them in solution. Moreover, the liquid environment
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Chapter 2. Basic concepts

plays a role in the photochemistry of solvated molecules, often seen to be solvent-dependent

[20, 21, 22].

2.2 Vibrational wave packets

Molecular vibrations are of paramount importance for studying the breaking and formation of

chemical bonds. A still debated question in chemistry is how these events define and drive the

course of chemical reactions along the transition between reagents and products.

An optical excitation is a sub-fs process and takes place instantaneously compared to nuclear

motion time scales. This allows us to describe the light absorption process within the Franck-

Condon approximation (Figure 2.2a). The electronic excitation is then a vertical transition

which takes place at fixed nuclear configuration. Within the transition, some vibrational level

of the excited electronic state are so populated (vibronic transition), depending on the FC

factors and the bandwidth of the absorbed radiation.

If the exciting radiation is impulsive (. 100 fs), coherence is impinged not only on the single

molecule because of the instantaneous nature of the transition, but also on the molecular

ensemble. The whole system then coherently responds to investigation, displaying the molec-

ular coherence of the excited molecule (otherwise averaged and therefore not observed). An

example of this coherence is displayed when vibrational wave functions (WF) are simultane-

ously excited, resulting in a superposition that generates a vibrational wave packet (WP). This

is described as

ΨW P =∑
v

avψv (2.1)

where v are the excited vibrational levels. Although vibrational WF are spatially delocalised in

the electronic potential well of a bound state, and are stationary because eigenstates of the

system Hamiltonian, the WP has a spatially-localised probability distribution (see Figure 2.2c)

as a consequence of the constructive WF interference due to the synchronised excitation. The

WP evolves in time as a beating of the single components’ evolution, because of the phase

evolution of the single WFs:

ΨW P (t ) =∑
v

av e−i (ωv t+φv )ψv (2.2)

where the vibrational frequency ωv is related to the energy of the level as Ev = ~ωv , and φv is

zero for a simultaneous excitation. In an ideal isolate system the coefficients av are constant in

time. In the simple case of a superposition of two simultaneously-excited (∆φ= 0) vibrational
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2.2. Vibrational wave packets

levels, the WP phase factor can be written as

2eω̄
e i∆ωt +e−i∆ωt

2
= 2eω̄ cos(∆ωt ) ∝ cos

(
∆E

~
t

)
(2.3)

This points out a WP intensity periodicity

TW P = 2π~/∆E (2.4)

defined by the energy spacing between the two vibrational levels which compose the WP. This

coherent superposition of eigenstates of the same molecular vibrational mode results in a

beat along the reaction coordinate (Figure 2.2b).

The wave function squared modulus |ψ(x, t)|2 can be related to the occurrence probability

density of the particle in space at a given time. For a large number of vibrational energies, the

WP becomes narrow and the squared WF defined the system in a precise position along the

normal coordinate (Figure 2.2c). The WP dynamics is expressed by the WF evolution within

the electronic potential, as in the example in Figure 2.3. In this case a description in terms of

classical motion of a harmonic oscillator is considered appropriate [11]

In a simplistic picture of harmonic potential-energy surfaces, the WP dynamics can be treated

as a classical problem, for which the motion’s exact solution exists [23]. The WP preparation

in an electronic excited state can be seen as the promotion of a harmonic oscillator in an

energetically higher state, represented by an upper point on its parabolic potential. Therefore,

the motion starting position upon excitation is displaced with respect to the position at the

minimum (see Figure 2.2d). The out-of-equilibrium particle starts oscillating in the potential

well as a classical pendulum, following trajectories that can be calculated by solving the

system’s Hamiltonian.

A WP can be generated by means of ultrashort light pulses able to create a superposition

of vibrational levels, and with a duration shorter than the WP oscillating period (typically

hundreds of fs). The more this squeezing condition [25] is respected, the sharper the WP’s

spatial profile at time zero will be (see Figure 2.2c). This happens if: i) the fs pulse has a spectral

bandwidth large enough to create a superposition of several vibrational levels that generate a

localised WP; ii) the pulse is short enough to trigger the phases of the excited levels with high

precision.

The so prepared vibrational quantum beat displays motion within the confining potential-

energy surface, and oscillates back and forth as long as its coherence is preserved. For anhar-

monic potentials, the vibrational energy spacing changes with the quantum number v , and

the WP period of closer frequencies is expected to be longer, accordingly to Eq. (2.4). This

makes vibrational WP sensitive to their energy level inside the potential well, and as such can

9



Chapter 2. Basic concepts

Figure 2.2 – Sketch of vibrational wave packets along a normal coordinate. a) A photon excites popula-
tion from the ground state to an higher electronic state and prepares a superposition of vibrational
levels, the wave packet; b) Calculation of the spatial profile of a WP that comprises only 2 vibrational
levels and c) the narrower WP when the population is broader, as shown by the histogram along the y
axis (adapted from [24]). d) The classical description of WP motion is presented, as due to excitation
of an out-of-equilibrium state inside a potential well. If the normal coordinate corresponds to an
internuclear distance, such a picture can be related to the nuclear motion (more details in the text).

be exploited to identify the excitation energy (as in Chapter 6). The fact that this quantum

beat is localised in space and time [11] can be exploited to probe structural dynamics along

photochemical reactions. Moreover, WPs can also track non-radiative relaxation pathways.

The retention of vibrational coherence can occur within energy relaxations through curve-

crossings, with a clear WP transfer from an electronic state to the others [26], or even when

no coherence is present in the initially excited state [27]. The main issue for observing such

relaxations is to have a probing tool that can detect them independently from the specific

electronic state, as photoelectron spectroscopy can do.

Vibrational WP studies have been performed with the advent of femtosecond lasers and such

quantum beats was generated initially on gas-phase molecules. Zewail and co-workers in 1989

were the first to prepare and measure WPs in simple gas-phase molecular systems, for example

sodium iodide [29]. In this transient-absorption study they showed that vibrational quantum

beats prepared with different photon energies lie in different positions of the potential-energy

curve. The WP dynamics showed different oscillating periods related to the irregular energy

spacing between levels. This is due to the anharmonicity of the potential curve, which can be

mapped in such a way. The vibrational wave packet damping was also observed, due to the

pulse-like molecular dissociation after each passage over the curve crossing point.

In 1992 Gerber and co-workers [28] investigated WP dynamics of gas-phase molecular sodium

and they observed dynamics throughout a longer time-scale (Figure 2.3). After dozens of
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Figure 2.3 – WP dynamics in the gas-phase Na2 molecule from Gerber and co-workers [28]: the top
panels are simulations of the WP oscillations, the bottom panels are the total ion yield time traces
corresponding to the WP probing. Left: the WP in the first moments after the preparation (t=0); center:
when dispersion occurs (t=30 ps) the wavefunction is completely delocalised and the signal is constant
in time; right: when the revival occurs (t=46 ps). More details in the text.

oscillations (T∼ 300 fs for Na2), the WP exhibits a spreading inside the potential well due to the

potential anharmonicity. A revival occurs when the vibrational components’ phases match

again, leading to an oscillating behaviour similar to the beginning, and this reveals the coher-

ence preservation in such a gas-phase system. Stolow and co-workers [30] in 1996 explored

WPs in the iodine molecule in gas phase by means of threshold photoionization experiments,

measuring photoions and photoelectrons. In such experiment they characterized the iodine

WP prepared in the B electronic state that displayed a 340 fs oscillating period.

2.3 Molecules in solution

The first effect the liquid environment has on solvated molecules is stabilisation. This interac-

tion has the effect to lower the electronic orbitals energies, according with their dipole (see

Figure 2.4). Electrostatic interactions are stronger for polar solvents and ionic species (e.g.

NaCl in water) but can also happen in less polar solvents and completely covalent molecules

(e.g. I2 in ethanol). The net effect that can be noticed in absorption if there is different solvation

of the levels concerning the transition, which would change the colour of the absorbed light.

Solvatochromism is the change in colour of the same molecule solutions in different solvents.

Iodine is an example of this.
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Figure 2.4 – Solvation effect on the energetics of a molecular system. From [31].

Environment plays a crucial role also for relaxation pathways of photoexcited molecules. Given

that most chemical and biological reactions take place in solution, understanding the way the

liquid environment conditions molecular de-excitation has a pivotal importance. Energy can

be transferred to the environment through inter-molecular processes which involve solvent

molecules, new branches of the relaxation cascade can appear. Novel absorption bands can

appear because electronic excitations where the charge is transferred to the solvent (CTTS)

are possible [32], pointing at new inter-molecular channels of the solvated system.

Moreover, upon excitation on repulsive electronic states which lead to dissociation in gas

phase molecules, for the same system but in solution an identical excitation might lead to the

same process but delayed, or with reduced quantum efficiency, or no dissociation happens

at all. This is a prototypical solvent manifestation for excited species, the so called cage

effect. This can be explained as due to the electrostatic effect of the solvent, which prevents

dissociation because fragments collide with the surrounding solvent molecules, acting as a

cage [33, 34, 35]. Such a process is represented, along dissociative potential energy surfaces,

as a potential barrier which hinders the system to dissociate. Some energy ∆ε is also released

to the solvent in the collision [35].

Liquid environment additionally can introduce novel reaction coordinates through which

excitations can relax. Vibrational energy can thereby be dissipated to the solvent by vibrational

energy transfer (VET) [36], due to the coupling of solute and solvent vibrational levels. This

process of releasing energy to the solution is behind thermal cooling of the photoexcited

species.

The liquid phase is of paramount importance in biochemistry, chemical physics and in all
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the cases in which the liquid is the natural environment for a molecular system. Phenomena

such as charge-transfer [37, 38], solvent caging [39], pre-dissociation [40], WP dephasing

[41] and many more, typically occur when the system is solvated. A first solvation effect

that can be observed is the change in the energy spacing between electronic levels of the

solvated system. Their absolute binding energy also changes because of the presence of the

solvent [31], but only a technique such as photoelectron spectroscopy which provides the

absolute energies of the occupied electronic states can detect it. It has been observed that

solvent-solute interactions destroy the coherence of the WP, which displays shorter lifetime

compared with the same molecule in the gas phase [29] and in the absence of any revival

[40, 30]. Furthermore, solvent-induced predissociation has been observed in condensed

phases [40, 42], due to curve-crossings caused by the solvent [43]. The cage effect has been

observed to induce changes in the energy curves. This affects the potential well shape and

therefore the properties of the WP itself, as it has been detected for example in iodine in CCl4

solution [42].

Beyond the basic dynamics of diatomic molecules, experiments have investigated polyatomic

molecules in solutions, showing clear vibrational coherence dynamics and damping. Some

interesting complexes are characterised by the presence of a d8-d8 bimetallic center, which

undergoes to a bond formation upon the dσ∗ → pσ transition that decreases the internuclear

distance (the bond order increases). This has been observed for the [P t2(µ-P2O5H2)4]4−

complex, also called Pt(POP), in which the Pt atoms are encaged in front of each other and

no bond occurs within them in the ground state. It has been demonstrated that an impulsive

HOMO-LUMO excitation generates a vibrational WP of the Pt-Pt bond stretch [20], which

displays a solvent-independent dephasing time of about 2 ps. Further studies about d8-d8

complexes showed WP dynamics in solutions, for example the ultrafast transient absorption

experiments on Ir2(dimen)2+
4 [44] and on di-Platinum complexes [45].
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2.4 Spectroscopic techniques

Spectroscopy is the branch of science that studies the effect of light-matter interaction by

observing the changes induced in matter by light. First optical studies go back in time of about

a thousand years1 and, since then, the interest in spectroscopy has been increasing by pushing

the frontiers of investigation further and further.

Electronic spectroscopies study the electronic structure in matter. Different techniques have

been developed to investigate this, exploiting different physical particles as probe of the

system: photons (across the whole electromagnetic spectrum), electrons, neutron, etc. Each

technique can access to a limited part of matter and the undergoing photoexcited processes,

therefore the choice of the experimental technique results often crucial.

Spectroscopy can be performed at any wavelength range, taking into account that the matter

interaction with photons responds to different physics, depending on the energy. In order of

increasing hν, radiation can explore atomic and nuclear spin, molecular rotation, molecular

vibration, electronic structure from valence band towards inner-shell electrons, and for photon

energies higher that some threshold, the system integrity can be compromised. Still the

analysis can go ahead towards higher photon energies to probe the sample, but is important

to take into account that the system might not come back to its parent status.

Photons of non-ionising energies are exploited to probe bound-bound transitions, as in optical

absorption spectroscopy. Higher-energy radiation is able to inspect deeper-energy electrons

looking at the absorption (e.g. X-ray absorption spectroscopy - XAS). At the same time, such

kind of photons induce ionisation and ejection of photo-electron, which are exploited in

Photoemission Electron Spectroscopy.

There are other kind of spectroscopies for investigating matter which exploit other physical

effects to interrogate systems, such as neutron spectroscopy, electron microscopy, velocity map

imaging, collisional spectroscopy. A detailed description of all the spectroscopic techniques

nowadays in use is not among the purposes of this work, but many reviews can provide a

good overview about spectroscopic techniques applied to studies on photoexcited molecular

systems [46, 47, 48, 49]. For what this thesis is concerned, optical absorption spectroscopy and

photoemission spectroscopy are presented and their extension to the time domain is discussed.

These are then adopted to explore relaxation mechanisms of photoexcited molecular systems

in solution previously described.

All these techniques are based on light absorption, whose following discussion is valid for the

excitation process and also for probing.

1Hasan Ibn al-Haytham (965-1040) is among the fathers of the modern optics and of the scientific method.
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2.4.1 Light absorption

Photons, the light quanta associated to the electromagnetic radiation, carry discrete amount

of energy, depending on Plank’s constant h and on the frequency ν associated to its wave:

E = hν

The wavelength (wl - λ) of light radiation is related to its frequency by its propagation velocity

c:

λν= c

Colours identify the radiation frequency of light in the visible range of the electromagnetic

(e.m.) spectrum. Molecules that absorb visible light are called chromophores and they are

typically vividly coloured. This is due to the absorption of photons of some energy and

diffusion of other. This fact shows a selectivity in absorbing light specific of each compound.

Spectroscopically, the absorption spectra show bands at different energies. This, in turns,

establishes the presence of molecular electronic levels whose energy difference is exactly the

absorbed photon energy.

Light-matter interaction must be described taking into account that the energy carried by

each photon is discrete. On the other hand, the amount of light (power of the e.m. radiation)

depends on the number of particles per unit of time. The way light is absorbed by opaque

matter is described, for a linear regime, by Lambert’s Law [50]:

I (λ, l ) = I0e−OD(λ,l ) (2.5)

This formula establishes that the transmitted light I of wavelength λ through a material of

thickness l is proportional to the incident light intensity I0 and exponentially decrease as

a function of the material optical density (OD), or absorbance. Experimentally, this can be

determined as

OD =− log

(
I (λ, l )

I0

)
(2.6)

For a dye solution where the concentration is c and the intrinsic absorption coefficient is ε(λ) -

the molar extinction coefficient -, the OD is given by Beer-Lambert’s Law:

OD = ε(λ)c l (2.7)

The absorbance is proportional to the probability that a single molecule absorbs a photons of

given wavelength.

In the absorption process photons whose energy matches an electronic transition gets ab-
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sorbed by the molecule, which is hence promoted into an excited state.

A precise description of the phenomena taking place between light and molecular systems

requires a quantum-mechanics formulation. A simplified single-electron system, whose

Hamiltonian is H0 = 1

2m
p2, is functional to derive absorption and stimulated emission. The

e.m. field can be described in terms of scalar ad vector potentials (φ and A) and the electron of

the molecular system simplified as a charged particle of mass m. The light-matter interaction

is depicted starting from the hamiltonian of the spinless charge q in an e.m. field:

H = 1

2m

(
p −q A

)2 +qφ (2.8)

where p and A are operators. Exploiting the fact that the hamiltonian has to be Hermitian,

adopting the Coulomb gauge (∇ · A = 0), and for a transverse e.m. field (φ = 0), the (2.8)

becomes (see [51, 52] for a complete discussion):

H(t ) = H0 + e

m
A ·p + e2

2m
A2 (2.9)

The linear regime is plausible for phenomena as absorption, so it is reasonable to assume

A2 ¿ A (weak field regime), therefore:

H(t ) = H0 +Hi nt (t ) = H0 + e

m
A ·p (2.10)

The probability the e.m. field is absorbed and the system is promoted into the excited state is

called transition rate and is derived by solving the time-dependent Schrödinger equation This

describes the evolution of the electronic wave functionsΨ of an atomic (or molecular) system

in presence of e.m. field (A):

i~
∂

∂t
Ψ(r , t ) = [H0 +Hi nt (t )]Ψ(r , t ) (2.11)

Perturbation theory is exploited to find the solution (for a complete derivation, ref. [51]) within

the dipole approximation (k · r ¿ 1) can be invoked.

The absorption process was simplified as light interacting with a two-level electronic system

wereΨi , i = a,b are the eigenfunctions of the unperturbed Hamiltonian H0. The wavefunction

of ground state isΨa , andΨb for the excited state. Therefore, the probability of the photon to

be absorbed is (in the Dirac notation):

| 〈Ψb |Hi nt (t )|Ψa〉 |2 (2.12)

This term is obtained for a simplistic system, whose exact derivation is left to specific text
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books [51], but the results are still valid, in terms of principles, to any molecular system with

the appropriate limitations:

• Einstein coefficients for absorption and stimulated emission are derived from this

formula

• for Ei the electronic level energies and Eph the photon energy, such an integral includes

a term F(Eph −Eb +Ea) that is peaked at zero. This means that the transition has a

relevant probability to happen only if the photon is in resonance with the transition, i.e.

Eph = (Eb −Ea) (energy conservation);

• selection rules, which determine the allowed final states of a transition, are embedded in

the wavefunctions (momenta conservation) and in the vector potential (polarisation).

The solution of the integral (2.12) gives two terms (or transition rates): one for the absorption,

where the system is excited, the second for stimulated emission, where an excited system can

emit a photon coherently with other e.m. radiation perturbing the system (the principle of

maser an laser), both proportional to the light intensity. Remarkably, the third is obtained by

quantum electrodynamics (QED) and describes the spontaneous emission, where the excited

system spontaneously release energy by photon emission (radiative relaxation). This is among

the most captivating molecular phenomenon observed with the naked eye, but a proper QED

description had to wait to be explained (Dirac, 1927 [53]).
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2.5 Principles of photoelectron spectroscopy

Photoelectron Spectroscopy (PES, or more precisely Photoemission Electron Spectroscopy) is

an experimental technique based on ionisation of the sample by means of monochromatic

light of sufficient energy. The photoemitted electrons (photoelectrons) are then collected

the photoelectron yield is measured as a function of the electron kinetic energy. The energy

distribution curves (EDC, also simply called PE spectra) in first approximation reflect the

density of states (DoS) of the system under scrutiny [54].

The technique hence provide a direct probe for the electronic structure of matter, retrieving

the binding energy of electronic levels with no symmetry restriction since ionisation is an

always allowed excitation.

Ultraviolet photoemission spectroscopy (UPS) is a PES approach for a laboratory-based ex-

periments. The photons obtained from a He discharge lamp (hν= 21.2 ev and 40.8 eV) have

enough energy to probe the sample valence band.

UPS studies on gas-phase atoms and molecules provide a wealth of information on bound

electronic states of , whose vibrational structure can be resolved with sufficient energy resolu-

tion [55]. Conformational analysis of molecules have been carried out by means of UPS on

gas-phase, retrieving the orbital band splitting and binding energies, completely determining

molecular structure [56].

Solid-state samples have extensively been object of angle-resolved photoemission spec-

troscopy (ARPES) [54].

X-ray sources have been adopted to perform PES on inner-shell electronic levels, whose bind-

ing energies are characteristic for each atomic species. The natural application to chemical

analysis explains how the technique is also known as ESCA (electron spectroscopy for chemical

analysis), one of the most powerful tools to study experimentally charge transfers in chemistry

[57]. The so-called chemical shift of core-level binding energies reflect the charge distribution

of the neutral molecule [58]. Because of its elemental selectivity, it allows identification of

atomic species, determination of the oxidation state and moreover insights into nature and

involved species of chemical bonds [57].

The focus of this thesis is liquid-phase PES.

Liquid-phase PES was first introduced as an ESCA extension in 1984 by the Nobel prize winner

Hans Siegbahn [59], one of the pioneers of PES [57]. At its beginning the technique was limited

to low-vapour pressure liquids, and only in 1997 the liquid micro jet technique was introduced

By Faubel [60]. Thanks to this, scientists were finally able to apply PES to a broad range of

liquid samples.

The basics of PES are hereafter introduced and the micro jet technique is presented in Section
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2.5.1 The extension of liquid-phase PES to the time domain is then thoroughly described as

the experimental method adopted within this work in Section 2.5.2.

2.5.1 Theoretical concepts of photoemission from molecules

Photoemission is the electron ejection process upon ionisation, and can be stimulated by

photon absorption (cfr. Section 2.4.1). In a quantum-mechanics picture, the electronic

transition occurs between the electron bound state to a continuum of states. The final-state

electron can often be regarded as free. The excess energy from ionisation is the kinetic

energy of the free electron, which can travel away from the parent system and, in the case of

condensed matter, escape from the surface. Photoemission is at the base of the photoelectric

effect.

In photoelectron spectroscopy the kinetic energy (Ek ) of photoemitted electrons is measured.

This is generally achieved by means of an electron energy analysers. An example of such

analyser, or electron spectrometers, is the time-of-flight (ToF) electron analyser, adopted for

the studies in this work. ToF are only used in combination with pulsed ionising light source

because the Ek spectrum is retrieved by measuring the photoelectron arrival time on the

detector.

Binding energy and Koopmans’ approximation

For photons of energy hν, a clear relationship exists between the ionisation potential Ip of

electronic orbitals and the measured photoelectron kinetic energy Ek . This comes from the

energy conservation relation during photoionisation:

Ip = Ek −hν (2.13)

This is valid if the photoelectron propagation from the sample is not perturbed. Interaction

with electric and e.m. fields can be shielded by means of a Faraday cage, whereas for magnetic

field shielding (Lorentz’s force deviates photoelecron trajectories) a solid µ-metal screen is

required. The analyser is indeed made of this material. Moreover, electrons arrive unper-

turbed to the detector if their mean free path is longer than the sample-detector distance. To

dramatically reduce the collision probability with gas molecules and ions, their density has to

be extremely low, therefore high-vacuum conditions are required (pressure P< 10−7mbar ).

Great information can be extracted from PES measurements if the electronic orbital binding

energy from where the photoelectron was extracted can be retrieved. Under Koopmans’
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approximation [55], ionisation potential and binding energy can be related as follows:

EB =−Ip = hν−Ek (2.14)

This simple approximation neglects correlation energy between electrons, as well as the

multiplicities of lines in the ionisation from open-shell molecules [55]. These terms give small

deviations and fine level splitting that, within the experimental resolution of the experiments

here presented (∼ 0.2 eV), cannot be distinguished.

Corrections to this equation should include the reorganization energy of the ionised molecule,

whereas the chemical shift is already reflected in the measured EB under Koopmans’ approxi-

mation [58].

As photoionisation is a sub-fs process, the transition is faster than any nuclear rearrangement

and in a potential curve scheme it is outlined as vertical, with no displacement along the

normal coordinate. From the ground state and according with the FC factors, the ionic state

vibrational progression can be observed in PE spectra, as in Figure 2.5. The three bands there

reported correspond to gas-phase water orbitals, and the alignment of the potential energy

surface of each electronic state with respect to the ionic state gives different band shape

according to the FC factors of each transition.

There are also two different definition of binding energy which have to be discussed. The

vertical binding energy (VBE), is the difference in energy for a diabatic transition from the

ground state to the ionic state. This is what PES can probe. The adiabatic binding energy (ABE)

is the energy difference between the minima of the potential energy surface of ground and

ionic state. In a PE spectrum where the vibrational progression is resolved, the VBE is the most

intense peak (e.g. orbital 1b1 Figure 2.5). This is usually larger than ABE if the equilibrium

position of the two states are not aligned.

Rotational transitions also take place during ionisation, but the required resolution in terms

of monochromatisation and detection to observe lines spaced of ∼ 1 meV is about two orders

of magnitude greater than what the experiments here reported can aim for.

Photoemission cross-section

Photoemission has a probability to happen related to the photoionisation cross-section σ(E),

which is a function of the incident photon energy non-null above the ionisation threshold.

Moreover, for polarised light, it displays an anisotropy due to energy and momentum conser-

vation throughout the ionisation process. In gas-phase systems the differential photoemission
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Figure 2.5 – PE spectrum of gas-phase water where the vibrational structure of the ionic state is resolved,
for the first time using the HARMONIUM source. From [61]

cross section is [62]
dσ(E)

dΩ
=

(
σ(E)

4π

)
·
[

1+ β(E)

2
(3cos2(θ)−1)

]
(2.15)

where Ω is the solid angle, σ(E) is the total photoionisation cross-section , θ is the angle

between the light polarisation axis and the detection axis, andβ(E ) is the anisotropy parameter

(β(E) ∈ [−2,1], see Figure 2.6). Being a probability distribution, is defined as positive. The

analytical formula for the parameter β(E) can be found in reference [62]. This is a function of

the angular-momentum quantum number l and the main variation is observed for electrons

from orbitals with different angular momentum. For spherical orbitals the parameter value is

2. The photoelectron angular distribution for different values of β(E) is shown in Figure 2.6.

We can observe that for detection axis parallel to the polarisation (i.e. θ = 0), the differential

photoemission cross section (2.15) becomes

dσ(E)

dΩ
=

(
σ(E)

4π

)
· [1+β(E)

]
(2.16)

therefore the collection efficiency is maximised for any orbital with β(E) > 0 (cfr. Figure 2.6).

Moreover, for θ = 54.73◦, the so-called magic angle, the angular dependence is cancelled and

the photoionisation cross section, for a given photon energy, has the same parameter β(E ) for

any orbital.

The total photoionisation cross-section σ(E) has an important dependence on the ionising

photon energy. This variation is usually larger at the ionisation threshold and it can vary of
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Figure 2.6 – Angular distribution of photoelectrons for specific values of the anisotropy parameter β(E )
when linear polarized light is used. From [10]

some order of magnitude at specific photon energy (e.g. at Cooper’s minimum [62]). This is an

important experimental parameter to take into account when selecting the photon energy

for PES. The theory of photoionisation cross-section is rather involved already for isolated

atoms [63]. As a rule of thumb, each element displays a trend which in molecules is not much

dissimilar to the ionisation cross section of the lone atom, at least for closed-shell electrons.

Experimental photoionisation cross-section tables are available [64] and provide a reasonable

information on the expected PE signal amplitude in PES experiments. In this perspective,

HARMONIUM tuneability allows the experimentalist to use the optimal photon energy for

the electronic states under scrutiny. An example of the dramatic change on the PE signal at

different photon energies is given about iodine 4d orbitals.

2.5.2 Photoelectron spectroscopy of liquids

Solid and gas-phase samples have been object of many PES studies since the onset of the

technique and the interest in extending this approach to liquid samples was examined in

Section 2.1.1. From the discussion of the theoretical concepts in Section 2.5.1, it was shown

that a high-vacuum environment (pressure P< 10−8 mbar) is required to avoid photoelectrons

to be perturbed, such that the carried information on the system can be reliably recorded.

Electric and magnetic fields, such as the Earth’s magnetic field, are screened by a µ-metal

electron analyser, and the low pressure avoid collisions with spare gas molecules.

Low vapour-pressure liquids were the first being studied by means of PES because these
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conditions could still be satisfied [8], and some sample delivery systems were tested [59] with

the aim of extending ESCA studies to the liquid phase. The precise determination of the liquid

water ionisation threshold was possible from PE yield measurements in 1981 [65], but no

complete PE spectra could yet be collected.

The idea of ultra-thin liquid jets in vacuum was first introduced by Faubel in 1989 [66], who

also applied it to PES studies in 1997 reporting the first PE spectra of liquid water, methanol,

ethanol, and other alcohols [60]. Photoelectron spectroscopy could then be applied to liquid

samples and solution, paving the way to studies of the energetic of liquid species, solvation,

liquid interfaces, and to the time-resolved studies later described.

Surface sensitivity

PES probing depth in condensed-phase samples is limited by the escape depth of the photo-

electrons. The probability that a electron with kinetic energy Ek from a photoionised atom

collides before leaving the sample surface can be quantified by the inelastic mean free path

(IMFP) and by the electron attenuation length (EAL). Even though the two quantities are

closely related, some differences arise when considering the elastic collisions an electron

can experience during the propagation towards the escape surface. IMFP can in some cases

overestimate the effective escape depth up to 30% [67]. The EAL is then suggested as a more

realistic value to reproduce the trend of the effective probe depth as a function of the electron

Ek , also called "universal curve" (red trace in Figure 2.7). In a recent study the photoelectron

escape depth was measured for liquid samples, and the result is reported in blue in Figure 2.7

[68]. For energied between 10 and 100 eV, the EAL is of the order of some nm, where is almost

flat.

A detailed description of the geometry of photoemission from cylindrical liquid jet is reported

by Winter [69].

2.5.3 Time-Resolved photoelectron spectroscopy

A pump-probe scheme is adopted, as discussed for the case of TA in Section 3.5, therefore the

need of ultrashort pulses of ionising radiation.

Pulsed light sources whose energy is suitable for time-resolved PES probe are here described.

Synchrotron facilities, widely employed for PES, were upgraded using the so-called slicing

scheme to generate X-ray pulses of few hundreds fs [71], but the photon flux was limited to

106 per second [72]. Free electron lasers (FEL) are new instruments that can provide bright

femtosecond pulses from 20 eV [73] to hard X-rays [74] with great flux (1010 to 1016 photons

per second). The downside of using these sources is the scant availability per single user.
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Figure 2.7 – Universal curve of photoelectron probe depth. Red trace from ref. [70], blue curve for liquid
water from [68].

Table-top light sources in the vacuum-ultraviolet (VUV) range, which spans from 10 to about

100 eV, can be a reasonable alternative for PES experiments in the valence-band region and

to the first inner-shell electrons. High-order harmonic generation is exploited to produce

ultrashort pulses in the VUV range with a suitable fluence for photoemission. HARMONIUM

setup, used for the experiments here reported and described in the next Chapter, provides

ultrashort (<40 fs) light pulses from 15 to 120 eV . PES with these photon energy can explore

the valence band and the first inner-shell electrons.

Core-level and valence PES provide distinct information about the sample. Chemical bonds

involve electronic orbitals of open shells, therefore in the valence band. In this EB region span-

ning from the ionisation threshold to some dozen of eV, molecular orbitals can be measured

and their character observed. The oxidation state of mostly-atomic character orbitals can be

identified by PES experiments. A natural objective of tr-LPES is to study photoinduced redox

reaction.

Core electrons have wavefunctions that are more localised around the nuclei and are usually

not taking part into chemical bonds, but their energetics reflect the charge distribution of the

molecule, exploited in ESCA studies. Therefore, photoinduced modifications of the molecular

chemical structure is expected to be observed in the time-resolved PE spectrum of core levels.

24



3 Experimental techniques

Time-resolved photoelectron Spectroscopy (tr-PES) on liquid samples is capable of probing

both the occupied and unoccupied electronic structure of molecules in solution without

the constrains imposed by selection rules and the limited probing energy window of optical

spectroscopies. Upon photoexcitation, the transient electronic structure is probed, giving

insights into the excited states and the undergoing inter- and intra-molecular relaxation

processes, potentially involving structural dynamics.

This kind of experiments need a suitable ultrafast radiation source. Among others presented

in Table 3.1, a laboratory-based photon source has been developed at EPFL, within the LACUS

framework [75], to explore electronic states of EB < 100 eV. The HARMONIUM beamline is a

table-top tuneable ultrafast light source in the VUV range designed to perform photoelectron

spectroscopy experiments [61, 76, 77]. To perform the experiments shown in this thesis, partic-

ular care had to be dedicated to further increase the stability of the source and the repeatability

and signal quality of tr-PES spectra. The liquid-phase photoemission experimental chamber,

described in Section 3.2 has been improved to allow for longer consecutive measurement

times, and a reliable experimental protocol was developed to perform tr-PES experiments

on several solutions. Novel PE spectra of solvents and solutions are reported in Chapter 4.

Moreover, ultrafast intramolecular electron transfer of a solvated ferrioxalate coordination

complex is reported in Chapter 5.

3.1 HARMONIUM: a facility for ultrafast spectroscopies

The generation of ultrashort VUV light pulses is based on high-order harmonics generation

(HHG). A Ti:sapphire regenerative amplifier provides both the driving light pulse for HHG

and the pump pulse to excite the sample in a pump-probe scheme. The VUV radiation is

monochromatised and exploited for different kind of experiments performed in up to three
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Figure 3.1 – The HARMONIUM beamline

separate end-stations. In particular, the liquid-phase tr-PES setup object of this thesis [77].

A high-vacuum environment is required for both PES and VUV beam transport, due to the

short propagation distance of both photoelectrons and photons in this energy range. The

beamline consists of five vacuum chambers, as depicted in Figure 3.1. A interlocked control

system monitors the vacuum and protects the sensible photoelectron spectrometer and VUV

optics from sudden vacuum losses and from crashes of the liquid µ-jet.

The main specification of the HARMONIUM light source can be summarized in these points:

• tuneable repetition rate (5 to 15 kHz)

• tuneable monochromatised ultrashort light pulses from 12 to 120 eV

• Good time (. 90 fs) and energy (. 0.15 eV) resolution

• high photon flux at the end station (up to 1011 photons/s)

This is made possible by a time-preserving monochromator, equipped with four gratings for

covering the whole energy range with high transmission [61].

HHG as a ultrashort VUV light source

HHG is a laser-induced nonlinear phenomenon which is extensively applied as a table-top

source of photons in the VUV and soft X-rays range [78, 79, 80]. This process takes place in

atomic gases illuminated by the strong electric field of a focussed ultrashort laser pulses and

results in the coherent emission of high-order harmonics of the fundamental laser frequency.

The generated high-energy photons pulses are synchronized to the driving source, have

a shorter pulse duration and co-propagate with the laser beam, retaining a good spatial
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3.1. HARMONIUM: a facility for ultrafast spectroscopies

mode, ideal for focusing on the liquid µ-jet. The process can be intuitively explained by

the so-called three-step model (Figure 3.2). The high-intensity electric field of femtosecond

pulses can bend the atomic potential and under this condition bound electrons have a non-

negligible probability to escape via tunnelling. After such a ionisation process (step 1), the

free electron gain energy in the light electric field. During an electric-field half-cycle, the

electron is first accelerated away from the parent ion, until the field is inverted and backward

acceleration occurs (step 2). The third step is the recombination with the parent ion, which is

a accompanied by the release of a photon carrying the excess energy gained by the electron in

step 2.

Figure 3.2 – Three-step model describes the steps in HHG.

To quantify the strength of the electric field, relative to atomic parameters, it is customary to

define dimensionless Keldysh’s parameter γ=√
Ip /(2Up ) [81], where Ip is the gas ionisation

potential and Up the ponderomotive potential. The latter is proportional to the square of the

electric field amplitude E0 and to the inverse of the squared pulse frequency

Up = e2E 2
0

4meω2 (3.1)

The tunnel ionization at the base of HHG becomes more efficient than conventional multi-

photon ionisation when γ exceeds unity. Laser fluences of about 1014 W/cm2 [78] are needed

to achieve HHG with enough flux for PES experiment, given that HHG conversion efficiency is

typically lower than 10−5 [82]. The maximum attainable energy from HHG (cutoff energy) can

be estimated from the ponderomotive potential and the ionization potential [83]:

Ec = Ip +3.2 ·Up = Ip [eV ]+3.1 ·10−13 · Il aser

[
W

cm2

]
·λ2

l aser [µm2] (3.2)

In the right-hand side of the equation, the cutoff-energy in experimentally-convenient units,

expressing the ionisation potential Ip in eV, the laser fluence Il aser in W/cm2, and the wave-
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length λ in µm. Equation (3.2) shows that the cutoff can be extended to generate higher

photon energies in three ways. The easiest is to use a different noble gases. The lighter the ele-

ment, the higher the Ip , so for example Ar Ip = 15.76 eV, Ne Ip = 24.56 eV. On the other hand, the

ionisation cross section is lower for lower atomic number, so the HHG flux typically lower for

lighter gases. The second method is to increase the driving-field wavelength, however in this

case the recombination probability is smaller, resulting in lower HHG flux. The third chance is

to increase the driving field power to rise Up , however this is limited by the detrimental effects

of the laser-generated plasma in the gas. A detailed explanation of HHG theory can be found

in ref. [84].

The laser system

The HHG driving field in HARMONIUM is at the fundamental frequency of a Ti:sapphire laser

amplifier, close to 790 nm. The laser system consists of a cryo-cooled regenerative amplifier

(KM Wyvern 1000) pumped by a multi-mode frequency-doubled Q-switched Nd:YAG laser and

seeded by a broadband Ti:sapphire mode-locked oscillator. To improve the system stability,

during this thesis the system was upgraded compared to the original setup, described in the

work of Ojeda [76]. The original seed oscillator was replaced by a turn-key system (Coherent

VITARA) operating at 80 MHz of repetition rate. A power of 500 mW is used to seed the cryo-

cooled regenerative amplifier, with a spectrum that is 80 nm wide around 795 nm wl.

The pump laser of the amplifier was also replaced by a new model (PI DM100-532) with a

power up to 100 W, used to generate the population inversion in the laser crystal, resulting in

long-term stable operation of the regenerative amplifier with more than 10 W of compressed

output at 6 kHz of repetition rate and 50 fs pulse duration.

The amplifier has an adjustable stretcher and compressor to optimise the pulse compression:

to enable independent tuning of the compression of pump and probe pulses, a second grating

compressor was installed in the system. An important feature of the cryogenically cooled

amplifier is the option to easily change the repetition rate and pulse energy to match the

desired experimental conditions. For HHG in Ne gas with hν> 60 eV, for which high Up are

required, it was found experimentally that at least 1.5 mJ 650 fs pulses are needed at the

entrance of the HHG vacuum chamber. This energy was achieved at the lowest repetition rate

of 6 kHz. Generation of lower photon energies in Ar requires smaller fluencies and higher

repetitions rates could be achieved providing faster experimental acquisition times.

High harmonic generation and optimisation

The amplified IR beam is linearly polarized and enters the vacuum chamber through a BBAR

coated fused-silica window, after a λ/2 waveplate, which can be used to control the polariza-
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3.1. HARMONIUM: a facility for ultrafast spectroscopies

Figure 3.3 – Neon HHG spectrum in HARMONIUM upon monochromatisation by means of two
different gratings, whose energy-dependent transmission clearly modulates the HHG spectrum. s-
polarised 800 nm driving-laser-pulse parameters reported in the legend. The cutoff is given by the
different fluencies.

tion of the VUV high-harmonic because HHG radiation retains the driving beam polarization.

A 400 mm-focal length spherical dielectric mirror is used to focus the laser (∼ 100µm FWHM)

on the gas. The gas target consists of a stainless-steel cylinder with two machine-drilled 0.5

mm-diameter apertures transversal to the cylinder axis through which the beam is transmit-

ted. The first end of the cylinder is connected to a gas line, while the second end is capped.

The gas pressure is regulated by a needle valve outside the chamber. It was found that a 4

mm-diameter provides good experimental conditions for HHG in both Ar and Ne. The gas

target is mounted on a rotational stage to align the hole axis on the beam path. A motorised

linear stage can be used to displace the target along the beam axis. The whole assembly is held

by a 3-axis manipulator manually controlled for the alignment.

The exhausted gas is collected by the 1000 l/s turbomolecular pump of the HHG chamber and

a metallic tube with 3 mm-diameter orifice acts as differential pumping by separating this

chamber from the rest of the beamline. During operation, the pressure in the HHG chamber is

about 2·10−3 mbar for Ar, and 6 8 ·10−3 for Ne. Argon was used for HHG up to ∼60 eV, whereas

Neon for photon energies up to 120 eV (Figure 3.3). The monochromator grating has to be

selected in terms of transmission and the combined energy and time resolution, as reported

in Figure 3.4

Due to inversion symmetry, only odd harmonics of the fundamental driving field are gener-

ated in noble gases, as discussed in ref. [85]. The flux of the harmonics is measured with a

photodiode after the monochromator and optimised to achieve phase-matching at the desired
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Figure 3.4 – Temporal and energy response of the HARMONIUM monochromator. The characteristics
are shown in different colours for each of the four grating. Along the two vertical axis time resolution
and energy dispersion are reported. From [61].

VUV wavelength [86]. This is done by adjusting an iris before the HHG chamber, used to finely

modulate the IR intensity. The position of the gas target along the beam axis is also optimized,

as well as the gas pressure.

Time-preserving monochromatisation

As the VUV radiation consists of several harmonics copropagating with the fundamental beam,

a suitable monochromator is needed to select a single harmonic for PES [87, 88, 89, 90, 91, 92,

93]. To achieve energy tunability and good transmission in the VUV, a grating spectrometer

operating at grazing incidence was designed for the beamline. As the pulse duration is a critical

parameter for the experiments, important consideration has to be placed in minimizing the

temporal pulse distortion induced by the gratings [93]. First-order diffracted pulses suffer of a

delay of one wl for rays from two adjacent grooves, resulting in a pulse-front tilt which depends

on the number of illuminated grooves. The groove density σ is also decisive parameter for the

quality of monochromatisation, which improves with increasing σ.

A suitable trade-off, enabling to select a single harmonic while minimizing the temporal

broadening, can be achieved adopting an off-plane mounting geometry for the grating [88, 61]

In this geometry, the grooves are parallel to the beam propagation plane, such that incident

and diffracted wave vectors are almost parallel to the grooves. The grazing-incidence beam

spot on the grating forms an elliptical spot, whose major axis is along the grooves direction,

minimizing the number of illuminated grooves, thereby minimizing the temporal broadening

of the VUV pulse.
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The HHG point source can be considered as the entrance slit of the monochromator. The

monochromator consists of a toroidal mirror, which recollimates the HHG radiation and

reflects it to the grating. The grating is rotated around its axis to select a specific harmonic.

Finally, a second toroidal mirror refocus the diffracted beam on an exit slit. The exit slit can be

regulated to optimise energy resolution and VUV flux.

Several gratings are mounted on a linear translation stage to cover different energy ranges

with different time-energy resolution combinations. Gratings parameters are summarised in

Figure 3.4, where calculated and measured time resolution are reported.

After the exit slit, the VUV beam propagates uncollimated towards the end-station. The

radiation can be routed to the different end-stations by inserting grazing-incidence flat mirrors

in the beam path. The monochromator provides monochromatised VUV light pulses with

tunable energy and temporal resolution across the whole HHG spectrum, with the possibility

to achieve ∆E = down to 0.12 eV and ∆t = 40 fs. Considering the cross-correlation with a ∼ 50

fs pump pulse, an experimental temporal resolution in pump probe experiments better than

90 fs was achieved. These parameters are a good trade-off for time-resolved PES experiments

observing photoinduced phenomena at the fs time scale. Moreover, the tuneability of this

ultrafast light source can be exploited to maximize the photoemission cross-section.

Other ultrafast VUV light sources

VUV and XUV (extremely ultraviolet) radiation has been generated by synchrotrons until HHG

and later free-electron lasers (FELs) were developed. The fact that HARMONIUM is based on

HHG makes possible to have a table-top ultrafast VUV light source which can compete with

FELs in terms of repetition rate and fluence. In Table 3.1 technical parameters of the main

currently-available light sources of ultrashort VUV pulses are listed.

Table 3.1 – Comparison of experimental parameters of VUV-XUV light sources similar to HARMONIUM.

Energy wl rep. rate photons/pulse Focal spot Pulse
FACILITY [eV] [nm] [kHz] at target [µm] length [fs] Pol.

HARMONIUM @ EPFL 15-110 11-85 5 - 15 2 ·1011 @ 36 eV ∼30 ∼40 linear
1,5 ·108 @ 100 eV

FERMI @ ELETTRA - FEL1 15-100 12,5-85 0,01 4 ·1012 @ 50 eV ∼30 ∼50 lin.+circ.
FERMI @ ELETTRA - FEL2 60-300 4-20 0,01 3 ·1011 @ 125 eV ∼4 ∼20 lin.+circ.

3 ·1010 @ 250 eV

FLASH @ DESY - Flash2 14-310 4-90 0,01 8 ·1013 @ 20 eV ∼10 10-300 /
2 ·1011 @ 250 eV

ATHOS @ SLS - commis. 250-1900 0,65-5 0,1 1,2 ·1014 @ 250 eV / ∼20 lin.+circ.
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3.2 Time resolved photoelectron spectroscopy on liquids

Liquid-phase PES experiments (LPES) are carried out in the dedicated end-station, outlined in

Figure 3.5. This comprises of an ellipsoidal mirror to focus the VUV on the liquid µ-jet and of a

time-of-flight (ToF) electron spectrometer, which sits on the plane of the VUV and orthogonal

to the liquid stream. Photoelectrons are detected by a multi-channel plate at the end of the

ToF drift tube. The liquid sample is excited by means of the pump beam, which enters in the

ellipsoidal-mirror chamber through a window and hits the jet in an almost collinear geometry

with the VUV. A composite pumping system evacuates the experimental vacuum chamber, the

time-of-flight analyser and an liquid debris extraction system beneath the µ-jet.

3.2.1 Experimental end-station

Photoemission takes place in the so-called interaction region where the VUV beam impinges

the sample. The experimental configuration is illustrated in Figure 3.5. The interaction region

is defined as intersection between the beam axis and the liquid µ-jet axis. The photoelecton

spectrometer axis has to be perfectly overlapped to the interaction point, which is 0.5 mm

away from the spectrometer entrance. The VUV spot is aligned to the spectrometer entrance

by adjusting the motorized ellipsoidal focusing mirror. Finally, the jet position is adjusted to

optimise the PE counts arising from the liquid phase.

Given the typical jet diameter of ∼10-20 µm , a similar probing focal spot size is desired to

maximise the contrast between liquid-phase PES compared to gas-phase signal, which is also

ionised by the VUV photons before and around the µ-jet.

Upon monochromatisation, the VUV beam is focussed on the exit slit plane and, with a 1:1

imaging magnification, such that the spot size has the same dimensions at the exit plane as at

the HHG plane. The ellipsoidal mirror (Zeiss) was designed to have a 4:1 de-magnification

ratio, such that the focal spot FWHM is comparable to the µ-jet diameter. The mirror has a Ag

coating and dimensions of 126 x 30 x 25 mm3, a clear aperture = 116.20 mm2, major semi-axis

= 1250 mm and minor semi-axis = 104.5 mm, off-axis position = 752.6 mm. The mirror is

placed at a distance of 2000 mm from the slit and 500 mm from the µ-jet. The alignment is

controlled by a high-spatial resolution mount with 6 degrees of freedom (SpaceFab, PI Micos).

An aberration-free focal spot on the µ-jet plane is achieved by optimising the ellipsoidal

position observing laser fundamental beam reflected by the grating at the 0th order on a beam

profiler. The measured IR spot size of ∼40x40 µm2 FWHM is likely an overestimation of the

effective VUV focal spot, due to the shorter wavelength and lower divergence of the VUV beam.

A YAG:Ce crystal (scintillator 10x10x1 mm3 from Crytur) is used to visualise the beam during

alignment of the VUV in front of the photoelectron spectrometer entrance. The scintillator
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3.2. Time resolved photoelectron spectroscopy on liquids

Figure 3.5 – Outline of the experimental end-station for PES on liquids. The VUV beam (magenta) from
the monochromator is focussed by the ellipsoidal mirror on the µ-jet (blue) and the pump beam (red)
overlaps onto the VUV spot almost collinearly. The spectrometer skimmer entrance (triangular tip)
closely collects photoelectrons, which fly in the shielded drift tube until the detection by means of the
MCP (orange). Grey circles are the traps for cryogenic pumping. In light grey turbomolecular pumps.

is mounted on a vertical manipulator which can be retracted after alignment and is imaged

by an on-axis CCD with microscope objective. Another external camera on the side view

(spectrometer axis) is used to control the µ-jet alignment on the entrance plane.

The photoelectron spectrometer is a time-of-flight (ToF) electron analyser whose entrance

consists of a 200 µm-diameter orifice at the tip of a conical skimmer, better described in

Section 3.2.3. This acts as differential pumping barrier from the vapour coming from the jet.

The drift tube is made in µ-metal to minimise external magnetic fields and is enclosed in a

high-vacuum chamber pumped by two 300 L/s turbomolecular pumps to keep the pressure

below 10−7 mbar. Photoelectrons propagate across the drift tube (Figure 3.5) and are detected

by means of a micro-channel plate (MCP, orange in the outline). The electron arrival time is

recorded by a dedicated acquisition card.

The end-station vacuum chamber is evacuated by a 1000 L/s turbomolecular pump and by two

cylindrical cryogenic traps filled with liquid nitrogen (LN2). The latter consists of sand-blasted

surfaces with a total are of about 900 cm2, which is traduced in an effective pumping speed for

water of ∼ 3 ·104 L/s [76], contributing to reduce the pressure of an order of magnitude from

the 10−3 mbar pressure achieved by the turbo pump alone. A liquid debris collecting system is
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positioned under the µ-jet below the interaction point to avoid continuous evaporation after

the stream has passed the interaction region. Either a cryogenic collector or an extraction

catcher are adopted for this purpose. The former freezes the liquid downstream, which is then

extracted at the end of the experiment, whereas the latter continuously pumps out the liquid

sample (more details in Section 3.3.2).

3.2.2 The liquid micro jet technique

In liquid-phase PES, a high density of vapour molecules around the liquid sample has to be

avoid for three main reasons. Firstly, the kinetic energy distribution of photoelectrons from

liquid phase can be modified by inelastic collisions, affecting the PE spectrum. Secondly,

scattered photoelectrons are not detected, affecting the PE yield. Thirdly, gas-phase molecules

are also ionised, creating an important PE signal that overlaps to the liquid phase one.

The liquid micro jet technique developed by Faubel and co-workers [60] accomplishes the

needs for a correct photoelectron detection, which are:

1. collisionless propagation of photoelectrons

2. homogeneous and stable surface for photoemission (i.e. laminar flow)

3. continuous sample refresh to avoid sample damaging

All of them were achieved with a micrometer-diameter liquid stream at high speed, the liquid

micro jet (µ-jet). The liquid is injected in vacuum through a nozzle of 10 to 50 µm-diameter

with enough velocity to generate a laminar flow region, which ensure a homogeneous surface

for photoemission. Ionising elsewhere on the jet stream is unfavourable for PES.

The laminar flow is a regime of fluid dynamics related to some intrinsic liquid properties

and piping system. These are summarized in the definition of Reynolds’ number Re and the

laminar flow is achieved when Re <2000 [94]:

Re = ρνd

η
(3.3)

where ρ,ν and η are respectively density, speed and dynamic viscosity of the liquid, whereas d

is the jet diameter.

Operatively, for water or aqueous solutions where the density is not much different from the

pure solvent, for flow rate f between 0.2 and 1 ml/min and d ∈ [10,30]µm, the laminar flow

regime is achieved [60].

Theµ-jet stream preserves such a regime only for a short path after the orifice, then turbulences
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make the flow unstable. Further, the µ-jet breaks into droplets becoming visually opaque.

Half-way between this point and the nozzle orifice, is about where the flow regime becomes

turbulent. Photoemission has then to take place before this point of the µ-jet.

Small µ-jet diameters minimise the exposed stream surface to vacuum, reducing the vapour

released from the liquid sample. Moreover, an evaporation neutralisation system is needed

to stop liquid debris to evaporate in vacuum. The experimental chamber with the vacuum

equipment is further described in Section 3.2.

Collisions along photoelectrons propagation towards the detector are minimised if the evapo-

rated solvent molecules have a density low enough such that their trajectories cross the least

PE paths. The jet size d has to be comparable to or smaller than the mean free path λ of vapour

molecules to satisfy the Knudsen for effusive flow from a molecular beam source [95]. The

mean free path, in turns, depends on the vapour density, directly proportional to the pressure.

The pressure around the µ-jet surface has a cylindrical symmetry and thus P (r ) ∝ 1/r , and λ

has the same radial dependence. Therefore at a certain distance, which depends on the jet

size, the evaporation rate and on the base pressure of the experimental chamber, the regime

changes from diffusive to effusive (for a detailed discussion, see [10]).

For water at room temperature, the mean free path length λ is ∼ 3µm, so smaller diameters are

in principle required to satisfy condition 1) at the jet surface. Jet smaller than 10 µm are both

difficult to produce and hard to keep clear of clogging particles. A strategy to overcome that is

to use small skimmer at the analyser entrance (differential pumping) such that the vapour

source inside the analyser is seen as a point, therefore the pressure (and λ) radial dependence

is ∝ 1/r . Therefore an effusive regime can be achieved inside the analyser with an efficient

pumping system and for small skimmer aperture, and PE spectra can be detected without

significant scattering losses [96].

High speed of the liquid µ-jet (usually about 20 m/s at the stream centre) are conditions

that also ensure a continuous sample refresh. This condition is needed to have fresh sample

at each light pulse because the previous laser shot can damage the sample. Moreover, for

time-resolved experiment, the dynamics has to be initiated from an electronically steady-state

sample, so the need of fresh sample per each laser shot.

The micro jet

The liquidµ-jet is generated by means of converging quartz nozzles. The sample flows from the

1 mm-diameter entrance to the micrometric orifice where the cylindrical jet is produced. The

nozzle is fixed on a stainless-steel (316L) mount and sealed by a gasket made of PCTFE. The

whole ∼ 10 cm assembly is light enough to be manipulated by three piezoelectric actuators.
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Figure 3.6 – Section perpendicular to the µ-jet axis to show how the skimmer differential pumping
generates afterwards an effusive regime. I liquid µ-jet ; II zone where vapour gas λ∼ r ; III inside the
analyser, after the skimmer, where λ> r . From [95]

The liquid is supplied to the mount back side through plastic tubing made of PEEK with 1/16”

outer diameter and connected by standard finger-tight fittings for liquid chromatography. The

mount has a customised housing for this connection. A continuous and homogeneous liquid

flux is provided by a high-performance liquid chromatography (HPLC) pump, which supplies

a constant flow rate with a precision of tenths of mL/minute at up to hundreds of bars of

pressure. The stability of the flow rate, and hence of the µ-jet, comes from the HPLC pump

pulse dumper, which mitigates the drop of pressure at the piston motion inversion. The liquid

circuit must be free of bubbles to properly perform and avoid turbulences. The nozzle surface

close to the orifice has to be flat, as the µ-jet is easily deflected by any irregularity, affecting the

alignment for LPES. Nozzles were purchased from Microliquids GmbH or fabricated in-house

by cutting a stretched capillary and cut before the inner diameter converges to zero. The

orifice diameter of nozzles produced with such a procedure was inferred from pressure and

flow rate of pure water. It was found that this simple method has little uncertainty ( ∼ 2µm) in

determining the nozzle diameter.

The liquid flows from the HPLC pump to the nozzle through an inline solvent-compatible

frit-filter of 2µm-porosity installed on a cylindrical support just before the feed-through

vacuum flange. The nozzle mount is installed on a remotely-controlled 3D-motorised stage

(SmarAct GmbH, model SLC-1720-S-HV) to align with micrometric precision theµ-jet onto the

interaction area. This assembly is installed on a motorized linear translation stage (Thorlabs

25mm) to horizontally displace the mount when the scintillator crystal is used for beam

alignment. The µ-jet assembly is anchored on the optical breadboard inside the experimental
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chamber. The breadboard is fixed on the underlying optical laser table and decoupled from the

vibration form vacuum pumps: with such an upgrade, the long-term overlap stability with the

VUV beam was greatly improved. In this design however, the spectrometer is still connected

to the chamber frame, whose random drifts entails repeating the alignment procedure.

To minimise the evaporation of the liquid debris and reduce the overall pressure in the ex-

perimental chamber, two solutions can be adopted. The first consists in a cryo-cooled tube

which collects the liquid below the interaction region and freezes it. The second option is a

liquid extraction system which consists of a catcher connected to a pumping system. The

liquid extraction system will be described in Section 3.3.2. This system is designed to extract

and eventually recirculate the liquid, reducing both the required sample volume and the

pressure in the chamber. Given the little catcher aperture, any µ-jet misalignment becomes

more critical in this case. The first option, conversely, is less sensitive to µ-jet tilt or trajectory

perturbations, but on the other hand, the frozen sample (especially aqueous solutions) can

build up in columns and reach the interaction point. In this configuration, a small jet diameter

was found to be quite effective in minimising the column formation, and experiments could

be run for dozens of hours. The cryogenic collector was used in all the measurements reported

in this thesis. A recirculation system was also developed and tested for future experiments on

scarce samples.

Electrokinetic charging

is an effect related to liquids flowing at high speed in thin orifices. Known as triboelectric

effect, it appears as a charging of the µ-jet [97, 98]. This was explained as the dissociation

by water molecules of silanol groups (for silica nozzle) or metal oxides (if metallic) at the

nozzle surface. This results in a net charge in the jet after leaving the nozzle, which generates

a streaming potential. A variably charged sample in PES is a dramatic problem because that

affects the PE detection so much that can be also hindered by the huge electrostatic potential

(hundreds of volts [97, 98]) resulting from a charged jet and the analyser.

The effect is present in pure solvents, generally not conductive for lack of ions, and can

be counterbalanced by dissolving small concentrations (. 20 mM) of ionic salts, such that

the charges carried by the jet is mostly counter-balanced. The effect is further enhanced

by large jet diameters and low flow rates [10]. Thereby further motivating the adoption of

smaller-diameter nozzles.

A drawback to the use of a thin jet is that to have a good liquid/gas contrast in the PE spec-

trum, the focal spot of the ionising beam has to be about the µ-jet diameter. Alignment and

stability issues can rise when a micrometric precision is required. Moreover, only lasers and

synchrotrons can achieve such small focal spots, excluding He lamps as light source for LPES.
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Criticalities

This section is intended to illustrate the most important parameters for stable operation of

LPES experiments with µ-jets. Jet diameter, flow rate and sample concentration can be all

tuned and play an important role for LPES.

A high sample concentration for instance is beneficial for a good contrast of the solute PE

signal, which in this type of experiments is hardly ever larger than some percent of the solvent

photoelectrons.

To achieve a laminar-flow region at the interaction point (Reynolds number) the jet diameter

and flow rate cannot be independently chosen. A small diameter is always advisable to reduce

the liquid surface and the base pressure in the analyser along the photoelectron propagation

path. Electrokinetic potential is minimised for smaller jet diameters, and the reduced flow rate

at which laminar flow is achieved prevents column growing and reduces the required sample

volume. A jet diameter between 10 and 20 µm is recommended, preferring smaller ones when

possible.

Nozzle clogging is among the most frequent issues when working with µ-jets because of

particles of comparable size can be stuck at the nozzle aperture. This can either provoke an

unstable tilt of the jet direction, or a complete nozzle obstruction. Clogging particles can

originate from air dust, solute crystals, solution impurities, or they can be debris released by

pump, nozzle mount and generally by an overused piping system.

To prevent the system from clogging, is good use to not open the liquid line or unplug the

nozzle unless needed. When manipulating parts of the µ-jet assembly, powder-free gloves are

recommended together with clean environment and tools. A 2 µm-porosity filter was found to

be necessary before the jet mount, possibly before the vacuum feed-through such that the

supplying pipe has no junctions before the nozzle mount. Good practice is also to let the

system circulate for at least 24 hours in a loop with pure solvent at variable flow rates after

each measurement. Yearly maintenance of the HPLC pump is required and the nozzle mount

exchange is recommended, especially if corrosive solutions are used.

The adoption of these measures has enormously reduced the clogging frequency, which

significantly lengthened the duration of LPES experiments. Generally, it was found that the

liquid pressure measured on the HPLC pump is a good marker for jet instabilities, jet clogging,

or for filter obstruction.

3.2.3 Detection scheme

Several upgrades to the original detection scheme design [99, 76] were implemented and will

be discussed in thesis. The photoelecton analyser is a time-of-flight (ToF) electron spectrom-
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eter which is used to record the arrival time of impulsively-generated photoelectrons. The

photoelectron’s time of flight is dispersed according to the kinetic energy spectrum, which can

be therefore retrieved. A micro-channel plate (MCP) with a rear electrode acts as a detector

at the end of the drift tube. The current spike generated from the photoelecton arrival event

is collected by a single anode, integrating on the detection solid angle. The analog signal is

converted in the ToF spectrum by suitable electronics and integrated during multiple laser

shots.

The photoelectron analyser

The ToF is sketched in the experimental end-station in Figure 3.5 and comprises of a drift tube

(thinner black line) with a skimmer at the entrance and an MCP behind the rear aperture. The

pipe is made from µ-metal, a material with high magnetic permittivity such that the inner

part is screened from any magnetic field. The low-Ek PE trajectory are otherwise strongly

deflected already by the earth magnetic field, and in our case almost no PE signal can be

detected without screening. The drift tube has a length of 510 mm and a diameter of 60 mm.

At about half of its length it is connected to the rear-vacuum casing chamber (coaxial cylinder).

This is evacuated by means of two vacuum pumps (see before for details) through the spacing

between the ending and the detector (see Figure 3.5).

At the entrance of the tube, a 200 µm-orifice skimmer made of copper (Beam Dynamics

inc., model 2) acts as differential pumping for the µ-jet vapour, maintaining the analyser at

an operative pressure of ∼ 10−7 mbar (base pressure 10−8 mbar). The skimmer geometry is

outlined in Figure 3.7a and copper was chosen as a material because is not ferromagnetic and

conductive, although is pliable and easily oxidisable on the surface.

Grounding of the whole system is of paramount importance for a PES experiment. To avoid

charge accumulation and potentials to build up on surfaces and tips, deflecting photoelec-

trons, the materials have to be conductive and have a good electrical contact (with both low

resistance and low impedance). This is provided by a 12 mm diameter copper cable connected

to the MCP external case, and drift tube, skimmer and jet mount are all connected to this

common ground.

The signal to noise ratio of PE spectra is found to be ∼30% worse without such grounding.

The photoelectron detection takes place by means of the MCP. When a PE reaches its surface,

an electron avalanche is generated towards the positively-polarised back. These electrons then

hit the anode and are therefore detected as a negative voltage spike. The time of such an event

is recorded by the acquisition card. The photoelectron spectrum is built as a histogram of

events versus arrival time. The kinetic energy is then retrieved from the elapsed time between

photoemission and PE detection.
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(a) Geometry from the manufacturer (Beam Dy-
namics inc.), in vertical position. A = 25.4 mm, B =
27.2 mm, C = 25 mm, D = 0.2 mm

(b) Operative geometry (zoom, parts to scale) with the µ-jet
(blue dot, x10 diameter). D = 200 µm is the orifice diameter and
d = 500 µm the µ-jet distance. Tangents to the spectrometer
entrance (black) are drawn, angles are given with respect to its
axis (dashed line). Tangent to the skimmer edge in blue (11.3◦);
internal tangent in red (12.5◦); in green the limit trajectories to
the MCP (2.08◦).

Figure 3.7 – Skimmer at the entrance of the photoelectron analyser and acceptance geometry

A limitation on the PE collection efficiency is given by the analyser acceptance angle. The

spectrometer acceptance, when operating in field-free mode, is given by the green lines in

Figure 3.7b, corresponding to the photoelectron limit trajectories to hit the MCP. The solid

angle subtended at the analyser entrance by the detector is 4.2·10−3 sr. Photoelectrons from

liquid µ-jet can be seen as emitted from a point 500 µm far from the entrance (∅ = 10 ¿
D = 200µm), and the limit trajectories (blue) are within the skimmer acceptance cone (red).

Therefore, the limiting acceptance factor for straight trajectories is the size of the detector.

The upgrade presented in Section 3.2.4 exploits the full skimmer acceptance, dramatically

increasing the PE detection rate.

Better collection efficiency might be achieved by means of a magnetic bottle spectrometer,

where a magnet bends the PE trajectory in proximity of the µ-jet towards the spectrometer

entrance, where a magnetic field confines them in the detection region. This may require a

different skimmer geometry with wider skimmer angle to collect all the trajectories.

MCP detector

The MCP consists of an array of channels where an electron generates an avalanche of sec-

ondary electrons along the electrostatic potential gradient. The amplified signal is collected

by an anode [100]. A 3-plate MCP is installed on the back of the drift tube on a CF 100 flange

and has a grid in front. This is the photoelectron detector (GPTA GmbH, D100-6). The MCP

electrical connection scheme is reported in Figure 3.8a. The front grid is grounded to avoid

potential differences in the analyser. 3000 V are applied between the front and the back of the

MCP such that any electron hitting a MCP channel is adequately multiplied to increase the
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overall detection efficiency. The dark current between the two sides of the MCPs is about 56

µA.

The detection efficiency strongly depends on the kinetic energy of the colliding electrons

[100], therefore the MCP front plate can be polarised to accelerate photoelectrons to match

the maximum of the efficiency curve without significantly affecting the photoelectron ToF,

because the potential gradient is confined between the grid and the MCP.

The overall instrumental response to a single PE detection is a negative spike of about ∼7 mV

and ∼1.5 ns long. An example is reported in Figure 3.8b. Such a weak signal is multiplied

by a 1.8 GHz-10x operational amplifier (FastComtec TA1800B) to better isolate it from the

electronic noise upon digitalisation. Each event is recorded in the arrival-time histogram by a

digital acquisition card. This time does not correspond to the time of flight, but has a certain

fixed delay with respect to it.

(a) Electronic MCP connection on the spectrometer back-
flange. PE signal is collected from the anode.

(b) Analog signal detected as potential difference
for each PE arrival event

Figure 3.8 – A micro-channel plate is used as spectrometer detector at the drift-tube end. Each PE is
amplified and detected as a potential spike.

The absolute time-zero of the photoemission is needed to calculate the effective photoelectron

ToF. The moment the VUV pulse ionises the sample is identified as a spike in the spectrum,

which corresponds to scattered VUV light onto the MCP. This is a good approximation for

non-relativistic electrons, and the relative spectra feature is easily identified because is well

isolated from any PE signal. For example, in the ToF spectrum of Figure 3.10a the laser spike is

around 700 ns, whereas the first PE spectral feature occurs not early than 920 ns (ionisation

threshold). The effective ToF is computed as the difference in time between the TDC clock

time (recorded arrival time) and the laser spike (t T DC
0 ). The energy conversion is discussed in

Section 3.2.6.

The acquisition card is a time-to digital converter (TDC, FastComtec P7889) with 0.1 ps time

resolution that records the arrival time of the events and builds up the histogram. This card

operates in a poissonian counting regime with parameter λ∼0.1, the event detected per laser
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shot. For higher count rates, if a second (or more) event happens within the electronic recovery

time of the first, this TDC card is not able to record them because the analog signal adds on

the previous event and following spikes are missed.

The card has an internal analog amplitude discriminator which filters the electronic noise.

The stop-signal threshold is set around -40 mV, depending on the MCP configuration, the dark

noise, and the optimal S/N compared to the spectral intensity one can achieve recording a

spectrum. The card receives as input the laser trigger (start), the MCP signal (stop), and has an

output which can be set from the software for further acquisition steps.

Signal to noise calibration

The PES data quality in terms of signal to noise ratio depends on several detection parameters.

The operational amplifier isolates the signal from the background electronic noise for a given

acquisition card sensitivity. The MCP gain can be increased by applying a higher potential

difference than the nominal of 2800 V reported in the manual. This increases the spike

amplitude and makes more PE detection events more distinguishable from the noise. On the

other hand, too high potentials are detrimental for the data quality because both background

and electronic noise are enhanced. The latter appears as a ringing of the MCP spike (see the

bump at 5 ns in Figure 3.8b) which increases with the MCP potential with respect to the main

signal, creating fake counts which translate in artefacts on the PE spectrum.

The optimal compromise between MCP voltage, MCP front polarisation and acquisition

threshold can be found looking for the best signal contrast and to the absolute background

noise in a gas-phase calibration measurement (Neon gas for example), where the isolated PE

lines are used as reference.

Moreover, having a low MCP dark count rate is also important. An MCP warm-up procedure is

required to degas the wafer each time it is exposed to pressure higher than 10−2 mbar. This

is done by increasing the voltage of 100 V each 30 minutes up to 110% the operative voltage,

monitoring the dark current and the dark count rate (more details in the manual). A desirable

dark count rate is < 10 Hz.

3.2.4 Electrostatic lenses for an enhanced collection efficiency

During this thesis, the ToF analyser collection efficiency was improved by implementing an

electrostatic lens system. The upgrade consists of three electrostatic lenses used to deflect

photoelectron trajectories towards the MCP. From the collection geometry of the ToF skimmer

(Figure 3.7b), in the field-free operation mode previously described, only the trajectories

within the green cone can be detected, although many more photoelectrons enter the analyser.
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(a) ToF front view without the skimmer. The elec-
trostatic lenses can be seen inside the drift tube,
supported by three PEEK holders and the red ca-
bling to apply the potential.

(b) Electrostatic effect on the PE count rate. The water LPES spectrum is
greatly enhanced (∼20 times) within the magnification window at low EB
energies. A tail also appears at low Ek (high EB ) as side effect.

Figure 3.9 – Electrostatic lenses in the upgraded photoelectron analyser and their effect on the PE
spectrum.

The skimmer acceptance solid angle is 112·10−3 sr, about 30 times more than the solid angle

subtended by the MCP. Therefore, this is the maximum improvement to be expected if all the

PE entering the drift tube could be detected.

The electrostatic lenses consist of three aluminium rings, installed in a drift-tube extension

applied at the analyser input side. The potential applied to the lenses generates electric

field lines that focus the electron trajectories. The lensing effect is kinetic-energy dependent,

and from simulations was found that only photoelectrons within a 10 eV-wide section of

the spectrum can be efficiently focussed onto the detector. This magnification window can

be tuned by modulating the lenses voltages to the spectral region of interest. A ∼ 20 times

improvement in signal was achieved , as shown in Figure 3.9b for the 7-17 eV spectral range.

The limited magnification spectral range is not of great concern, because the relative-ratio

of spectral intensities can be calibrated in the field-free mode (i.e. with grounded lenses) in

a static LPES measurement. Moreover, time-resolved LPES signals are usually confined in a

restricted spectral region, where the lensing is tuned to.

The electrostatic field inside the drift tube, in addition to the funnelling effect, also perturbs

the PE kinetic energies. This has to be taken into account when converting the spectrum from

ToF to Ek as further explained in Section 3.2.6.

The electrostatic field inside the drift tube, in addition to the funnelling effect, also perturbs

the PE kinetic energies. This has to be taken into account when converting the spectrum from

ToF to Ek and is further explained in Section 3.2.6.
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3.2.5 Performing an experiment

Before starting any LPES measurement, the liquid µ-jet is started some hours earlier and left

running with the pure solvent then utilised in the experiment. A visual check by means of a

torch light is performed on the µ-jet, looking for possible turbulences and nodes to appear

in the transparent µ-jet section. In case the stream is perturbed by any clogging item, the

nozzle has to be cleaned or exchanged because no PES was found to be possible on a turbulent,

although straight, µ-jet.

System and sample preparation

The sample (either solutions or pure solvents) is always passed through a paper filter for

chemical preparations before injecting and the flask wrapped with aluminium foil if photo-

sensitive. The tubing system at the entrance of the HPLC is provided with a switch valve to

suck from different flasks. This valve, while in operation, has to be quickly switched to avoid

flow disruption. The presence of any air bubble has to avoid. To prevent solvent degassing, a

preliminary sonication of at least 30 minutes is recommended. The volume from the valve to

the nozzle, through pump and tubing is about 10 ml, and the flow rate determines the time

needed for injection at the interaction region.

To perform LPES, enough charge carriers have to be present in the liquid to prevent the

electrokinetic charging. Otherwise, the streaming potential might completely hinder photo-

electrons in leaving from the surface. In water, it was found that about 20 mM concentration

of alkali-halide salts is enough to completely counterbalance such effect. For solvents, as for

trimethylbenzene isomers, this effect is not as dramatic as for water. The LPES results on these

solvents are reported in Chapter 4.

Operative parameters values are reported as reference for future experiments. For a 15 µm-

diameter nozzle, the HPLC pressure builds up of 9 bar with water at 0.30 mL/min. The base

pressure in the LPES chamber is ∼ 8 ·10−5 mbar with turbomolecular pump and cryo-traps.

The µ-jet is frozen in the collector. To install the µ-jet in vacuum, first the properly-dried

collector is installed from the bottom of the vacuum chamber. Then the nozzle is installed

on the mount housing above the collector and the µ-jet started. Forepumping can now start

until the pressure is about 20 mbar, the vapour pressure of water at about 20◦C. The LN2 cavity

of the collector has now to be filled. Turbomolecular pumps of the experimental chamber

and ToF can start as soon as the pressure starts dropping and, once it is at full speed, the

cryo-cooled traps can also be filled with LN2. The end-station is ready to operate.

The scintillator is now placed in front of the skimmer and the position referenced with the two

cameras. The VUV spot of the selected harmonic will be seen on the crystal with fully-open

44



3.2. Time resolved photoelectron spectroscopy on liquids

slits and a flux that gives current of some 10−10 A on the Al2O3 photodiode. The VUV spot

position is aligned 0.5 mm in front of the skimmer and the position referenced with the camera.

The µ-jet can be set at this position and the LPES experiment can start. Small optimisation

of the VUV beam is usually needed to maximise the S/N and the liquid-phase PE signal with

respect to the gas.

The pump-probe scheme for time-resolved LPES

A time-resolved PES experiment on liquids (tr-LPES) requires a second laser pulse to excite

(pump) the system. This has to impinge on the µ-jet region probed by the VUV beam (probe)

and in the focal spot of the ToF analyser. The overlap of the pump beam has to be complete

on the VUV illuminated region, such that the probed region of the sample has been excited

and the transient signal contrast maximised. In this respect, it is desirable that the pump focal

spot FWHM is at least 2.5 times larger than the probe spot size (so about 120 µm FWHM), to

guarantee an almost homogeneous sample excitation and to avoid that small misalignments

affect the spatial overlap.

The pump pulse is split from the same laser source and travels through a mechanical optical

delay line used to scan the pump-probe delay time. The pump beam recombines to nearly

collinear path in the ellipsoidal chamber once focussed by a spherical mirror (focal length 750

mm) on the µ-jet (red line in Figure 3.5).

The space overlap is realised once the VUV is optimised on the PE signal and the spot is

referenced with the in-axis camera. On the scintillator mount, a square of millimetric paper is

also clamped to align the pump beam. The recombination mirror in the ellipsoidal vacuum

chamber is placed on the edge of the VUV beam and has a motorised mount. Two picomotors

are remotely controlled to overlap the pump focal spot on the probe position.

To achieve temporal overlap, a motorised linear stage some optics in the experimental chamber

can intercept the beams deflect them onto a BBO cut for type-I sum-frequency generation

(29◦). The sum-frequency of the IR from the probe and the pump beam can hence be observed

without need of breaking the vacuum.

A more precise time zero (within the instrument response function - IRF) is found on the µ-jet

thanks to the laser-assisted photoelectric effect (LAPE, [101]). The LAPE intensity scales with

λ4, therefore it is quite intense for 800 nm pump wl, but hardly observable for 266 nm wl.

In this case the pump-induced space charge effects on the PE spectrum can be exploited to

restrict the time-zero position within few ps, given that the pump-induced ionisaton is more

intense for shorter wl.
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3.2.6 Data treatment

LPES spectra from the TDC are recorded as an histogram of integrated PE counts vs detection

time t , in 0.1 ns (the TDC card time resolution). The integration time of a single spectrum is

usually some seconds.

Time-of-flight to energy conversion

The conversion of the time of flight spectra into kinetic energy spectra is needed in order to

calculate the electron binding energies (EB ). From the energy conservation of the ionisation

process, the binding energy is calculated as from Eq.(2.14). The photoelectron kinetic energy

(Ek ) has then to be calculated to retrieve EB .

The ToF-Ek conversion can be exactly performed only for electron analysers operating in field-

free mode, where the photoelectron kinetic energy is unchanged along the straight trajectory

from the µ-jet surface to the detector. Under the hypothesis that electrons make a uniform

linear motion at velocity v inside the drift tube, the motion equation is: ∆x = v∆t . The kinetic

energy of a particle of mass me is Ek = 1

2
me v2. These two equations can be solved once the

time of flight ∆t and the length L are known:

Ek (t ) = me

2

L2

∆t 2 (3.4)

The acquired spectrum is recorded as a function of t , the photoelectron arrival time. Therefore

∆t = (t − t0), where t0 is determined by the spike in the spectrum associated to the VUV scatter

(Figure 3.10a), and L is the distance between the photoemission point and the detector. This

can be estimated to be 54 cm, for a distance between the µ-jet and the skimmer of 0.5 mm .

After the spectrometer upgrade where the lenses-hosting extension was mounted, the drift

tube length was extended by 80 mm. For a practical implementation of the energy conversion,

some remarks have to be made. The coordinate transformation described by Equation (3.4) is

non-linear in t .

Therefore the Jacobian of the coordinate transformation is

dE

d t
= me L2

t 3 (3.5)

The demonstration can be found in Appendix A

The effect of the transformation is visually identified in the low-kinetic energy tail, charac-

teristic of PE spectra acquired by means of ToF spectrometers, as the one displayed in Figure

3.10b.
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(a) Time-of-Flight photoemission spectrum of water. On
the left the laser spike, then the first orbital of liquid-
phase water and gas-phase water can be identified, as the
rest of the spectrum as well.

(b) The same photoelectron spectrum upon conversion
to Binding energies. Note the different shape due to the
jacobian of the coordinate-change transformation. The
integrated spectra intensity is conserved

Figure 3.10 – Energy calibration of photoelectron spectra recorded by means of a time-of-flight spec-
trometer.

A possible offset Eo f f in the energy position can arise from a polarised liquid micro jet (for

example due to the streaming potential), or due to some electrical polarisation of the analyser

entrance. This occurs even though the metallic analyser assembly is well grounded in each

part, since the skimmer tip can have an oxidised layer which accumulates charges. As long

as the volume inside the drift tube is field-free, any potential difference between sample and

analyser turns into a rigid energy shift of the whole spectrum. In our data, a typical offset of

about 1 eV is observed. This effect can be potentially reduced by replacing the copper skimmer

with a gold one, less prone to oxidation.

Once the PE spectrum is converted, a comparison with reference spectra can be made in

order to check on proper calibration. For example, the pure water spectrum can be used

as a calibration sample, because of the well-established binding energies of liquid- and gas-

phase electronic orbitals [102]. If a linear correction is not enough to align known PE peaks

to the correspondent EB reference values, an additional spectrometer calibration has to be

performed to retrieve L. For example, an error δL in the drift tube length affects quadratically

the energies, as from Equation (3.4).

The spectrometer length calibration can be performed using gas samples that display sharp

spectral lines (e.g. Argon), to be measured with different photon energies. The known energies

of the gas electronic orbitals can be displayed against the measured time of flight into a plot Ek

vs 1/(ToF )2. For a null y-intercept, the slope is proportional to L2, therefore the spectrometer

length can be calibrated.
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Energy calibration with electrostatic lenses

Whenever the electron analyser is used with polarised electrostatic lenses (e-lens mode), an

exact energy calibration across the whole spectrum cannot be achieved by means of Equation

(3.4). Numerical modelling is needed to understand how the electrostatic field affects path

lengths and energy offset per each trajectory at a given kinetic energy.

After the drift tube extension needed to host the lenses, the flight path length became L =
(0.620±0.005) m. If we use this value in Eq.(3.4) and an energy offset ∆E term is needed

to align the water gas-phase HOMO peak to the referenced value of 12.60 eV. Nevertheless,

the spectrum displays a liquid-phase HOMO peak of water not corresponding to its known

binding energy. This stems for an energy-dependent energy offset ∆E(Ek ). A second-order

correction is then introduced by using an effective analyser length L∗. In such a way EB are

properly calibrated within a ∼ 5 eV energy range around the offset reference. At least two PE

peaks of known EB are needed to correct for non-linear terms induced by the electrostatic

field in a restricted spectral energy range.

Dataset treatment LPES datasets consist of repeated acquisitions of the same spectrum to ac-

cumulate enough statistics, as it is in general for any experiment. The experimental conditions

can slowly drift or abruptly change due to sudden jet instabilities along the acquisition, for

this reason a check on the consistency between spectra of the same dataset has to be made,

eventually discarding corrupted scans. The most common issues are: a signal drop due to

misalignment (the spectrometer can shift vertically, loosing the overlap with the interaction

region, or the VUV flux can change in time). A jet-VUV misalignment, which is seen as a change

in the liquid-gas PE intensity ratio. If some potential builds up in the setup, the ionisation

threshold is seen to shift together with the whole PE spectrum. The integrated total PE count

is a good monitor to determine perturbation of the experimental conditions. After discarding

corrupted scans, the scans are averaged.

The average x̄ can be a good estimator of the expected value if we assume that the sampling

of the observable is meaningful and consistent. Statistics therefore allows us to infer on the

experimental uncertainty of the collected data. We estimate the variance of the statistical

sample of N spectra as follows:

V ar [x] =
√∑N

i=1(xi − x̄)2

N −2

The denominator is (N-2) because the average is also calculated from the same dataset,

reducing of 1 the effective degrees of freedom of such inference.

A practical example on a real dataset of 11 repetitions is reported in Figure 3.11, where the

spectra taken at the same time delay are plotted in coloured dots. The averaged spectrum is
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Figure 3.11 – Time-of-Flight photoemission spectrum of water. On the left the laser spike, then the first
orbital of liquid-phase water and gas-phase water can be identified, as the rest of the spectrum as well.

the black line, and the black dots represent the confidence interval of 2 standard deviations,

calculated as σ = p
V ar . The meaning of a confidence interval of ±2σ for a variable with

gaussian distribution is that the variable probability to have a value in there is 95.5 %. This is

used in this thesis as experimental uncertainty range.

Time-resolved measurements dataset

In the case of time-resolved LPES measurements, a photoelectron spectrum is recorded per

each time of the pump pulse with respect to the VUV probe. Spectra recorded at different time

delays form a delay scan, or simply scan. Each scan is repeated to accumulate statistics on

the signal, increasing the S/N ratio and averaging random fluctuations. Systematic drifts (e.g.

laser oscillation, thermal drifts, etc.) are minimised using integration times and scan lengths

the least commensurable possible with typical periodicity of the system. A tr-LPES dataset

then consists of 3-dimensional tensors of dimensions: N. scans x N. time delays x N. points

of the spectrum, which must be pre-treated to remove possible artefacts and perturbation.

Besides the ones already described for static LPES, some artefacts specific of pump-probe

scans are presented in Section 3.2.6.

The interpretation of the photoinduced dynamics in the system requires a precise knowledge of

the excitation instant (t0). Moreover, the experimental temporal resolution has to be measured
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and to be deconvolved from the evolution of the transient LPES signal. The LAPE phenomenon

is exploited for these purposes, as herein discussed.

Instrumental Response Function

The time resolution of tr-LPES experiments is determined by the temporal cross-correlation

pump and probe light pulses. A measurement of the optical pump pulse duration can be

performed in a rather straightforward way, for example by means of frequency-resolved optical

gating [103]. Unfortunately it is harder to determine the pulse duration of the VUV radiation.

The laser-assisted photoelectric effect (LAPE), a well known effect in gases [104, 105] and solids

[106, 107], which was observed for the first time on liquids on the current setup at the LSU

laboratory [101] can be adopted to determine the cross correlation in tr-PES on liquid samples,

and the exact moment a which the photoexcitation takes place (time zero).

Figure 3.12 – Time evolution of the integrated in-
tensity LAPE signal on the water PE spectrum, with
266 nm pump wavelength. The LAPE time profile
of the pure solvent tr-LPES characterises the IRF of
a time-resolved experiment. The gaussian fit gives
a FWHM of (96±4) fs. Time-zero is defined as the
centre of the LAPE gaussian.

The LAPE manifests itself as the appearance

of photoelectrons in side-bands with kinetic

energies shifted of ±nhν, where hν is the

dressing-field (or pump pulse) photon en-

ergy and n the order of the side-band. Their

amplitude with respect to the unperturbed

photoelectron intensity scales as the fourth

power of the pump wavelength (∝λ4), mak-

ing this effect most easily observed at long

pump wavelengths.

When the side-band is created in the

background free region of the spectrum,

the integrated-intensity temporal evolution

trace is exploited to extract the pulses tem-

poral cross-correlation.

The intensity of such feature is recorded as

a function of time delay between pump and

probe. The resulting time trace is symmetric

and, since the LAPE can occur only when the pump pulse is present with the VUV ionising

pulse, the LAPE time profile corresponds to the measurement of the pump and probe pulses

cross-correlation. This is a good characterisation of the instrument response function (IRF)

for a tr-LPES. Figure 3.12 displays the integrated intensity of the first-order side-band from

a PE spectrum of pure water. The LAPE profile here presented is the one used as IRF in the

analysis of the tr-LPES experiments on ferrioxalate solution presented in Chapter 5 - Figure
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3.2. Time resolved photoelectron spectroscopy on liquids

5.12c.

The LPES signal upon excitation can appear as a novel band, a band depletion, or a band shift.

The main difference on how to treat transient PE signal from liquids is given by the spectral

region where transient signals are observed. While in pump and probe optical spectroscopy

a differential signal (pump-unpumped) is discusses, it is not always the best approach for

liquid-phase PES.

If an excited electronic state is populated, the signal is expected to appear at EB smaller than

the ionisation threshold of the sample. If solutes are studies and their HOMO is observed to

have EB smaller than the solvent IP , the GS PE signal is on a background-free region of the

spectrum. The same holds for a transient PE signal from a solute excited state.

If the transient signal is a band shift towards smaller binding energies, the HOMO is also seen

on a background-free region as a novel PE feature.

In the background-free case, is not worth to perform differential measurements, because the

net effect is to increase the noise coming from the baseline.

Differential measurements are required if the transient occurs where some static PE signal is

already present. In this case, longer signal accumulation is usually needed to have enough

contrast such that the transient stands out from the underlying static signal fluctuations.

Shot-to-shot acquisition is not improving the S/N ratio in differential acquisitions because

the PE count rate, even with electrostatic lenses, is less than 1 per laser shot. Moreover, a

pumped-unpumped differential recording made with one of the two beams chopped, and

because each pulse has an effect on shape, energy shift, and side bands of the PE spectrum

(see Section 3.2.6), the resulting transient might not correspond to real effects. In some cases, a

subtraction of the PE spectra acquired at negative time delays provides more reliable transient

PES spectra, although not all the pump artefacts cancel out.

Treatment of a tr-LPES dataset is performed following the same steps for a static LPES mea-

surement (Section 3.2.6), and a check on the consistency across the scans. The total count rate

is still a good monitor of the probing alignment stability. On top of that, the pump pulse scatter

is sometimes detected as laser spike on the ToF spectrum, which can be used to monitor the

excitation homogeneity across the dataset, before extracting the transient signal amplitude.

Experimental artefacts

In this section the most common experimental artefacts encountered in a LPES measurement

are presented, together with the strategies adopted to circumvent them.

The electronic background noise coming from MCP dark counts and from the acquisition
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system (Section 3.2.3) can be minimised or almost eliminated by a correct optimisation of

the detection parameters and with a long MCP degas that reduces the dark counts. This is

especially critical for weak transient signals to appear in the background-free region of the PE

spectrum, beside for a general lower noise.

The VUV pump beam alignment on the spectrometer axis is critical for the light scattering the

µ-jet surface provokes inside the analyser. In addition to the laser spike, needed for the ToF

calibration, the VUV light can produce a white noise because of photoelectrons generated in

the drift tube inner surfaces. The S/N maximisation is performed by vertically steering the

VUV along the µ-jet axis. A drift of the spectrometer alignment can be recognised either for a

PE count-rate drop, or for a S/N ratio drop for different spectra along the scan.

The space charge of the photoemitted electron cloud is detrimental for the energy resolution

and the energy calibration of a PE spectrum. This is observed when the PE density is too high

at the interaction point, because of a too high VUV flux. A regime with excessive space-charge

can be avoided by looking at HOMO bandwidth and ionisation threshold position in the PE

spectrum while reducing the probe flux by means of the monochromator slits.

Artefacts can be also introduced by the pump pulse. Multi-photon ionisation (MPI) by the

pump is easily achieved by fs pulses. This process ionises the sample through an ñ-photons

process, which depends on the sample IP and the pump wl. The MPI photoelectrons have

Ek < hνpump, therefore the electronic wavepacket dispersion is much slower than the probe-

PE wavepacket one. If the pump arrives first (time delay >0), the probe-PEs are repelled by

the pump-induced space charge and their spectrum is shifted accordingly. Examples and

characterisations of this phenomenon have been reported [108, 76]. Moreover, multiphotonic

processes with n > ñ produce higher-energy PEs (above-threshold ionisation - ATI) which

appear as bumps across the whole PE spectrum. Their high non-linearity on the pump fluence

makes these features extremely fluctuating, perturbing the probe-PE spectrum. The order of

the ionization process decreases for high pump photon energies, manifesting a stronger pump-

induced space-charge effect on the PE spectrum. For 266 nm-wl pump pulses, beside the

side effects, the pump-induced artefacts on the time trace can be exploited to find time-zero

before starting to measure with reduced pump fluence. Generally, pump-induced artefacts

have to be minimised for tr-LPES either decreasing the pump fluence, or stretching the pump

pulse in time. The phenomenon scales with the power as P ñ
pump and with the pump pulse

duration δt as e−1/δt 2
.
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3.3. Recycling system for liquid micro jet

3.3 Recycling system for liquid micro jet

A recycling system to extract theµ-jet liquid debris after the interaction region, without freezing

it and with no need of breaking the vacuum, was designed to be specifically implemented on

the experimental chamber (Section 3.2). This system resolves the problem of icicle growing

from the cryogenic catcher used so far, and broadens the class of possible samples for PES

to scarce samples. A reduced sample volume can now be enough to run experiment in the

recirculation mode.

This chamber has a geometry compatible with several jet system configurations. So far

experiments have been running experiments with a nozzle installed on picomotors anchored

on a breadboard, which in turns is fixed outside to the main laser breadboard. This ensures

great stability of the µ-jet with respect to the laser beams. In this configuration, the liquid jet

streams downward into a cryogenic collector placed below the interaction region, to gather

and freeze the liquid upon probing. The extraction of the frozen debris was possible after the

end of each experiment by extracting the catcher.

The new device is meant to be plugged on the bottom flange instead of the catcher, in the

single-flange design here described.

Single-flange design

To motivate the single flange design, we have to remark that, although a two-flange config-

uration is a simpler system, the liquid µ-jets decoupling from chamber vibration is more

complicated.

The single-flange design is studied to overcome jet-catcher alignment issues and to use only

one flange and only one manipulator, which can be decoupled from the chamber by means of

a bellow. The jet and the catcher are therefore installed on the same support, which increases

the relative stability. Additionally, picomotors are needed to align jet and catcher, regardless

of which of the two is fixed on the manipulator feedthrough. The new system is displayed in

Figure 3.13 and presents a customised single-flange design where the catcher is anchored to

the manipulator, and the jet is supported by a mount that is clamped on the draining pipe.

The design was realised in collaboration with Advanced Microfluidics Systems GmbH1, which

manufactured and assembled the system.

1Advanced Microfluidic Systems GmbH, Hans-Adolf-Krebs-Weg 1, 37077 Goettingen - Germany. Mail:
figul@admisys-gmbh.com
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Figure 3.13 – Technical drawing of the vacuum chamber at LSU where the liquid jet is installed. The
manipulator (simplified sketch) is mounted on the bottom of the chamber. The draining tube passes
through the lowest feedthrough and supports the catcher tip on its top (visible in the center of the
open flange). The jet nozzle is installed on top by means of a specific support with picomotors. Left:
view from the side of the photoelectron spectrometer (missing). Right: view from upstream the VUV
direction.

The draining system

In Figure 3.14 the recycling system is shown, already installed on the manipulator (the inner

part of the flange is visible). The liquid flows from the top in the micro jet, travels (under

vacuum when operative) some millimetres downward the nozzle orifice, enters the 300µm-

diameter orifice on the tip of the catcher cone, goes through a PEEK connector that links the

catcher to the titanium pipe, reaches the bottom flange of the manipulator and is extracted

there below.

The catcher is made from titanium, a paramagnetic material chosen because it operates

close to the photoelectron generation point (any magnetic field has to be avoided), an also

because of its reduced chemical reactivity, together with the biocompatibility. A Swagelok

nut holds the PEEK support by means of a polyamide nylon (or PA nylon, or simply nylon)

ferrule on the draining pipe. The same kind of connection ensure the pipe on the feedthrough

tube connected to the manipulator flange. A temperature difference must be established

between the catcher and the end of the collecting system, to induce the pressure gradient

that contributes to the draining. The liquid is therefore collected in a bottle, or recirculated as
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3.3. Recycling system for liquid micro jet

Figure 3.14 – Recycling system for the liquid micro jet, installed on the manipulator.

described in the next session.

3.3.1 Recycling configurations

The extraction of the liquid from the draining pipe can be performed in two different con-

figurations: with a glass bottle under vacuum where the solution drops upon collection and

can be recovered still in the liquid phase, or by means of a recirculating system that extracts

and pumps back the sample into the micro jet in a closed-loop which requires little sample

volumes (few ml).

The collecting bottle configuration works as follows. Directly below the draining pipe, a glass

bottle is positioned to collect the liquid sample. A valve can intercept this connection to the

vacuum chamber and the bottle disconnected without stopping the micro jet, so the sample

can be extracted and eventually reused. The bottle is constantly evacuated by a pumping

system, which provokes the pressure gradient that drives the liquid downwards.

The recirculation consists in extracting the liquid sample directly from the draining pipe to

ambient pressure into a flask, and then draw it with the HPLC pump into the micro jet, to be
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recollected straight after being probed. This makes a liquid sample closed loop that allows the

user to no longer stop the measurement for lack of solution. The liquid undergoes evaporation

while crossing the region under vacuum, therefore some solvent has to be supplied to maintain

the total volume constant. The minimum required volume of liquid sample is 10 ml.

The functioning of this configuration involves fluido-dynamics phenomena that play simulta-

neously a relevant role in the liquid extraction from vacuum to atmospheric pressure, such

capillarity, gravity, thermally-induced pressure gradient, and of course the pumping efficiency

of the peristaltic pump at the vacuum-air interface.

3.3.2 Test measurements

A static photoelectron spectrum of 20 mM NaCl aqueous solution was successfully recorded,

as displayed in Figure 3.15. During the measurement we have noticed that the stability of

the jet with respect to the VUV beam (observed as a 50% intensity drop of the liquid-phase

spectral component with respect to the gas-phase ones) is affected by the presence of users

in the experimental hall, already from 2 meters far from the jet system. This is due to the

movement of the vacuum chamber, where the jet is plugged (in addition with long lever), and

it was expected to happen, since it had been the major limitation for pump-probe experiment

stability before we decoupled the jet from the chamber.

This was resolved by introducing a bellow between chamber and manipulator, and fix the

bottom flange to the main breadboard by means of a customised clamp.

The installation test of the recycling system has demonstrated that it performs quite well with

aqueous solutions, even really close to the saturation concentration, and anyway higher than

what was possible to use with the former jet configuration (cryogenic collector). The vacuum

conditions result better than before already with a jet diameter twice larger than the 16 µm

commonly used. Even greater conditions are therefore expected for this nozzle size in the

recycling setup.
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Figure 3.15 – First photoelectron spectra of 20 mM aqueous solution recorded with the new recycling
system (30µm-diameter nozzle at 0.90 ml/min - collecting bottle mode). We can compare the gas-phase
only spectrum (yellow) with the liquid+gas (blue) for which the alignment was optimised to maximise
the liquid-phase contribution. The 1b1 liquid feature at 11.16 eV is remarkably higher that the gas ones,
that points out great experimental conditions (probably less gas in the interaction region).

3.4 Outlook and improvements

In this section some PES technical bottlenecks are discussed together with a possible solution,

in order to suggest improvements for a more performing tr-LPES setup.

Pump energy tuneability

When studying photoexcited molecules, it might be critical to tune the excitation wavelength

on the resonance, below, or above. This can be exploited to maximise the excitation yield,

but also to tune the excitation because having more or less excess energy in the system upon

photoexcitation can completely change the photoreaction outcome. As an example, in Chapter

6 the system photophysics might dramatically change if the WP is prepared with the second

harmonics (400 nm) or at lower energies which would prepare the WP around the potential

minimum. Therefore, a NOPA implemented in the pump line is desirable. Some more power

on the pump arm might be required.

High-energy photon flux

PES measurements of core-level electronic states require high energy photons. The HHG

generation has to be performed in Neon, which gives an extended cutoff (∼110 eV), to the

detriment of the photon flux. This gives a PE count rate from 10 to 50 times smaller than for
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PES with Argon HHG. Accumulating the same statistics would require the same ratio of extra

time, or simply the data quality would be much worse. In the perspective of time resolved

experiments, higher fluence for hν>80 eV is desirable.

Given the principles of HHG, some factors can improve the generation efficiency. A shorter

driving-field pulse length can increase the peak intensity and then the ponderomotive poten-

tial, such that a more extended cutoff can be reached and lower energy photons are generated

more easily. Moreover, a shorter pulse means less electric field cycles per pulse and a more

efficient generation at same average power can be achieved. Therefore a shorter gas cell can

be adopted and less re-absorption would give more flux. A pulse shaper might be needed to

achieve better compression in the KM amplifier.

A new gas-cell geometry could also be explored to optimise the Ne HHG.

Analyser stabilisation

Among the instability sources that ruin the alignment on the PES interaction region of the

two laser beams (pump and probe), the µ-jet and the analyser, drifts of the spectrometer

entrance remains the most critical, being the other already minimised during this work. The

photoelectron analyser is connected to the experimental vacuum chamber, whereas the

optical table is the reference for the two beams and for the µ-jet. Relative movements of

some tens of µm are enough to completely change the PE signal contrast with respect to the

background noise due to the laser scattered inside the drift tube, and also because of the lost

overlap with the interaction region.

The simplest upgrade would be to fix the experimental chamber on the optical breadboard,

but this could introduce many vibrations of the optics. A second possibility is to have a flexible

analyser entrance, where the skimmer is attached, to be clamped on the breadboard inside

the experimental chamber, such that an integral system prevents from relative misalignments.

µ-jet instabilities feedback

The alignment of the µ-jet with respect to the VUV beam is stable across tens of hours. Con-

versely, the µ-jet itself can change direction because of the nozzle obstruction due to solute

crystallization or for particle from the inner of the orifice. These can deflect the liquid stream

such that a new alignment is required. This was seen to happen suddenly, or with a slower

motion.

We therefore suggest a possible realignment system with closed loop feedback to be realised,

for example, exploiting the interference laser fringes made by the diffraction from a beam on

the µ-jet. This system can then drive the picomotor controller to preserve the alignment.

Spectrometer entrance geometry

More photoelectron counts can be achieved either by increasing the ionising radiation (limited

by the space-charge regime), or by improving the PE collection efficiency. In Section 3.2.3

the skimmer geometry is shown and the acceptance solid angle is 0.15 sr. The electrostatic
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lenses increase the collection efficiency by focussing all the PE that enter the analyser on

the detector (for a given kinetic energy, but from all the directions), greatly improving the

collection geometry otherwise limited to the detector acceptance (see Figure 3.7b). Therefore

a larger skimmer acceptance has to be taken into account. For example, a 90◦ skimmer angle

would correspond to a solid angle of 1.84 sr (out of a total of 4π), which is about 12 times

greater than the current configuration.

Magnetic bottle photoelectron spectrometer

A great improvement in detection efficiency would be given by a different approach to photo-

electron detection. A magnetic bottle spectrometer would detect about all the generated PE

reaching the optimum for collection efficiency, as shown in recent studies [109].
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3.5 Ultrafast transient absorption spectroscopy

Absorption spectroscopy can be performed in a stroboscopic fashion to probe the temporal

evolution of the system upon excitation. Differential, or transient absorption spectra are

computed from two spectra of excited and non-excited sample. An experimental approach to

acquire such spectra is the pump-probe technique, capable of resolve transient phenomena

on time scale of the light pulse. To resolve ultrafast electronic processes, femtosecond laser

pulses are nowadays exploited for transient absorption spectroscopy (TA). The technique is

herein introduced and the adopted experimental setup described.

Pump-probe scheme

The stroboscopic acquisition of transient spectra requires two laser pulses, whose arrival time

on the sample can be tuned to explore different times upon excitation. The first pulse to

arrive is the pump pulse that excites the system, the evolution hence begins and the probe

pulse then impinges the sample after a time δt from the pump to investigates the system. The

sequence of probing snapshots of the transient sample configuration at different times upon

excitations creates a movie of the photoinduced dynamics. This is usually the dataset output

of time-resolved technique: many single experiments repeated at different time delays δt .

Transient absorption spectrum

It TA the absorption variation (∆OD) are often probed with broadband light. A spectrom-

eter records the whole absorption spectrum at once efficiently monitoring several parallel

phenomena happening in the sample. The transient spectrum is the difference between the

spectrum of the sample upon excitation (pumped spectrum) and the sample at the ground

state (unpumped spectrum). From Eq. (2.6) we can write the TA signal as:

∆OD(λ) = ODp (λ)−ODu(λ) = − log

(
I (λ)

I0(λ)

)
pumped

+ log

(
I (λ)

I0(λ)

)
unpumped

(3.6)

TA spectra typically display three main features, sketched in Figure 3.16. A negative TA signal

corresponds to more intensity recorded in the pumped spectrum than the unpumped one.

This stem from less absorption upon excitation, or emission. Conversely, positive TA signal is

related to an increased absorption.

The ground state bleach (GSB) leads to negative TA signal (because the depleted GS population

turns into a weaker absorption), has the same profile of the absorption band, but flipped.

Stimulated emission (SE) can overlap with the GSB band, if the excited state potential energy

surfaces is aligned with the GS one, or be centred at longer wl because it emits from the

60



3.5. Ultrafast transient absorption spectroscopy

Figure 3.16 – Model of a transient absorption spectrum (red) displaying the ∆OD pump-probe signal
and its components, which can be identified as transitions in a simplistic 3-level system, as sketched
on the left hand panel. More details in the text. From [110].

minimum of the potential after IVR. Excited state absorption (ESA) has a positive sign because

it appears once the state is populated, has the characteristic spectrum of the optical transition

from this level to a higher one.

TA is a powerful technique to investigate the transient electronic configuration, charge transfer,

and all the phenomena related to electronic population dynamics in solvated molecular

systems with femtosecond time resolution. A spectral profile analysis can provide information

about the transition energy, the projection of the upper-state potential energy surface on the

bottom one, while the analysis of the features evolution unravels time scales and pathways of

the system relaxation. The main drawback is that optical transitions among electronic states

has to be allowed by the selection rules to be observed in TA. Moreover, only transitions whose

energy is within the probe pulse spectral range can be observed and only a restricted spectral

range is typically available per time.

A technique that may overcome this constraint is photoelectron spectroscopy, because by

ionisation it can access any electronically populated state of the system. Optically dark states,

whose electronic transitions are forbidden by selection rules, can be observed by time-resolved

PES experiments, unravelling intermediate states along the relaxation pathways to which TA is

blind.
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Transient absorption has been described (Section 3.5) as the natural extension of absorption

spectroscopy (Section 2.4) to the time domain. The technique is here exploited to investigate

the already known behaviour of vibrational wave packets in iodine, but in a novel solvation

environment: ethanol. The setup used for this purpose is described and the way to treat data

is outlined. The experiments are presented and discussed in the next Section 6.2.

3.5.1 The 1 kHz setup

The LSU group’s experimental setup that has been producing results since 25 years is the 1-kHz

repetition-rate transient absorption (TA) laboratory. The system is based on a Ti:sapphire

fs amplifier which drives a non-collinear optical parametric amplifier (NOPA) to excite the

sample at the desired wavelength, and a whitelight generation for a broadband visible probe.

The Ti:sapphire oscillator (Tsunami, from Spectra Physics) is pumped by a continuous-wave

doubled Nd:YOV4 laser (532 nm, Millenia VS from Spectra Physics) with 3.8 W. The mode-

locked oscillator seeds the regenerative amplifier (Spitfire, Spectra Physics), in turns pumped

by a q-switched Nd:YLF 8.5 W laser (Quantronix). The output at 800 nm wl is about 400 mW

(i.e. 0.4 mJ/pulse) ∼ 150 fs pulses at obvious repetition rate. The beam is then split in pump

and probe arms.

The excitation pulse can be either generated by means of the NOPA for wl between 500 and

750 nm, or by second-harmonic generation (SHG) as in the case of the experiments on iodine

ethanol solution reported in Chapter 6. This was generated on a β-BBO crystal (β barium

borate, type I, angle 29.2◦) and focussed on the sample by means of parabolic lenses.

The probe whitelight was generated by focussing the laser fundamental frequency on a CaF2

window, constantly moved along two dimensions to avoid damaging. A 800 nm filter was used

to damp the laser component and the beam was focussed on the sample by means of a 90◦

off-axis parabolic mirror.

The two beams are overlapped in the sample plane by looking on a beam profiler. The

whitelight after the focussing plane is re-focussed at the entrance of an optical fibre to drive

the signal into the spectrometer. A grating disperses the light onto a CCD of 1024 pixels, read

each shot to perform lock-in detection (spectra of consecutive shots are processed and the

transient absorption signal is computed according to Eq. (3.6). This detection system requires

to be connected to the chopper in the pump line, stopping a pulse each two. Parity has to be

retrieved from the sign of the TA features.
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Sample preparation

The sample holder is either a couvette or flow cell of dimension and characteristics tailored

on the needs of each experiment. For the measurements carried out on Iodine in solution

(Chapter 6), a 1 mm-sample thickness quartz couvette was used.

Before measuring the sample, and after the experimental conditions have been optimised on

the sample signal, the IRF measurement on pure solvent and the spectrometer calibration

have to be performed. The first is done keeping the couvette in place and extracting or

injecting the sample to preserve the exact position (for very precise measurements where

time-zero and IRF are critical) or carefully exchanging the sample couvette with an identical

pure-solvent couvette. This allows also to subtract the solvent response from the TA sample

signal. Spectrometer calibration is done with an holmium oxide solution (Starna RM-Hl, cert.

N◦ 33957). The time resolution is retrieved from the cross-phase modulation (XPM) signal,

generated by the pump-induced modulation of the real part of the refractive index [111]. When

the probe pulse goes through the pump-perturbed sample, a time-dependent response is

recorded (XPM), often called coherent artefact. The temporal cross-correlation of pump and

probe pulses can be retrieved, here taken as the IRF [112, 113].

The angle between pump and probe polarisation is 54.7◦, the magic angle at which rotational

diffusion effects cancel out in TA signal.

The sample concentration is chosen such that the static sample absorption is about 0.3 OD,

equivalent to about 50% of absorbed pump spectrum at the centre of the absorption band.

For I2 in ethanol and 1 mm couvette, the prepared solution concentration was 5.8 mM (15 mg

in 10 ml).

3.5.2 Data treatment

The basic analysis here described is what is required to properly retrieve TA signals from the

raw dataset. The analysis of the time evolution of the TA signals is described when discussing

the results (Chapter 6).

The first step is to control that the raw data spectra (Ipumped and Iunpumped) have non-negative

signal. A non-physical negative CCD signal produces divergences in the transient (see Eq. 3.6).

If any, the transient has to be re-computed upon offset correction.

Then a check on the dataset consistency is performed, i.e. the TA signal intensity for different

time delays is controlled and spectra with strong fluctuation too far from the average of the

dataset are discarded.
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The main feature identified, a check on their shape at same time delay along different scans

is useful to identify sample damaging, mostly for a non-flowing sample as it is the case of

the TA measurements presented in this thesis. No band shift or shape modification were

identified for the dataset here presented. After these checks, the spectra are averaged and

more physically-based treatment follows.

The signal parity (i.e. the right sign of the TA signal) is retrieved by looking at the pump light

scattering on the detector. The pump light is a delay-independent sharp negative signal,

because more light is seen as negative in TA.

The group-velocity dispersion (GVD) of the probe pulse is corrected looking at the XPM sig-

nal. In this case, the signal was recorded in a pure-solvent measurement taken just before

the solution dataset (see Appendix B). OPTIMUS software was exploited because of the ad-

vanced fitting of the XPM signal, hence the chirp-correction function is obtained for the GVD

correction of the dataset.

The wavelength axis is then calibrated referring to the Holmium absorption spectrum, also

taken just before the measurement. An example of the pre-treated TA map is shown in Section

6.2
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4 Steady-state photoelectron spec-

troscopy of new solvents

The extension of photoelectron spectroscopy to solvents never explored with such technique

is presented in this chapter, where the trimethylbenzene isomers PE spectra are shown and

discussed. Liquids are an interesting case of study by themselves, but they might also be

the environment of ultrafast photoreaction of molecular systems in solution. The interplay

between solute and solvent strongly characterises the energy flow process of photoexcited

systems because of the effects of solvation on the system energetics.

These effects studied on prototypical systems which show coherent dynamics are of great

interest to understand their photophysics. Iodine is a widely-explored system in this respect.

The solvents where its relaxation dynamics has been studies, such as n-hexane and CCl4, are

not compatible with the micro-jet technique. In this perspective other liquids are explored as

suitable solvents for LPES.
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4.1 Trimethylbenzene isomers

Disclaimer: this section is adapted from the following article, with permissions of all co-

authors and journal. Reproduction of material from PCCP (Physical Chemistry Chemical

Physics) with permission from the PCCP Owner Societies.

L. Longetti, M. Randulová, J. Ojeda, L. Mewes, L. Miseikis, J. Grilj, A. Sanchez-Gonzalez, T.

Witting, T. Siegel, Z. Diveki, F. van Mourik, R. Chapman, C. Cacho, S. Yap, J. W. G. Tisch, E.

Springate, J. P. Marangos, P. Slavíček, C. A. Arrell and M. Chergui

Photoemission from non-polar aromatic molecules in the gas and liquid phase

Phys. Chem. Chem. Phys., 2020, Advance Article (The article has not yet been published in a

journal issue, but only on the publisher website, therefore no precise reference is available) -

https://doi.org/10.1039/C9CP06799J .

My personal contribution to this work consisted in carrying on the LPES experiments, in

performing part of the data analysis and interpretation and in editing half of the manuscript.

Abstract

The photoelectron spectra of both liquid and gas phase aromatic molecules are reported.

The spectra were obtained using a 34.1 eV source produced by high harmonic generation

and analysed with the help of high-level ab initio simulations using the reflection principle

combined with path integral molecular dynamics simulations accounting for nuclear quantum

effects for the gas phase. The suitability of three trimethylbenzenes (1,3,5-trimethylbenzene,

1,2,3-trimethylbenzene and 1,2,4-trimethylbenzene) as a solvent for liquid photoelectron

spectroscopy of solutes is demonstrated. We also discuss the electrokinetic charging of a liquid

jet in non-polar liquids.

4.1.1 Introduction

Liquid photoelectron spectroscopy (LPES) using ultraviolet (UV) to soft X-ray photons has

recently become an established technique following the works of Winter, Faubel and co-

workers [114, 115]. Recent studies summarised the ability of LPES to reveal the valence

electronic structure of pure liquids and of solutions [116, 117] or the dynamics of core and

secondary electrons[118]. LPES studies have been extended to the time-domain by Abel

and co-workers [119, 31, 120], who used vacuum ultraviolet (VUV) probe pulses. Further

66



4.1. Trimethylbenzene isomers

time-domain studies made use of UV [121, 122, 123] and VUV pulses [119, 124, 125, 126]

to investigate solvation dynamics[127, 128], strong field processes [129], charge transfer in

metal complexes [130, 131, 132, 133], and work is underway to extend such studies into the

attosecond domain [134, 135].

All these studies used water or alcohols as the solvent. One exception is the work by Borgwardt

et al[130] where intramolecular charge transfer was probed in ruthenium complexes dissolved

in an ionic liquid. Absent so far has been the study of non-polar aromatic compounds, in

spite of their relevance for a broad range of fundamental questions and applications. Early

PES measurements have investigated gas phase benzene derivatives [136, 137, 138], and

benzene absorbed onto metallic substrates [139, 140]. More recently, the photoelectron

angular distribution of gas phase benzene was measured by imaging techniques [141]. The

importance of aromatic rings is clear. For example, they are part of biogenic amino acids

such as phenylalanine, tryptophan, and tyrosine, which are fundamental building blocks of

proteins. The use of aromatic solvents for LPES will also extend the range of solute species one

can study. Importantly, as they are weakly interacting solvents, they help isolate intramolecular

from intermolecular effects in the measured dynamics.

There is a further reason for the interest in the LPES method, it can provide a direct spectro-

scopic way towards electrochemical quantities in water[142, 143], which are difficult to obtain

by traditional techniques. As electrochemical data can often be obtained in non-polar liquids,

it would be desirable to have a direct comparison of photoemission in aqueous and non-polar

solvents, to provide a benchmark to this spectroscopic route to electrochemical data.

Here we demonstrate the feasibility of LPES measurements of non-polar aromatic solvents

presenting the results of our VUV LPES studies on three aromatic molecules of increasing

polarity. In this paper, we apply the term ‘non-polar’ to liquids with a dipole moment below

1 D. We collected photoelectron spectra of the three structural isomers of trimethylbenzene

for both liquid and gaseous phase. The dipole moment for these isomers increases effectively

from almost zero (0.01 D) to 0.37 D and 0.7 D, respectively.

Using the reflection principle combined with a high-level ab initio electronic structure calcu-

lations, we simulated the photoelectron spectra in both gas and liquid phases yielding a good

agreement with the experimental data.
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Chapter 4. Steady-state photoelectron spectroscopy of new solvents

4.1.2 Methods

Experimental

LPES of organic solutions were conducted using a liquid micro jet apparatus to produce a

cylindrical stream of liquid in vacuum. An HPLC pump delivered the fluid through the fused-

silica nozzle to generate a 20 µm-diameter micro jet. The flow rate was varied between 0.3 and

1.5 ml/min, generating a micro jet with a laminar-flow region that was in every case longer than

1 mm in vacuum. The jet was positioned ∼ 500 µm in front of a time-of-flight (TOF) electron

spectrometer optimised for liquids [144]. The laminar-flow region of the jet was overlapped

with the VUV radiation focal spot of 25 µm-diameter at FWHM, which was monochromatised

at 34.1 eV. Preliminary measurements were conducted at the Artemis source of the Rutherford

Appleton Laboratory[145] in the UK, whereas the results presented here were produced at

the Harmonium source of the Lausanne Centre for Ultrafast Science (LACUS) (described in

references 124 and 146). The Harmonium laser had a repetition rate of 6 kHz and the LPES

setup instrumental energy resolution (VUV monochromatisation and electron spectrometer)

was 200 meV.

The nature of LPES is such that the photoelectrons (PE) from the gas-phase molecules evap-

orating from the liquid jet are also collected along with those from the liquid phase. The

ionisation energy of the two phases is different, primarily due to the Gibbs free energy [115],

but also to intermolecular bonds and surface dipoles. The liquid-phase spectrum can be

extracted by recording a gas-phase spectrum (simply by moving the jet away from the VUV

focal spot), and then subtracting it from the liquid+gas measurement. The scaling factor is

obtained by normalising the gas-phase lowest binding energy peak to the liquid+gas spectrum,

accounting for the different number of electrons collected from the different phases. This is

the approach successfully adopted by Winter and co-workers[115], and an example is shown

in Figure 4.1.

Occasionally, this subtraction retrieves a liquid phase PE spectrum with some minor distor-

tions. For example, the feature around 8 eV on the blue curve of Figure 4.2b is the residual of

the gas-phase subtraction, as well as the unlikely-sharp left edge of the first peak of the orange

trace. These artefacts are likely due to small changes in the collection geometry or very small

shifts in measured energy (< 100 meV). It should also be noted that the subtraction is likely

to underestimate the contribution of inelastically scattered electrons from the liquid, which

would otherwise be seen as a tail on the higher binding energy side of the peak.

68



4.1. Trimethylbenzene isomers
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Figure 4.1 – Example of subtraction of a gas-phase PE spectrum from the liquid+gas PE spectra of
1,3,5-trimethylbenzene. The difference is the liquid phase contribution. For the molecular orbital
assignments see Figure 4.2.

Simulations

The photoelectron spectra of all three isomers of trimethylbenzene (1,3,5-trimethylbenzene,

1,2,4-trimethylbenzene and 1,2,3-trimethylbenzene) were calculated using the reflection

principle approach[147, 148]. In this method, the ground state nuclear density is projected

onto the excited or ionic states and further onto the energy axis. The photoelectron spectrum

then reflects the distribution of molecular geometries in the ground state, as well as the

shape of the potential energy surface in the ionic states. We employed here the Condon

approximation, i.e. the electronic factors were assumed to be independent of geometry. The

reflection principle provides only low resolution spectra, i.e. the vibrational structure of the

spectra is not captured.

The nuclear ground state density was generated using the path integral molecular dynamics

(PIMD) method. With this approach quantum distributions of atoms at finite temperatures

for harmonic, as well as anharmonic systems, can be simulated. The simulation protocol

combining PIMD simulations with the reflection principle was shown to work successfully

in the context of electron and photoelectron spectroscopy.[149, 150] The convergence of the

simulations was improved by combining PIMD with the so-called quantum thermostat, based

on the generalised Langevin equation (GLE)[151, 152] leading to the PI+GLE scheme [153].

The PI+GLE calculations were made for a single molecule (the inclusion of solvent effects

69



Chapter 4. Steady-state photoelectron spectroscopy of new solvents

is discussed below). The calculations were performed on the DFT/B3LYP potential energy

surface (PES) using 6-31g* basis set. The temperature was kept fixed at 300 K, using chains of

Nosé-Hoover thermostats. The equations of motion were integrated with the velocity Verlet

propagator with a time step of 0.5 fs. The total duration of each simulation was 22 ps.

The ionisation energies (IEs) were then calculated along the PIMD trajectories, including 300

snapshots for each molecule. The IEs were calculated within the equation-of-motion coupled

cluster method for ionisation potentials (EOM-IP-CCSD)[154] employing single and double

excitations. The aug-cc-pVDZ basis set was used for these calculations. The EOM-IP-CCSD

method represents a highly reliable approach for calculating ionisation energies of valence

orbitals[155]. In our calculations, we considered around 15 lowest ionisation energies so that

we ended up at 17 eV. The calculated energies were then sorted into energy bins of 0.02 eV.

The distribution of photoemitted electrons in the liquid phase is affected in several ways. First,

the IEs of neutral molecules are shifted to lower values due to a polarization of the solvent

molecules (in our case, the solvent and solute are represented by the same molecules). We

accounted for this effect within a dielectric continuum model, employing the concept of non-

equilibrium solvation.[156, 157] In particular, the polarizable continuum model (PCM) was

applied in this study[158]. The solvent shift was calculated for the energy minima of the studied

molecules at the CCSD/aug-cc-pVDZ level. It amounts to 1.07 eV for all trimethylbenzene

isomers. We ignored here the specific solvent effects exerted by the other molecules. The

second effect is the spectral broadening resulting from solvent fluctuations around the solute.

We accounted for this again within a dielectric continuum model, using the reflection principle-

additional broadening (RP-AB) scheme[159, 160, 161]. We first calculated the reorganisation

energyλ as a difference of energy of non-equilibrium solvated ion and the equilibrium solvated

ion, both these quantities were calculated within the PCM model. This reorganisation energy

is classically connected to the variance of the photoelectron spectrum (within the linear

response regime) as

S2 = 2kB Tλ (4.1)

Each cluster snapshot was thus characterised by a vertical ionisation energy VIEi and solvent

reorganisation energy λi which translate into a variance S2
i . The liquid phase photoelectron

spectrum was then constructed as

σ(E) ∼
Nsnapshot∑

i=1

1

Si
p

2π
e
− (E−V I Ei )2

2S2
i (4.2)

The standard deviation of the additional broadening for the optimal structures was calculated

to be 0.10 eV for all the three isomers of trimethylbenzene. The simulation protocol described

above ignores specific intermolecular interactions between the molecules, e.g. the π · · ·π
interactions, which could lead to further broadening of the spectra.
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The PIMD calculations were executed with the in-house Abin code [162], with forces calculated

using graphics processing unit GPU based Terachem package[163, 164]. The EOM-IP-CCSD

calculations were made with the Q-chem package [165].

4.1.3 Results and discussion

The measured and calculated photoemission spectra for three isomers of trimethylbenzene are

presented. All solvents are liquid at ambient temperature and were used without the addition

of any salt. Each molecule has a dipole moment < 1 D and all three have a rather similar

electronic structure. The experimental photoelectron spectra are then discussed together with

the molecular orbital (MO) assignment taken from the MO analysis, which is included in the

supplementary information.

The recorded photoemission spectra of the gaseous and liquid trimethylbenzenes are shown

in Figure 4.2, with the following colour coding for the experimental data: blue for 1,2,3-

trimethylbenzene, orange for 1,2,4-trimethylbenzene, yellow for 1,3,5-trimethylbenzene. The

PE spectra resulting from the calculations are reported in green, and in black the same but

convoluted with the 200 meV FWHM experimental energy resolution. Blue lines are plotted at

the energy of the assigned molecular orbitals. A description and discussion of the spectra for

each phase follows.

Gaseous phase

The recorded gas-phase photoelectron spectra of the three molecules are shown in the left

panel of Figure 4.2. They look rather similar and show five bands within the displayed spectral

range. The ionisation threshold is around 8 eV for all three isomers and the first spectral

component happens to be distinct from the rest of the spectrum. The quality of these mea-

surements (signal-to-noise level and spectral resolution) allowed us to analyse the lineshape

of the first feature, whereas no meaningful fit could be performed for the other molecular

orbital signals in the congested part of the spectrum.

Looking first at 1,3,5-trimethylbenzene (or mesitylene), the peak around 8 eV binding energy

(EB ) originates from the highest occupied molecular orbital (HOMO) electrons, which was

assigned to the benzene ring, the 2e′′ electronic orbitals. It is followed (Figure 4.2a) by a peak

around 11 eV (the 6e′ orbitals degenerate in energy, and the non-degenerate 2a′′), whose

photoelectrons mostly originate from the orbitals of the C-C σ bond. The general form of

the spectrum is similar to that of benzene[166], with the exception of the peak around 12.5

eV assigned to the 6a′ orbital, a methyl-associated peak that is similar to the chloride moiety

ionisation energy in chlorobenzene [136] and is also evident in the other isomers (orbital 16a′).
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Chapter 4. Steady-state photoelectron spectroscopy of new solvents

Figure 4.2 – Photoelectron spectra of trimethylbenzene with molecular orbital assignment. a) gaseous
phase: blue curve 1,2,3-trimethylbenzene, orange curve 1,2,4-trimethylbenzene, yellow curve 1,3,5-
trimethylbenzene. Green curves are the calculated spectra (see text for details). Black dashed curves
are a convolution of the instrument resolution (200 meV) with the calculated green curves. b) liquid
phase following gas-phase spectral subtraction. Colour scale as in panel a). The small feature near 8 eV
in the blue curve is likely an artefact, see Section 4.1.2 for details and the supplementary information
for molecular orbital assignment. The liquid jet flow rate was 0.4 ml/min.
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4.1. Trimethylbenzene isomers

In Figure 4.3a, the first PE band of gas-phase 1,3,5-trimethylbenzene is displayed (degenerate

2e′′orbital), whose asymmetric lineshape suggests that a vibrational progression dominates the

photoionisation process (and similarly for 1,2,3-trimethylbenzene). We believe that the band’s

steep right edge represents the 0-0 vibrational transition, which clearly is the most intense of

the progression. Therefore the HOMO binding energy was identified as the adiabatic energy.

This interpretation was supported by fitting the band with its vibrational progression (dashed

trace in Figure 4.3a,) from a previous gas-phase PE spectrum[167], which was broadened

to match our experimental energy resolution. The experimental value of (8.10±0.10) eV

we retrieved revealed an underestimation of the EB of 0.3-0.5 eV with respect to other PE

experiments[167, 168, 169, 170]. The HOMO peak (and so the entire spectrum) was hence

realigned to the 0-0 transition at 8.45 eV, as the yellow marker indicates in Figure 4.3a.

The three molecules have the methyl substituents in different positions of the aromatic ring,

resulting in distinct point groups. The 1,3,5-trimethylbenzene has a C3h symmetry, whereas

the 1,2,3- and 1,2,4-trimethylbenzene are elements of the Cs and C1 point group, respectively.

Therefore, despite the great similarity, their energetics are expected to show some differences.

Because of the lifting of degeneracy in the lower-symmetry isomers, the latter two molecules

indeed display a multiplication of bands, as shown in Figure 4.2 for the orange and blue

spectra.

The 1,2,4-trimethylbenzene (or pseudo-cumene) gas-phase spectrum is shown in orange in

Figure 4.2. The lowest-energy band displays a lineshape dominated by two features, which

represent the non-degenerate 6a′′ and 5a′′ orbitals. This first band is enlarged in Figure 4.3b

and is fit with two Gaussians of 0.60 eV FWHM, while our calculated bandwidth is 0.53 eV.

The experimental splitting is (0.64±0.12) eV, which is consistent with the computed one of

0.49 eV. A comparable splitting was reported for 1,4-dichlorobenzene (0.9 eV)[136] and for

other halobenzenes [171, 172]. The HOMO binding energy was taken as the lowest-in-energy

gaussian centre at (8.32±0.10) eV (Figure 4.3b). To the best of our knowledge, this cannot be

benchmarked because no photoemission reference has been reported.

In the PE spectrum of 1,2,3-trimethylbenzene (or hemellitene), whose two highest electronic

orbitals are also non-degenerate in energy, we could not resolve a doublet structure. The

calculated splitting of 0.02 eV is indeed much smaller than the energy resolution of the present

experiment. The fit using a vibrational progression was performed likewise to the previous

case (but with broadening of 300 meV), resulting in a HOMO vertical binding energy of

(8.25±0.10) eV. This is negligibly shifted with respect to the previously reported value [170] of

8.2 eV, therefore no further correction was performed.

The experimental and calculated HOMO binding energy values are listed in Table 4.1. There is

a small mismatch between the gas-phase experimental values and the calculated ones (from
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Figure 4.3 – Fit of the gas-phase first photoelectron band for two isomers. (a) The 1,3,5-
trimethylbenzene HOMO (yellow) displays a vibrational progression that is faithfully reproduced
by the broadened (black dashed curve, 200 meV gaussian FWHM) vibrational progression from ref. 167
(thin trace). The recorded PE spectrum is shifted by +0.35 eV to match the reference, while the marker
shows the vertical ionisation energy. (b) The 1,2,4-trimethylbenzene doublet (orange) was fit (black
dashed curve) with two Gaussian curves of same area (thin traces), given the equal occupancy of the
6a" and 5a" orbitals.

0.3 to 0.6 eV), nevertheless the calculation captures well the general trends. The influencing

factor on the PE binding energies can come from electrical polarisation between sample and

spectrometer, as well as from the space-charge. The latter is excluded because of the weaker

gas-phase (and hence photoelectron) density compared to the liquid one, for which the effect

was not observed. Since the liquid jet was grounded, we unfortunately can not discount some

residual charging of the liquid micro jet (electrokinetic charging), or of the analyser entrance,

which would result in a kinetic energy offset, constant across the whole spectrum. Aside from

such an energy offset, the orbital energies reported in the S.I. are a reliable reference for future

studies, since the green simulated spectra reported in Figure 4.2 follow the pattern of the

experimental data for both phases, and also correctly predict the shape of the composite peaks

and the observed splitting. The widths were estimated within the semiclassical reflection

principle approximation and a perfect agreement is again not to be expected in this case.

Liquid phase

The liquid phase photoemission spectra are presented in Figure 4.2b, after subtraction of

the gas-phase contribution. The five bands show a spectral distribution that looks similar

to the gas-phase one, and a uniform shift of about 1 eV to lower energies is also observed.

The similarity is expected because the weak intermolecular van der Waals bonds in liquid

1Value re-calibrated by referring to 167. More details in the text.
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Molecular Calculated Experimental Gas-liquid exp. Exp. liquid Liquid exp.
orbital gas EB (eV) gas EB (eV) shift (eV) EB (eV) FWHM (eV)
1,3,5-tmbz HOMO 8.85 8.451±0.25 1.3±0.3 7.21±0.3 1.3±0.2
1,2,3-tmbz HOMO 8.82 8.25±0.39 0.8±0.3 7.4±0.4 1.0±0.3
1,2,4-tmbz HOMO 8.60 8.32±0.12 1.3±0.3 7.0±0.3 /
1,2,4-tmbz HOMO-1 9.09 8.96±0.12

Table 4.1 – Experimental and calculated binding energies for the highest orbitals of the trimethylben-
zene (tmbz) isomers. The uncertainties are the 95% confidence interval. For 1,2,4-tmbz the electronic
doublet could be fit only in the gas phase. The solvation shift and broadening are also reported. See
text for more details.

organic solvents do not significantly distort the molecular equilibrium, whereas the width of

the spectral features is larger.

The first liquid-phase PE band of each isomer is reported in Figure 4.4. None of the HOMO

spectra displays the characteristic shape of an adiabatic ionisation (as for 1,2,3- and 1,3,5-

trimethylbenzene gas, Figure 4.3a), but rather a broader Gaussian-like band. The liquid-phase

HOMO binding energy of the three molecules were extracted as follows. First we determined,

from the unsubtracted PE spectra, the shift in energy of the liquid-phase HOMO central

position with respect to the vertical ionisation peak, previously identified in the gas-phase

spectra. Then the liquid-phase HOMO EB were corrected with respect to the calibrated gas-

phase values. These binding energies, together with the gas-liquid shifts, are given in Table 4.1.

This approach was adopted to exclude any energy shift of the liquid+gas PE spectra, relying on

the gaseous phase for the energy calibration. Energy differences recorded by a calibrated TOF

electron analyser are trustworthy, regardless of any energy offset.

The origin of the energy shifts between gas and liquid phase bands is well accounted for by

theory. As mentioned above, embedding the trimethylbenzenes in the liquid environment

leads to a calculated shift in the ionisation energy of 1.07 eV. The similar shift magnitude for

both highly polar and non-polar solvents can appear surprising. The relative permittivity of

water is around 80 while that of the studied non-polar solvents is only slightly larger than 2.

Since the ionisation is an ultrafast electronic process, within which only the electron is able

to adjust while the solvent molecules nuclear positions remain essentially unchanged, its

energetics is controlled by the high-frequency limit of the dielectric constant, corresponding

to the so-called optical dielectric constant.[161] The value of this constant is similar for most

of the solvents, having a value around two. Applying a simple Born theory, the shift of 1 eV

corresponds to a cavity with a radius of ∼ 4 Å, which is a reasonable value for the aromatic

molecules studied here.

The liquid-phase HOMO bandwidths, also reported in Table 4.1, were measured only for two

isomers. The 1,2,4-trimethylbenzene doublet structure is still evident, but unfortunately any

reliable fit of the two components was hindered by the gas-phase subtraction artefact, which
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Figure 4.4 – Liquid phase photoelectron spectra of the highest trimethylbenzene orbitals (gas phase
subtracted). The HOMO EB , indicated by markers for each isomer, was determined from the centre of
the Gaussian fit, referring to the calibrated gas-phase EB . The values are reported in Table 4.1. More
details in the text.

generated the sharp edge on the left side of the band in Figure 4.4.

The measured broadening is significantly larger than the calculated one (0.57 eV) even when

the instrument resolution is accounted for (black curves in Figure 4.2). Spectral broadening of

liquid-phase PE features, with respect to the gas phase corresponding peaks, originates either

from intrinsic or extrinsic phenomena. The latter can be, for example, space charge due to an

excessive photoelectron density at the interaction point, which might be an issue when using

ultrashort pulsed VUV radiation because the impulsively-generated photoelectrons interact

with each other while dispersing, resulting in shift and broadening of their spectrum. While

some effort to reduce the photoelectron amount per laser shot was made by reducing the

probe photon flux, some effects may still be present in the recorded PE spectra. Photoelectron

inelastic scattering is also a typical source of broadening.

The former effect, instead, is characteristic of solvated species. These molecules, interacting

within the liquid, usually experience a rearrangement of the potential energy surfaces that

not only influences the vertical ionisation energy, but also the vibrational progression of such

transition. In photoemission spectroscopy, this translates into changes of the electronic orbital

spectral shape and position with respect to the isolated (or gaseous) molecule. For example,

the gas-phase electronic orbital that produces a sharp PE signal, because solvation introduces

new intermolecular coordinates, might result into a wider PE peak for the liquid phase (e.g. the

HOMO of liquid and gaseous water[115]). In addition to collisional broadening, in this specific

case aromatic hydrocarbons can arrange in different stacked configurations, characterised

by different ionisation energies. Our test calculations at the DFT level indicate that a further
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broadening of 0.1-0.2 eV can be expected because of this effect.

Electrokinetic charging

The liquid jet apparatus used in these studies relies on the internal profile of a pulled fused

silica nozzle to produce a region of laminar flow. The use of these nozzles for micro liquid

jets with polar liquids (such as water) can cause formation of an electric double layer (EDL)

of ions. A first layer of ions binds strongly to the glass and a subsequent, more diffuse layer

of counter-ions forms on top[173, 174]. The liquid jet leaving the nozzle picks up charge and

in the case of water, either H3O+ or OH− ions are preferentially sheared away giving the jet

surface a net charge when it leaves the nozzle. The charge on the jet is dependent on the

experimental conditions (flow rate, salt concentration etc.), and it has been investigated in

references 175, 176, 177.

The electrokinetic charging can form a streaming potential of several volts, which severely

distorts the photoelectron spectrum. This effect can be neutralised adding salt, e.g. 20

mM of NaCl for water, to make the liquid conductive and counter the charging, therefore

photoelectrons can be collected almost undistorted. This is not possible for non-polar liquids

due to solubility of salts. In the measurements here reported we observed charging for all

solvents, except for 1,3,5 - trimethylbenzene. Interestingly, the charging appeared at lower flow

rates for solvents with a higher dipole moment. However we show that, at suitable flow rates,

photoelectron spectra can be anyway collected for the three isomers of trimethylbenzene.

LPES measurements of 1,2,4-trimethylbenzene and 1,3,5-trimethylbenzene at different flow

rates with a 20 µm jet diameter are shown in Figure 4.5. For both of them the PE spectra

remain stable between 0.7 and 0.8 ml/min, with little effect apart from an increase in the

gas phase contribution at higher flow rates. For a flow rate of 0.9 ml/min, the measured PE

kinetic energy of 1,2,4-trimethylbenzene shifts by a near uniform +0.25 eV indicating a net

negative charge on the liquid jet. This observation is however not so surprising, as the flow

electrification of liquids has been reported[178, 179] for solvents such dimethyl ether, albeit

without a clear explanation.

Clearly the model of the EDL for polar liquids, described at the beginning of this section,

cannot be applied to non-polar liquids, however we propose that the observed charging is

caused by ion separation. The question is then what is the source of these ions? There are

two possible sources: the fused silica nozzle or an interaction of the non-polar liquid and the

nozzle leading to a surface localised decomposition of the solvent. While further studies are

needed to validate these hypotheses, we suggest that the macroscopic friction between the

liquid and the jet can exert a force to strip off charge from the solvent molecules resulting in

ion formation.
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Figure 4.5 – Photoelectron spectra collected from two isomers at different jet flow rates (0.7, 0.8 and 0.9
ml/min) between 0 and 15 eV EB . All PE spectra consist of the gas- and liquid-phase contributions.

4.1.4 Conclusion

We have demonstrated that liquid-phase photoelectron spectroscopy of three isomers of

trimethylbenzene can be performed without the addition of salts. This extends the technique

capabilities to explore solutes dissolved in these non-polar solvents, which can complement

the growing data sets available for solutes in many organic liquids.

For solvents with larger dipole moment, charge separation occurs most likely due to friction

based forces stripping charge from the solvent molecules. The ion separation induced charging

distorts the measured photoemission spectrum. This observed surface/liquid interaction

suggests that liquid micro jets could be good molecular models for exploring the phenomenon

of tribochemistry [180].

The measured data were compared with high level (EOM-IP-CCSD) ab initio calculations

combined with molecular dynamics simulations. The calculated data are in a good agreement

with the experiment, validating the theoretical approach.
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Finally the fact that LPES measurements of non-polar liquids is possible opens an exciting

opportunity to study redox properties in non-aqueous solutions, which have been shown to be

an attractive alternative to study electrochemistry[142]. Very often, the electrochemical data

for biomolecules are only available in non-polar solvents. LPES data with non-polar liquids

can now be directly compared.
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5 Ultrafast ferrioxalate photophysics

and its photochemical reaction

In this Chapter a time-resolved photoelectron spectroscopy (tr-PES) study on [FeIII(C2O4)3]3−

aqueous solution is presented. The PES measurements on solution were possible thanks

to the liquid micro jet technique applied to the photoemission experimental setup and to

the HARMONIUM light source, all described in Chapter 3. In a pump-probe scheme, 266

nm ∼40 fs laser pulses were exploited to trigger excitations in the solvated compound, and

a monochromatised VUV pulse was used to ionise the stream of solution. The so generated

photoelectrons were collected by the electron analyser, and the time delay between pump

and probe pulses was tuned to explore the system evolution upon excitation. Thanks to PES,

we were able to grasp snapshots of the solution’s electronic configuration and thus strobo-

scopically explore the sample’s electronic dynamics with elemental sensitivity, unravelling the

ultrafast processes the solvated molecule undergoes upon photoexcitation.

The Chapter begins with an introduction (Section 5.1) where the ferrioxalate photochemistry

is reviewed. The electronic configuration of the steady-state ferrioxalate is explore d by

steady-state PES and discussed in Section 5.2. The transient PE signal the molecule exhibits

upon photoexcitation is presented in Section 5.3 and analysed in Section 5.4. The results are

then interpreted in the framework of the current scientific discussion about ferrioxalate and,

more generally, on the ultrafast electronic processes typical of solvated coordination metal

complexes.

5.1 Introduction

Photoexcitations in molecular systems have been discussed in Chapter 2, together with the

effect a liquid environment has on the solute energetics. Among those, coordination metal

compounds are an interesting class of molecules where light-induced processes can be studied

and the consequent reaction tailored with the right combination of metal centre and ligands.
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(a) Molecular 3D structure. The colour code is orange for
iron, red for oxigen, grez for carbon.

(b) Planar sketch of the anion. Each bidentate oxalate lig-
and has a net charge of -2 and the central atom oxidation
state is +3.

Figure 5.1 – Ferric tris-oxalate [FeIII(C2O4)3]3− .

These tuneable properties makes these molecules of wide interest, from the understanding of

their photophysics to the tailoring for applications.

The photoreactivity of many ferric carboxilato compounds is of general interest, for example in

wastewater treatment [181], and therefore the outcome of FeIII photoreactions is well known

[182]. Out of these, ferric tris-oxalate is a prototypical metallorganic complex because of the

kind of photophysics that triggers its photoreaction Despite the products are well-known, to

date the early steps after photoexcitation have not been completely clarified.

The ferrioxalate molecule[FeIII(C2O4)3]3− is depicted in Figure 5.1a and presents an iron

metal at the center (orange) six-fold coordinated with the ligand oxygen atoms (red) with

octahedral geometry. The oxalate (or simply ox) ligands (C2O4)2− are ions that coordinate with

the ferric atom by chelation in a helical chiral geometry that makes this molecule belonging

to the D3 Point group. A racemic mixture is guessed for the solvated compound at room

temperature.

The first study about the photolysis of[FeIII(C2O4)3]3− aqueous solution was published in 1929

by Allmand and Webb [184], showing a steep rise in the absorption spectrum from 480 nm to

360 nm excitation wavelength. Later in 1953, Parker [185] performed a more quantitative study

about the photoproducts of the ferrioxalate photolysis upon UV light exposure, determining

the photoreaction quantum yield. A more recent measurement of the compound absorption

spectrum is reported in Figure 5.2 [183]. Here, two regions can be distinguished: a ligand-field

band (optically forbidden transitions within d-orbitals) at wavelengths > 500 nm, and a more

intense band for λ< 440 nm. The red trace represents the efficiency in generating the product

of the photoreaction the ferrioxalate undergoes.
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5.1. Introduction

Figure 5.2 – Static absorption spectrum (blue) of ferrioxalate in heavy water, from ref. [183]. In red the
ferrous product yield at the end of the photoreaction. See text for more information.

5.1.1 The ferrioxalate photochemistry

The exposure of the compound to ultraviolet (UV) light was observed to induce a reduction

reaction that leads to ferrous species [186, 185, 187, 188, 189, 190]. The quantum yield of this

light-induced decomposition (red trace in Figure 5.2) is constant for a wide range of photon

energies [191]. Thanks to the clear spectral difference in absorption between reagents and

photoproducts ([FeII(C2O4)2]2−, which absorbs around 510 nm where the latter is transparent

[190, 192]), the ferrioxalate soon became a "gold standard" in photochemistry for UV fluence

measurements (actinometry) [188, 193]. By calculating the photoproduct amount, the photon

flux can be estimated.

Since the first publication about this [186], the ferrous products observed upon exposure to

UV radiation were presumed to be due to an electron transfer from the oxalate ligand to the

metal, which later was labelled as a LMCT. Taken as granted, this reasonable assignment then

passed down for decades without any direct demonstration that the metal oxidation state

changes upon light absorption.

Some years after the first reported spectroscopic investigation on the ferrioxalate, Parker and

Hatchard [190] measured a photoreduction quantum yield greater than unity, later confirmed

by more precise measurements [191]. This stands for a two-steps reaction where more than a

ferric molecule is reduced per absorbed UV photon, as actually suggested by Livingston in

1929 [186].

The first attempt of a complete explanation of the ferriossalate photoreaction was suggested in
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1959 by Parker and Hatchard [190], who carried on nanosecond flash photolysis experiments

and formalised a reaction sequence for the ferrioxalate photochemistry:

(1) hν+ [FeIII(ox)3]3− → [FeIII(ox)3]3−∗ → [FeII(ox)2]2−+ (ox)•− (5.1)

(2) (ox)•−+ [FeIII(ox)3]3− → [FeII(ox)2]2−+4CO2 (5.2)

(1+2) hν+2[FeIII(ox)3]3− → 2[FeII(ox)2]2−+4CO2 (5.3)

The UV photon excites the ferrioxalate reagent in a (possibly intermediate) excited state,

which then undergoes ligand dissociation and iron reduction (Eq. 5.1). The radical oxalate

anion then reduces a second ferrioxalate molecule, creating the second ferrous product and

the release of CO2 (Eq. 5.2). This reactions, which they found to happen within tens of

ns (the experimental time resolution), involves the radical (ox)•− formation after the Fe-O

bond is heterolytically cleaved, hence a prompt electron transfer is proposed. Equation (5.3)

summarizes the complete photoreaction that, per photon absorbed, produces ferrous species

with a quantum yield larger than 1 (Figure 5.2).

Of a different opinion were Perone and his co-workers [194] who electrochemically observed

an intermediate product originating from the same photoreaction. The authors proposed

that the C-C oxalate bond is homolytically cleaved in a process that is an order of magnitude

faster than the reaction 5.1. Therefore, the FeII is produced by a subsequent redox which also

generates the reactive carbonaceous radical, so a delayed iron reduction process is suggested.

Other investigations into the moment the electron transfer happens were also carried out

by DeGraff et al. [195] who performed kinetic spectroscopic studies of aqueous ferrioxalate

solutions with different pH and oxalate excess concentrations. By means of nanosecond

transient absorption measurements of ferrous and ferric species, as well as oxalate anions,

they substantially agreed with Hatchard and Parker about the first interpretation of a prompt

iron reduction. They also suggested that, since the first photoreduction does not have a q.y. of

1.0, other primary processes compete with the electron transfer, for example photoaquation,

rising an interesting question on how the solvent charge-transfer (CT) states can couple with

ligand field states of the iron and hence compete with its reduction.

After these studies, it was still debated whether the radical is an oxalate (C2O•−
4 ) or a carbonyl

(CO•−
2 ), and if the metal reduction happens before or after the oxalate detachment. The advent

of ultrafast lasers gave access to the picosecond, and later the femtosecond time scale. Faster

processes could therefore be investigated, and the early steps of the ferrioxalate dynamics
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clarified.

Rentzepis et al. carried out some ultrafast optical experiments on ferrioxalate aqueous solution

LMCT excited at 400 nm [196, 197, 198] and 266 nm [198, 199, 200] where they defended the

hypothesis of a delayed electron transfer, for both excitation wavelengths, that seems to trigger

the same photodynamics. Together with visible transient absorption experiments, they also

exploited the sensitivity of X-ray absorption spectroscopy (XAS) post-edge (EXAFS) to the

bond lengths and coordination number to investigate the behaviour of the iron coordination

sphere upon 266 nm photoexcitation. The sixfold coordinate iron has a 1.99 Å length for

the Fe-O bonds at equilibrium. The excited sample displayed a post-edge structure that was

related to a increased the iron-oxygen distance up to 2.21 Å within the first 2 ps. The authors

assigned this increase to an excited ferric tris-oxalate molecule, whose metal has not yet

been reduced. At 4 ps the bond shrinks to 1.92 Å because of an homolytic cleavage of Fe-O

bond, therefore no electron transfer has occurred so far [198]. From 5 ps the oxalate ligand

is entirely fragmented and the released moieties are two radicals (CO2)•−. The carboxylate

radical triggers the second part of the photoreaction (eq. (5.2)) and a second ferrioxalate

molecule is reduced over hundreds of ns.

Moreover, in the time-resolved XAS spectrum presented in their study [201], the iron K-edge

displays a blue-shift that reaches a maximum at 2 ps after the photoexcitation, and then

decreases. Unfortunately, this result obtained from a post-edge X-ray study with about 20 eV

energy resolution might not be significant.

A more recent time-resolved XAS study performed at SACLA free electron laser by Suzuki et al.

[202] focussed on the iron K-edge of aqueous ferrioxalate upon 268 nm excitation, with 1.3 eV

energy resolution. Conversely to Rentzepis’ results, they observed a prompt (< 140 fs) iron

K-edge red-shift of large amplitude (< 3 eV), which settles at around 3 eV within 3 ps and does

not show other evolution during the following 100 ps. Assuming an excitation yield of 0.5, the

edge difference between parent molecule and product is compatible with the formation of

[(CO2)•FeII(ox)2]3− (S=5/2) or [FeII(ox)2]2− (S=2) as first photoproducts, whose iron K-edge

is shifted with respect to the parent molecule, of -5.7 eV and -4.8 eV, respectively.

The reaction mechanism they proposed involves the release of a CO2 in 140 fs (within their

temporal resolution) and the second oxalate moiety (CO2)•− within the red-shift relaxation

time (3 ps), and hence the ferrous bis-oxalate is formed. This conclusion stands for a prompt

charge transfer, even though the similar edge shift of the two proposed products leaves unde-

fined the precise determination of the evolution during the first 3 ps.

The most recent, to the best of our knowledge, time-resolved infrared transient absorption (IR

TA) study on ferrioxalate from Vöhringer and co-workers [183] clarified the dynamics of the

photodetachment of the oxalate ligand, and that defined the fragment release timing, leading
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Figure 5.3 – Primary photochemical mechanisms of ferrioxalate in aqueous solution, upon LMCT
excitation (the second half of the photoreaction of Eq.(5.6) is not described). The molecular structural
evolution shown in this sketch represents the findings of this work [183], and does not depict any
electronic process. a) The bonds cleavage that leads to the CO2 release in less than 0.5 ps. e) ferrous
dis-oxalato isomers which still carries the CO•−

2 from the oxalate fragmentation, which is released at
the most favourable structural configuration. The steady-state geometrical structure of the ferrous
bis-oxalate c).

to a clearer picture of the molecule photodynamics (see Eq. (5.4)). The experiment used

the Fourier-transformed IR TA (FTIR) technique to monitor the carbon-oxygen vibrational

frequency window upon 266 nm excitation. Within their temporal resolution of 0.5 ps, a novel

band appears, which was straightforwardly assigned to solvated CO2. This proved that the

oxalate ligand fragments, and such moiety is released in a vibrationally-hot ground state,

which cooling is observed to take place in ∼ 25 ps. The C=O asymmetric stretching mode at

1636 cm−1 for the parent molecules showed to promptly bleach, while two novel absorption

peaks are observed to converge towards the asymptotic values of 1641 and 1657 cm−1. The

former was assigned to ferrous dioxalate (τ= 400 ps), whereas the latter corresponds to the

radical (CO2)•− which is detached upon isomerisation of the fivefold-coordinated transient

iron compound within 1 ns. At this step the detachment of the fragmented oxalate ligand is

completed and the metal coordination number is 4, while the [FeII(ox)2]2− is still undergoing

structural rearrangements towards its square-planar final geometry.

In light of the reviewed experiments, a summary of the ferrioxalate photoreaction is here

reported:

hν+ [FeIII(C2O4)3]3− → [(CO•
2)FeI/II/III(C2O4)2]∗3−+CO2 (< 0.5 ps) (5.4)

⇓
→ [FeII(C2O4)2]2−+CO2 +CO•−

2 (∼ 1ns) (5.5)

⇓
CO•−

2 + [FeIII(C2O4)3]3− → 2 [FeII(C2O4)2]2−+ ... (∼µs) (5.6)
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Upon UV photon absorption, the reaction (5.4) shows that the molecule looses a CO2 within

0.5 ps (or faster), and the fragmented oxalate moiety is still coordinated to the metal, whose

oxidation state has not been directly measured. Calculations predicted a ferrous species as

the most probable, because of the structural dynamics the molecule experiences before the

next fragmentation [183] and for the K-edge shift measured by Suzuki et al., although direct

observation is not as yet performed. The detachment of the second oxalate moiety takes place

after 10 ps and is completed before 1 ns, with the first ferrous photoproduct still evolving

towards the square-planar final configuration.

The redox in eq. (5.2), is then triggered by the CO•−
2 radical and a second ferrioxalate is reduced,

eventually producing the [FeII(C2O4)2]2− product.

The last pivotal open question the ferrioxalate photochemistry, that still needs to be clarified

with unambiguous evidence, concerns the moment the electron transfer takes place. Time-

resolved XAS experiments are sensitive to oxidation state change of the atom whose edge is

monitored, but the edge shift observed for this system [202, 203] are not independent from

the bond elongation taking place upon photon absorption. Thanks to simulations the edge

profile of the fraction of excited species could be interpreted. Nevertheless, the experimental

edge shift is due to two underlying phenomena (oxidation state change and bond elongation),

whose contribution cannot be unambiguously disentangled. A recent XAS work showed that

the two similarly contribute to the transient species edge shape, making hard separating the

relative contributions without a proper reference [204].

Photoelectron spectroscopy is here exploited as the experimental technique to finally establish

the timing of the iron oxidation state change, thanks to its sensitivity to the system electronic

configuration and to the metal oxidation state. Given the fs time resolution of our setup, we can

definitely demonstrate whether the photon absorption is exciting an LMCT state or another

intermediate electronic state before the charge transfer state is populated. The electron

transfer dynamics can hence be defined, contributing to a more complete understanding of

the early steps of the ferrioxalate photochemistry, and paving the way to ultrafast PES studies

on a wide class of coordination compounds.

We present hereinafter the PES results on ferrioxalate aqueous solution, starting from the

interpretation of the steady-state molecule spectrum. The photoexcited molecule PES is then

described and the PE signal evolution from time-resolved PES is discussed, clarifying when

the electron transfer takes place.
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5.2 Steady-state ferrioxalate LPES

In this section the photoelectron spectra of ammonium ferric trisoxalate aqueous solution

are presented. The measurements were performed in the LSU laboratory at EPFL. The results

of static LPES are shown and the PE band due to the solvated [FeIII(C2O4)3]3− is discussed

with the support of Ligand Field theory, to conclude an assignment. The comparison with

other PE experiments on iron compound support the interpretation of the measured PE signal.

5.2.1 Experimental results

The salt used to prepare ferrioxalate aqueous solutions is (NH4)3[FeIII(ox)3] (CAS n. 13268-

42-3, supplier: ACROS), which displays a solubility in water of ∼0.7 M. In general, high solute

concentrations are critical in order to obtain a good contrast for the solvated species in PE

signal to stand out of the solute contribution. A 0.5 Molar solution was prepared as described

in Section 3.2.5 and wrapped in aluminum foil to avoid photodegradation.

Aggregates in the solution are unlikely to happen because the solvation enthalpy quickly

drives the salt to be solvated by water molecules, favouring an increase of the solution entropy.

Moreover, the ferrioxalate was found to be stable in solution and no evidence of aggregation

has been reported since this solution rose some interest at the beginning of the XX century.

Moreover, one can bring an electrostatic argument since the molecular geometry (Figure 5.1a)

is octahedral and the metal center coordination is complete, therefore the only way it could

aggregate is by means of the ligands. But being the compound in solution an anion of charge

-3, the aggregation with another species can be excluded. Crystallization is avoided by working

at concentrations below the saturation.

Monochromatised VUV photons with energy of 37.2 eV were exploited to generate the PES

spectra presented in Figure 5.4a. For all the static PE experiments here presented, the electron

spectrometer was used in the field-free configuration in and the VUV flux was kept below the

threshold which generates space-charge, in order to achieve an accurate energy calibration of

the unexplored solvated molecules PE spectrum.

The ferrioxalate solution PE spectrum is displayed in logarithmic scale in Figure 5.4a, and is

overlapped in Figure 5.4a with the pure solvent one (blue trace), At first glance the solvent

bands dominate the spectrum down to the liquid water HOMO ionisation threshold of ∼ 10

eV of binding energy. The solution PE spectrum (green) here shows a novel band at around 9

eV EB , which is due to the solute. The relative intensity of this peak is about 10−2 with respect

to the water liquid HOMO peak at 11.16 eV, which reflects the solute/solvent molar ratio (1%

for 0.5 molar concentration in water). This points to the photoionisation cross section of the

solvated species HOMO being comparable to the liquid water 1b1 orbital. Moreover, we ob-
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(a) PE spectra on logarithmic scale of pure solvent (water) in blue and
500mM ferrioxalate solution. photon energy, acquisition time, rep
rate. Upon renormalisation to the first peak from 1b1 liquid water or-
bital electrons, the two spectra are overlapped, and the contribution
from iron 3d orbitals appears around 9 eV.

(b) Differential PE spectrum of the solvated
[FeIII(C2O4)3]3− obtained by subtracting the pure
solvent reference (blue) from the the ferrioxalate
solution spectrum (green), plotted in Figure 5.4a.

Figure 5.4 – Photoelectron spectra of steady-state ferrioxalate aqueous solution.

serve that to isolate any solute contribution with such a little relative intensity in a signal-free

EB range, a background noise lower than 10−3 times the solvent signal is needed, as Figure

5.4b clearly displays. We hence performed the solvent subtraction (Figure 5.4b), highlighting

the ferrioxalate signal. The black line is smoothed for the sake of clarity, and the experimental

uncertainty is reported as confidence interval of two standard deviations. This results from the

error propagation calculated as the variance of the several spectra that, averaged, made the

traces in Figure 5.4a. Because of the rise of the water band at its ionisation edge, the precision

of the differential spectrum decreases with increasing binding energy, whose line shape is

reliable for EB . 10eV.

It is important to stress that, to perform the solvent subtraction, solution and solvent spectra

must be recorded under identical experimental conditions, otherwise artefacts can be intro-

duced in the differential spectrum. Although nothing was changed between these consecutive

measurements, the green and blue spectra of Figure 5.4a appear dissimilar for binding ener-

gies larger than 12 eV. In the green trace, the lower gas-phase water peak at 12.6 eV stands for

a weaker gas contribution for the solution compared to the pure solvent. We believe this is

due to a lower vapour pressure of the solution, as also proved by the drop of the pressure in

the vacuum chamber we observed while the liquid sample was switching, flowing without

interruption, from pure solvent to the highly-concentrated solution. The spectra were renor-

malised to the liquid-phase HOMO peak, because the solute signal has an amplitude anyway

proportional to the solvent liquid-phase spectral amplitude. This is also desirable because the

subtraction requires the liquid edges to be perfectly overlapped.
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5.2.2 Discussion

A brief summary of the basic principle of Ligand Field theory is given with the aim of intro-

ducing the vocabulary needed for the following discussion. The interest on this theory is to

get some insights on the novel PE spectra, which map the occupied molecular orbitals, by

comparing the expected electronic structure predicted by the theory.

Ligand Field theory (LF) [205, 206, 207] was developed as an empirical framework that, ap-

plied to transition metal complexes, could reliably predict the electronic properties of these

organometallic compounds [208, 209, 210]. What relates the spectroscopic properties of a

coordination compound and its spatial symmetry is the electrostatic coupling between the

central atom and the coordinated ligand. The metal belongs to the transition group of the

periodic table, therefore d-orbital electrons play a key role in LF theory. The ligand, in such a

picture, is a point charge placed near the metallic atom in such a way that the symmetry is the

same of the real compound. Despite this simplistic ligand representation, which can stand for

quite large molecular moieties, the accuracy of this theory is still good enough to guess the

energetics of a broad variety of metallorganic compounds [211].

The theory effectively simplifies the ligand-metal interaction to an electrostatic field the ligand

exerts on the metal, whose orbitals are perturbed by. Starting from the simplest case, the

effect of a spherical electric field to the metal electronic orbitals is a homogeneous rise of

their binding energies. For a non-spherical electric field, as it is the case of a finite number

of ligands, its anisotropy induces a different energy shifts for the d orbitals, which partially

lifts their degeneracy. This is due to the way the electronic orbitals transform with respect to

the compound’s Point Group. In other words, the ligand electrostatic field perturbs the metal

ion Hamiltonian and new eigen values are defined for the d orbital electronic wave functions,

depending on their spatial symmetry with respect to the LF.

Figure 5.5 – Splitting of the five d orbitals due to
an octahedral ligand field, from ref. [211]. On
the left the degenerate case of a spherical sym-
metry. ∆o measures the energy split amplitude.

An example of how the electronic energy levels

look like in an octahedral LF symmetry is dis-

played in Figure 5.5. The split amplitude be-

tween t2g and eg orbitals in an octahedral com-

plex is defined as ∆o , which amplitude depends

on: the metal atom oxidation state and occu-

pancy; the nature of the metal ion, in terms of

the quantum number N corresponding to the

period of the element; the coordination number

and geometrical arrangement of the ligands, be-

cause this defines the LF strength; the nature of

the ligands, which are ordered for increasing LF strength into a spectrochemical series [211].
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Consequently, the d orbitals energy levels of metallorganic coordination compounds can be

predicted if these parameters are known.

Moreover, LF theory can anticipate the metal ion spin configuration, which is governed by

the orbital occupancy. This in turns depends on the energy cost of electron pairing P , in

comparison with their promotion into the next energy level to accomplish the highest multi-

plicity possible. Whether this happens or not is defined by the values of ∆ and P , the electron

pairing energy: if ∆> P a LS is expected, otherwise the electrons redistribute accordingly to

Hund’s rule. The pairing energy P is computed as the sum of the coulombic repulsion and the

exchange energy, which depends on the element, on its oxidation state and on the d orbital

occupuancy. Reference values can be found in specialised handbooks [211].

The ferrioxalate electronic structure

In the specific case of [FeIII(C2O4)3]3− the ligand are the chelated oxalates (C2O4)2− and the

metal atom is in its ferric oxidation state (FeIII, or Fe3+). The molecular geometry has been

presented in Figure 5.1a, and the D3 Point group, for the sake of the LF, is equivalent to

the Octahedral Point group (Oh). Still within this framework, the isolated Fe3+ electronic

configuration is [Ar]3d 54s04p0, therefore the 3d orbital occupancy is of 5 electrons, and the

values of P and ∆o parameters can be found. The ferrioxalate pairing energy is P = 29·875

cm−1 (3.70 eV) and ∆o = 14·140 cm−1 (1.75 eV) [211]. The splitting arises from the symmetry

properties of d-orbitals within an octahedral system, and a handy way to see it is geometric:

only two orbitals lie along the coordination direction, the other three are not along the bond

directions, therefore they are stabilised in energy. This is also the reason why d orbitals are not

taking part to the chemical bonds and a have thereby a non-bonding character.

Given the amplitude of the LF parameters, the ferrioxalate molecule clearly shows a weak field

configuration (∆< P ), which implies a high spin (HS) state. A sextet state (s=5/2) is indeed

confirmed for the ferrioxalate ground state [202]. The electronic configuration is shown in

Figure 5.6 together with the PE spectrum, which reveals the [FeIII(C2O4)3]3− HOMO peak

appearing underneath the water band tail, does not display the t2g orbitals buried by the

solvent photoelectron intensity.

The ferrioxalate differential PE spectrum

The static PE spectrum of [FeIII(C2O4)3]3− aqueous solution is reported in green in Figure 5.4a

and the differential PE spectrum, which has the pure water PES subtracted, is displayed in

Figure 5.4b. The ionisation potential of the solvated molecule is Ip = (7.9±0.2) eV, obtained as

the x-axis intercept of a linear fit on the band tail.

As the ferrioxalate PE band, centred at (9.5±0.2) eV, is the lowest feature in binding energy
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observed in the PE spectrum, it is assigned to the HOMO. The FWHM is (1.4±0.3) eV and the

profile is asymmetric.

From LF theory, the HOMO ferrioxalate band is expected to display a doublet because of the

energy split between t2g and eg orbitals (Figure 5.5), estimated in ∆o = 1.75 eV. Therefore, the

signal in the PE spectrum (Figure 5.4b) cannot represent the full Fe3+3d HOMO band because

the 3d orbitals split is larger than the displayed bandwidth, still neglecting the broadening

induced by the experimental resolution and the solvent interaction. Therefore we believe that

the photoelectrons we detected come mostly from the eg orbitals, widened by solvation, while

more than half of the 3d PE intensity is buried under the water tail at EB > 10 eV.

Figure 5.6 – The differential ferrioxalate PE spectrum (Fig. 5.4b) is plotted with vertical energy axis,
such that the orbital diagram is outlined. The LF splitting ∆o is to scale, and the eg orbitals are aligned
to the band centre at 9.5 eV EB .

To confirm the nature of this solute band, we refer to the previous static PES studies on

iron metal complexes in aqueous solutions carried out by Winter and co-workers [212], who

studied the molecules’ electronic structure in the valence band region. Their results are

reported in Figure 5.7, which displays the solvent-subtracted PE spectra for four coordination

complexes of octahedral symmetry, as the ferrioxalate. The blue lines represent the calculated

energies of the metal electronic orbitals in different oxidation states, both for cyanide and

water ligands. They could demonstrate an excellent agreement with the observed PE peaks,

and unambiguously identify those electrons as from iron orbitals. Moreover, the electronic

energy level structure of the iron orbitals, which is sketched in each panel of Figure 5.7, is

resolved in the PE spectrum for all the molecules, except for the ferric hexaaquo complex. For

this, the small energy gap between water and ferric HOMO energies, beyond the unfavourable

spectral overlap, suggests that the Fe 3d orbitals strongly mix with the water ones.
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The spectral splitting they observed for the iron HOMO manifold confirms their LF calculation,

as for the Fe2+(aq) and Fe3+(CN), which electronic energy levels are sketched in the respective

panels of Figure 5.7.

Figure 5.7 – Photoelectron spectra of octahedral iron compounds in water, with the solvent contri-
bution subtracted, from ref. [212]. The PES spectra of iron hexacyanide (Fec y ) and iron hexaaquo
(Feaq ) compounds steady-state ferrous and ferric species show the HOMO signal, assigned to the
corresponding orbitals (Fe 3d x ). Note the fine structure and the ionisation threshold for different iron
oxidation states of the same compound.

The Fe3+(aq) compound (Figure 5.7b), is similar to the ferrioxalate molecule, because of the

same iron oxidation state, 3d 5 metal orbital occupancy, the same octahedral symmetry and a

HS ground state. Moreover, in the LF spectroscopic series, the water ligand has almost the
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same LF strength of oxalate [211], therefore similar energetics are expected. The similarity

of the spectrum in Figure 5.7b with the differential PE spectrum of Figure 5.4b supports our

assignment of the ferrioxalate band to photoelectrons from the Fe3+ 3d orbitals.

As for the Fe3+(aq), the ferrioxalate signal of the t2g levels seems to be buried under the solvent

band, therefore no conclusions can be drawn about the effect of the solvation on the metal

electronic orbitals, even if a quite strong solvent interaction is expected, as the overlap of the

respective orbital binding energies hints at. The ferrioxalate PE band is displayed rotated

along an energy axis in Figure 5.6 where the electronic energy levels are reported for sake of

clarity. This sketch does not take into account further energy split due to solvent interaction

or to possible symmetry relaxations (even though a Jahn-Teller distortion is not expected for

this already not-fully degenerate case [211]).
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5.3 Ferrioxalate photoreduction photoelectron signal

Upon 266 nm excitation, we observe a novel PE band in the ferrioxalate solution PE spectrum.

The spectrum, taken as an average of the time-resolved LPES experiment presented in the

next Section, is now discussed to identify its nature, whereas the signal evolution is studied

thereafter. The excited ferrioxalate PE signal is analysed and assigned to photo-generated

ferrous species. Other steady-state and time-resolved PES studies on ferrous- and ferric-

compound solutions are discussed to identify the transient band.

5.3.1 Experimental results

The excited ferrioxalate PE spectrum (Figure 5.8) is extracted from the 1 ps dataset LPES

experiment, described in the next Section, by integrating the spectra at positive (orange) time

delays, so after the sample was illuminated by 266 nm radiation. To demonstrate its transient

nature, the PE spectra integrated at negative time delays (green) is overlapped (the time ranges

are indicated in the caption) For energies above the ferrioxalate ionisation threshold (EB >
8 eV) the spectra before and after photoexcitation perfectly overlap, whereas at EB < 8 eV

a novel feature appears, clearly due to the photoexcited species. It has an amplitude at the

band centre (7 eV) that is ∼ 5 times higher than the background of the green spectrum before

excitation, and the integrated intensity (EB between 5.0 and 7.5 eV) is about 3 times greater.

The differential transient PE spectrum is reported in Figure 5.9, obtained as the difference of

the PE spectra of Figure 5.8 before and after sample photoexcitation. The area around the

transient trace represents the 95% confidence interval (± 2σ 1). In black is reported the static

ferrioxalate reference and in red the transient to scale shows their real amplitude ratio.

The 2σ confidence interval (shaded orange area), obtained from the dataset variance, shows

that the transient signal clearly stands out from the background noise.

The comparison of this transient PE signal with the steady-state one reveals a PE counts ratio

of ∼50 times between 7 eV and 9 eV, and identical is the relationship between integrated-band

intensities, in the energy ranges of 5.5-7.5 eV and 7.5-9.5 eV, respectively.

In Figure 5.8, the static ferrioxalate reference (black trace) is also displayed as the absolute

energy reference since it was taken with the electron spectrometer in the field-free mode. A

shift of +0.11 eV was needed to compensate the effect of the electrostatic lenses, exploited

to collect greater PE signal in all the time-resolved experiments here reported. The only

relevant effect the electrostatic lenses produce on the photoelectron feature under scrutiny is

1The experimental data standard deviation σ is calculated by propagating the uncertainty from the standard
deviations σt (EB ) of each time-delay spectrum that was averaged to get the traces of Figure 5.8. In turns, the
time-delay spectra’s dispersion σ2

t (EB ) was obtained as the biased sample variance of the ensemble of spectra
(scans) recorded for each time delay, divided by the number of scans.
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Figure 5.8 – Photoelectron spectra of (N H4)3[FeIII(C2O4)3] 0.5 Molar aqueous solution in logarithmic
scale, which display at around 7 eV the transient PE feature upon 266 nm-wavelength excitation. PE
spectra from the 1 ps dataset obtained by integration in time delay before (green, from -0.2 to -0.1 ps)
and and after excitation (orange, from +0.4 to +1 ps). Energy axis shifted to align on the pure-solute
ferrioxalate static reference in black, whose PE intensity was scaled to overlap the liquid-phase water
HOMO (not present in the differential black trace).

Figure 5.9 – Transient PE spectrum of ferrioxalate upon 266 nm-wavelength excitation (orange), ob-
tained as the difference of the green and blue traces in Figure 5.8. In black the static ferrioxalate
reference, whose band was assigned to electrons from Fe3+3d orbitals. In red the transient to scale with
the black non-excited PE signal.
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a broadening of the bands, as one could observe for the ferric 3d orbital peak by comparing

the black and blue traces around 8 eV in Figure 5.8. We can anyway be confident with the

energy value between 6 and 12 eV EB , because the liquid and gaseous water HOMO display

precise EB in such a range.

5.3.2 Discussion

The novel PE feature shown in the transient spectrum of Figure 5.9 has a binding energy ∼ 2.5

eV lower than the steady-state HOMO band. This excludes the possibility that the transient

signal originates from the electronic orbitals occupied upon a HOMO-LUMO transition,

because of the larger energy of the absorbed radiation (4.7 eV). This photon energy was

proposed to excite a LMCT state (Figure 5.2), which means promoting an electron from

orbitals mostly localised on the ligand to orbitals around the metal atom. This would imply a

reduction of the metal atom, whose 3d-orbitals are (partially) disclosed in the steady-state PE

spectrum (Figure 5.6).

Previous studies (cfr. Section 5.1) reported that the LMCT and the flat photoproduct q.y. curve

(Figure 5.2) are excited by photons in a broad energy window. Such a large excitation band

, under the hypothesis that absorption involves the same initial ligand electronic state, can

be justified by the large LF splitting of the final state (3d iron orbitals). The splitting expected

from LF is ∆0 = 1.75 eV, together with the broadening induced by solvation, can explain the

LMCT transition from the same ligand state to the metal states for wavelengths from 450 to

260 nm.

Figure 5.10 – tr-LPES of aqueous ferricyanide upon
LMCT photo excitation. The inset shows the static (un-
pumped) photoelectron spectra of water and aqueous
ferro- and ferricyanide solutions in the region of the
Fe2+/3+ HOMO. The oxidation state of the iron center is
easily distinguishable. From ref. [22]

In this study we used only 266 nm pump

light to trigger the ferrioxalate reaction

and the following photophysics is dis-

cussed referring to studies of the same

photoexcitation. Moreover, the LMCT

nature will be demonstrated by the PES

measurements. Evidence for the sensi-

tivity of PES to oxidation state changes

is given by a previous time-resolved PES

study of iron hexacyanide aqueous solu-

tion [22]. An appreciable binding energy

shift of the Fe 3d band upon excitation

of a LMCT state was observed (Figure

5.10). The ferrioxalate transient PE spec-

trum (Figure 5.8) shows an even larger

97



Chapter 5. Ultrafast ferrioxalate photophysics and its photochemical reaction

displacement of the iron HOMO band

towards smaller binding energies, firmly pointing at an oxidation state change.

A static PE reference for [FeII(ox)3]3− does not exist because the complex is not stable, there-

fore no direct comparison of the 3d orbital spectral fingerprint can be performed for the ferric

(Fe3+) and ferrous (Fe2+) tris-oxalate. Nevertheless, the EB of the transient band in Figure 5.9

can be compared with the steady-state PE spectra of iron complexes reported in Figure 5.7.

Here the different 3d orbital occupancy among equivalent ferrous and ferric species results in

a change in the electronic structure and in the electron binding energy.

Moreover, in the presence of geometrical distortions, different spin manifolds are observed (α

and β in Figure 5.7 from reference [213]), resulting in a PE band more dispersed in energy.

Concerning the HOMO and the metal oxidation state of these iron compounds, in Figure 5.7a

Fe3+
aq shows an ionisation threshold (∼ 3 eV) higher than Fe2+

aq . For iron hexacyanide, Fe2+
c y also

displays a singlet state ∼ 2 eV above the HOMO band centre of the respective ferric species.

We can thereby observe two common trends in the PE signal of the reported compounds:

- a lower metal oxidation state corresponds to a lower ionisation potential for the com-

pound;

- the 3d orbitals center-of-mass has lower EB for ferrous complexes than the ferric ones.

These similarities with the oxalate spectrum led us to assign the transient signal of Figure

5.9 to a ferrous species, generated as consequence of the charge transfer (LMCT) excited by

266 nm-wavelength radiation. Notably, this is the first direct proof of the LMCT nature of the

absorption band in the UV spectral region. Other X-ray studies have ascribed the very large

iron K-edge redshift to the prompt metal photoreduction [202], but the simultaneous bond

cleavage and bond elongation also contribute to the same effect, making their simulation-

based interpretation of the experimental result not unambiguous.

We can guess the top part of the orbital diagram of the photoexcited ferrous molecule from

the PE band shape and position, which reflects the orbital occupancy of the system under

scrutiny. In Figure 5.11 the ferrioxalate PE spectra in steady-state and upon photoexcitation

are displayed along a vertical energy axis, near to the orbital diagram sketch, whose energy

alignment takes into account the following considerations.

The sextet ground state (GS) inevitably becomes a quintet when the metal is reduced. From

LF theory we know that the pairing energy for 3d electrons of ferrous tris-oxalate drops

dramatically from about 29000 of the ferric to 19000 cm−1. The system upon LMCT excitation

has a non-defined LF regime because ∆o ∼ P , so the spin state for a 3d 6 occupancy of Fe3+
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Figure 5.11 – Scheme of the electronic configuration of the molecular system used to assign the PE
signal observed in the steady-state ferrioxalate (left) and in the photoexcited system (right). The iron
d-orbital PE band is observed to shift to lower binding energy, and the LMCT which might lead to an
orbital occupancy as on the right hand panel.

cannot be univocally determined only by energy consideration. However, any spin change of

the photoreduced species occurs in sub-fs time scales, much shorter than our time resolution.

Moreover, revealing in advance the results of Section 5.4, the fact that the spin state of the

final photoreaction product is a singlet, together with a position of the transient PES band

which does not change in energy for delays up to 250 ps, makes us believing that what we

see in Figure 5.9 is already the LS final electronic configuration of the photoreduced metal.

Finally, under the hypothesis that the eg orbitals are populated by the photoexcitation, a very

first spin rearrangement might happen in the very first moment leading to the final spin state

(singlet) within our time resolution.

Therefore, the 3d 6 electronic orbital is sketched in Figure 5.11 in a scheme parallel to the

recorded transient PE spectrum, with the aim of assigning the PE transient band.

We have to remark that the out-of-equilibrium configuration of a system that goes through

along a dissociative photoreaction cannot be described within the stationary picture of the LF

theory, which is hence used only as reference to guess a plausible electronic configuration. A

more precise description of the electronic structure upon photoexcitation may be obtained

with simulations which could consider the photoprocess the molecule undergoes and the sol-

vent interaction, such that PE spectra can be simulated and compared with the experimental

results.
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5.4 Ultrafast photoinduced charge transfer and branching of the re-

laxation pathways

From the current knowledge of the ferrioxalate photochemistry, some questions still remain

unsolved (Section 5.1.1). Among these, we aim to investigate the photoinduced iron reduction

time scale and the photophysics behind the chemical reaction. This will unravel whether the

compound electronic configuration follows the undergoing structural dynamics, or conversely

this is governed by electronic relaxations. In the light of PES sensitivity to the oxidation state

change of the metal, demonstrated in the previous Section, we investigated the electronic

dynamics that takes place ferrioxalate upon 266 nm-wavelength excitation, by carrying out the

time-resolved PES experiments herein reported. The∼50 fs time resolution of the experimental

setup (see Section 3.2.6) allowed us to investigate at what time after the optical excitation the

iron reduction takes place, and to distinguish any possible intermediate state that is populated

before the LMCT. Other findings concerning the population dynamics are also discussed.

The full ferrioxalate photochemistry presented in Section 5.1.1 involves a first dissociative

photoreduction, whose radical product reacts with a second ferrioxalate molecule reducing

another iron. The tr-LPES experiments here presented have a time range limited to 250 ps.

We can thus explore only the first part of the reaction chain, where one ferrioxalate molecule

undergoes photoreduction, tracking the evolution of the amount of ferrous species during

reaction (5.4) and the beginning of (5.5). The second purely chemical reaction (5.6) takes

place in the nanosecond to microsecond time scale, which would be object of an interesting

experiment which monitors the kinetics of chemical reaction looking at the oxidation state

change of the involved species, but is beyond the arguments here discussed.

5.4.1 Time-resolved LPES on ferrioxalate

The three time-resolved photoelectron spectroscopy on liquids (tr-LPES) experiments are now

presented. The sample is 500 mM ferrioxalate aqueous solution, the same throughout all the

reported measurements and described in Section 5.2.

The transient PE signal evolution is followed by recording PE spectra at various time delays

between pump and probe pulses, generating a two-dimensional (2D) binding energy vs time

delay map that is displayed with colour-coded PE intensity.

The tr-LPES datasets differ in the explored time delay range and the sampling time steps. The

data quality changes slightly because of dissimilar experimental conditions, although the

effort to reproduce them. The experimental parameters are reported in Table 5.1.

The contrast of the transient signal depends primarily on the excitation yield, estimated from

the pump focal spot size and fluence, but is also a result of the pump beam overlap, the
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background noise and other factors discussed in Chapter 3. The quality of the data here

reported is adequate for the study of the time evolution, herein discussed with satisfactory

S/N, and sufficient to identify the spectral profile of the PE bands. A more accurate energy

resolution, achievable with longer integration time per delay, might better define possible

band sub-structure which could give more insight about the occupied level energetics.

The datasets are presented from longer to shorter time delay range, and the discussion follows

afterwards, in the same order. From the discussion of the PE spectra in Figure 5.8, one can

be convinced that the transient PE signal is significant only for EB < 8 eV, therefore in the 2D

maps is display this energy range. A subtraction of the non-excited sample PE spectrum was

not performed because it would only increase the noise, being the transient in a signal-free

region. Any possible transient at EB > 8 eV cannot be isolated because the fluctuations of the

PE signal from unexcited species are at least an order of magnitude larger than the expected

transient amplitude (cfr. red trace in Figure 5.9 and the noise in 5.4b).

Table 5.1 – Experimental parameters of the tr-LPES measurements on ferrioxalate aqueous solution,
whose maps are shown in Figure 5.12. The 266 nm-wavelength pump beam, larger than the the VUV
probe (focal spot size ∼ 40µm FWHM), were both focussed on the liquid micro jet sample.

dataset unit 1 ps 5 ps 250 ps
acquisition per time delay s 234 350 165
concentration Molar 0.5 0.5 0.5
VUV probe eV 34.0 34.0 37.4
monochromator grating grooves/mm 200 200 200
pump energy µJ/pulse 0.4 0.9 0.28
focal spot FWHM µm 200 200 80
pump fluence mJ/cm2 1.4 0.6 2.8
excitation yield ∼ 3% ∼ 1% ∼ 5%1

flow rate ml/min 0.3 0.3 0.4
jet diameter µm ∼ 17 ∼ 17 ∼ 17

Experimental results - 250 ps dataset

This tr-LPES experiment was carried out to explore the long-term (up to 250 ps) ferrioxalate

transient PE signal after the 266 nm photoexcitation. The map is plotted in Figure 5.12a with

logarithmic abscissa, where time zero is translated to t=1 ps to display at once the rise of the

transient signal and the whole range. This dataset spans a time delay range from -1 to 255 ps

with non-equally spaced steps, and the delays around time zero are sampled with 50 fs-steps.

1The calculated excitation yield for the 250 ps dataset might not correspond to the effective one because the
small pump focal spot size made the overlap not accurate, resulting in less exciting fluence on the liquid micro jet.
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The permanence, or evolution, of the ferrous PE signal wanted to be investigated, rather than

the exact moment the photoexcitation starts, investigated in the third dataset.

The total acquisition time for a PE spectrum per each time delay is 165 seconds (11 scans).

This is about half of the other datasets because of the abrupt break of the experiment due to

the crash of the liquid micro jet. This reduced acquisition time turns into a poorer statistics,

but the contrast is still good enough to monitor the long-lived signal from the molecule, as the

kinetic trace in Figure 5.13a shows.

As in each map here presented, there is an intense band (red) at null time delay. This is due to

the Laser-Assisted Photoelectric Effect (LAPE, see Section 3.2.6) whose side-band spectrally

happens in this windows. Briefly, the phenomenon occurs only when pump and probe pulses

are overlapped, which is exploited to define the experimental time zero. This is independent

of the molecular photochemistry and is observed in any liquid sample.

The variation of the PE intensity before and after the LAPE demonstrates the transient nature

of the PE signal under scrutiny. The intense signal band (red) at the bottom of the map is the

tail of the ferric band which, because of spectral broadening, can sometimes overflow below 8

eV.

It can be already pointed out that the transient signal remains throughout all the explored

time delay range with a persistent intensity further discussed hereafter.

Experimental results - 5 ps dataset

A second tr-LPES experiment we performed on [Fe3+(ox)3]3− spanned a time-delay interval

of 5 ps with a spacing that varies from 30 to 150 fs. The experimental parameters are reported

in Table 5.1.

The 30 scans were screened, and then averaged to make the map displayed in Figure 5.12b.

Here we again observe the LAPE effect and a good contrast can be reported for the ferrous

species PE signal at positive time delays, as displayed in the kinetic trace of Figure 5.13b.

Experimental results - 1 ps dataset

This tr-LPES experiment was carried out to investigate the early times of the ferrioxalate

dynamics. The 1 ps time range was explored with time steps of 10 femtoseconds after 266 nm

excitation and the map is shown in Figure 5.12c. The experimental parameters are reported in

Table 5.1. The PE spectra were recorded for 13 seconds at each time delay, times 18 scans.

Figure 5.12c displays the kinetic trace of this transient signal.

Because the LAPE overlaps with the start of the signal from ferrous molecules, in order to
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define the timing of the LMCT excitation the LAPE has to be subtracted. A pure-solvent tr-

LPES experiment to characterise it (Figure 3.12) was performed just before this ferrioxalate

measurements and in the very same experimental conditions.

Figure 5.12c exhibits a persistent ferrous signal through the time range, with a possible brighter

PE intensity for t < 200 fs.

The kinetic trace shows the PE intensity rising at the time of the photoexcitation, and it seems

non-constant along the time delays. A discussion follows hereafter.

5.4.2 Discussion

The transient signal observed for EB < 8 eV originates from photoexcited ferrous species,

as discussed in Section 5.3. The PE signal evolution is therefore related to the fate of the

photo-generated species, in terms of amount and their electronic dynamics.

The maps in Figure 5.12 show a transient PE intensity at positive time delays that does not show

any hint of drifting in energy. This can be related to the stability of the electronic configuration

after photoexcitation.

The intensity evolution is monitored by integrating the spectrum between 5.0 and 7.5 eV EB

and surveying the so-computed kinetic traces (Figure 5.13). This energy window was chosen

because is where the PE signal from the ferrous species is the only feature clearly isolated from

the other PE bands (Figure 5.8). A careful data analysis is performed to deconvolve the kinetic

components due to the molecular processes from experimental artefacts, as explained in the

text.

The longest time-delay scan is first discussed to establish an asymptotic permanence of the

transient signal, which is therefore taken into account in the analysis of the other two datasets

(5 ps and 1 ps). There, two different ultrafast processes are extracted from the analysis, for

which an interpretation is proposed.

Not only a permanent ferrous signal

The 250 ps dataset map is displayed in Figure 5.12a and the kinetic trace of the transient signal

integrated intensity is reported in the left panel of Figure 5.13c. This shows that, after the

initial peak due to the LAPE, the signal remains visible with an intensity significantly higher

than the background noise level, not subtracted in this graph to display the signal contrast.

This long-lasting transient signal reveals the permanence of ferrous species for hundreds of

picoseconds. This result is in agreement with the ferrioxalate photochemistry discussed in

Section 5.1.1, since a ferrous species is the product of the first step of the photoreaction in

Equation (5.1). We are hence not surprised that the ferrous signal is permanent.
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(a) 250 ps time range

(b) 5 ps time range

(c) 1 ps time range

Figure 5.12 – Time-resolved LPES time-delay maps
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The complete ferrioxalate photoreaction involves more than one molecule whose iron is

reduced, and only half of these are direct photoproducts of the first part of the reaction. There-

fore the ferrous species are expected to augment, after the first photoreaction is completed,

until the product quantum yield of 1.25 is reached. The fact that we do not observe any

additional signal to rise after some delay, means that the second half of the reaction has not

yet begun at 250 ps.

This complies with what was suggested by Vöhringer and co-workers [183], i.e. that the radical

CO•−
2 detaches from the ferrous product within 1 ns, and then it can start the second reduction

reaction (Eq. (5.5)). How rapidly are the first ferrous species generated, cannot be extracted

from this dataset because of the coarse time delay sampling, but it is instead possible from the

1 ps dataset.

Still from this kinetic trace, during the first picoseconds a PE signal decrease can be observed,

which appears as a linear trend if also the intensity is plotted in logarithmic scale (right panel

of Figure 5.13c). This suggests that a fraction of the transient PE intensity exponentially decays

while the rest persists throughout the explored time range. The graph displays in red, with the

respective confidence band (2 standard deviations), the fit of the kinetic trace obtained from

the following analytical function:

I250ps(t , t > 0.5ps) = [
A∞+ A2e−(t−t0)/τ2

]
(5.7)

where A∞ is the asymptotic amplitude and A2 is the signal amplitude at t=0 which exponen-

tially decays with a time constant τ2. The IRF deconvolution can be neglected because its

effect is irrelevant on such long time scales. The amplitude value that fits the best have a

relative amplitude of
A2

A∞
= (0.33±0.40)

with a lifetime of about 3 ps. This is equivalent to a fraction of the total signal at time zero of

A2

A∞+ A2
= (0.25±0.30)

The large experimental uncertainty on the integrated PE intensity, due to the few delay scans

we could record, results in a wide error bar for the values. However, the comparison with the

other-dataset more precise results will show they are consistent. This decay is discussed in

details in the 5 ps dataset paragraph.

It is important to remark that, for all the experimental values reported in this Chapter, the

measurement uncertainty is given as 2 times the standard deviation (interval with confidence

level of 95%). The fact that it can be of the same order of magnitude of the value has to be

taken for its statistical significance, i.e. the observable true value is inferred to have normal
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distribution N (x̄,σ) and to be within the confidence interval (x̄ ±2σ) with 95% probability.

The values uncertainty is obtained from the dispersion of the experimental values if direct

measurements, from the error propagation analysis if indirect measurement, or in case of

values obtained from a fit, they come from the correlation among the fit parameters whose

values minimise the least squares.

The 5 ps dataset map has been shown in Figure 5.12b, and the respective kinetic trace(KT),

still obtained as the integrated spectral intensity between 5.0 and 7.5 eV EB , is reported in

Figure 5.13c. Here the background was taken as the signal mean amplitude for t < -0.2 ps,

and subtracted from the graph. The intensity was also renormalised to the asymptotic value,

since the permanence of some signal has been established in the 250 ps dataset discussion.

Already from the KT in linear y scale, the signal clearly shows a decrease within the first few ps,

in agreement with the earlier discussion. This trend is reproduced also for energy integration

windows that slice in three parts the energy range the kinetic trace comes from (Appendix

D). No intensity is observed to slide downward, out of the integration window, confirming a

homogeneous intensity decrease in time of the whole band.

The exponential trend is hence assumed in the fitting function, together with a constant signal

that rise at time zero.

The LAPE fitting is now taken into account because it strongly affects the early PE intensity

evolution under scrutiny. Moreover, the IRF must be deconvolved from the KT to retrieve the

correct value of the time constants. The analytic function used to fit the experimental data has

one more component than the 250 ps one (Equation (5.7)):

I5ps(t ) = A∞
[

1+ A2

A∞
e−(t−t0)/τ2

]
t>t0

⊗ IRF(FWHM) + LAPE(t0,FWHM) (5.8)

where A∞ was factorised.

The IRF and the LAPE signal, because of the nature of the latter [101], happen to have the exact

same time profile, although the first is due to the cross correlation of the pump and probe light

pulses and the second is an independent phenomenon that overlaps with the photophysics of

the molecule.

The red fit curve in Figure 5.13c well reproduces the experimental data. The green dashed

lines in the plot represent the fit components: the Gaussian curve for the LAPE intensity, the

step-like signal to represent the asymptotic signal amplitude, and the decreasing exponential

on top to account for the decaying component. The last two components are null at negative

times, because no transient signal can be created before the pump pulse is on the system.

Despite the analysis of the signal rise time being performed only for the 1 ps dataset, where
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(a) 250 ps dataset. The PE signal from photoexcited ferrous species clearly stands out of the background, as the left hand panel
shows. A few-ps decay can be observed in the right hand panel where the kinetic trace is plotted in log-log scale. The asymptotic
permanence of the ferrous-species PE signal is established.

(b) 5 ps-dataset integrated PES intensities are shown with the experimental uncertainty of 2σ (dashed blue area). The back-
ground was subtracted and the intensity renormalised to the asymptotic amplitude. The red fit curve is from Eq. (5.8). See text
for more details.

(c) 1 ps dataset kinetic trace (blue). In greed the back-electron transfer component summed to the permanent signal due to the
fragmented ferrous species.

Figure 5.13 – KINETIC TRACES of the ferrioxalate tr-LPES datasets upon 266 nm photoexcitation,
obtained as the integrated PE intensity for binding energies between 5.0 and 7.5 eV
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the finer time sampling will show that it is prompt, here the transient is assumed to rise

instantaneously.

The LAPE was fitted with FWHM = 100 fs, a reasonable value for the cross correlation. Upon

subtraction, the KT in Figure 5.14 is cleansed of all the features not related to the ferrioxalate

photodynamics. The decaying signal at time zero has a lifetime and an amplitude ratio, with

respect to the asymptotic one, of:

A2

Atot
= (0.24±0.09) , τ2 = (2.0±1.4) ps

where in the given error bar, the uncertainty on A∞ was considered. These values are consis-

Figure 5.14 – 5 ps dataset kinetic trace with LAPE subtracted, as from Fig.5.8, to display only the ferrous
species PE signal dynamics. The fit was performed following eq.(5.8). Extrapolated values in the text.

tent with the 250 ps dataset results, and possibly even more precise. Their interpretation is

now discussed.

The rise of ferrous species is in accord with the structural dynamics proposed in Vöhringer’s

works from 2018 [183], who observed an oxalate moiety (CO2) to be detached in less than 0.5

ps after LMCT excitation, and the metal oxidation state is expected to lo longer change. A

definitive modification of the compound was also observed by the same authors, as a persis-

tent ground state bleach (GSB) of the IR signal due to the ferrioxalate C-O vibrational mode

[183]. They also found that the GSB intensity at 1 ns comes from a number of molecules corre-

sponding to the same number of released CO2. This is the stoichiometric proof that relates the

carbon dioxide produced to the permanently-dissociated organometallic compounds with 1:1

ratio.

The permanent ferrous PE signal is hence due to the photoexcited molecules that undergo

dissociation, which is consequence of a bond cleavage taking place because of the depletion
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of the bond order, due to the LMCT excitation.

The back-electron transfer

The fraction of transient PE signal that displays a decay is now considered, starting the dis-

cussion from fundamental considerations. The observable of photoelectron spectroscopy is

the occupancy of electronic orbitals, with the ability to resolve their absolute binding energy.

In this specific case, the transient signal shown in Figure 5.8 has been assigned in Section

5.3.2 to ferrous species because electronic orbitals of a metal with lower oxidation number

generally display a smaller binding energy. In other words, iron 3d orbitals experience a shift

in energy whenever the metal oxidation state changes, as in the case of a LMCT excitation.

Moreover, the nature of the photoionisation process implies that the relationship between

PE signal amplitude and the electronic orbital occupancy is linear, therefore scales with the

number of molecules in the ensemble with the specific electronic configuration.

Concerning the specific case, a possible metal re-oxidation of the photoexcited molecules

(whose metal had become ferrous) implies that the iron electronic configuration changes

from 3d 6 to 3d 5, and the 3d-orbital binding energy hence shifts towards the parent molecule’s

value. Consequently, the PE signal inside the ferrous-band probing window (Figure 5.12) drops

proportionally to the fraction of iron atoms that have lost an electron.

Another possible reason for the depletion of the PE signal within a given EB range is that the

band moves in energy, but this is excluded by the KT obtained by integrating consecutive

thinner energy bands. as in Appendix D where it is demonstrated that the signal intensity does

not shift in energy.

Therefore, the diminution of the transient PE intensity we observed within the first picosec-

onds can be ascribed to the decrease in amount of the ferrous compounds, eventually oxidised

into ferric species. This might correspond to a branching of the reaction pathways of the

photoexcited ferrous species, where most of the molecules undergo dissociation and a smaller

fraction experiences iron oxidation. A possible explanation of this mechanism is here reported.

From the kinetic traces in this energy window, we cannot distinguish if the charge removed

from the metal moves back to the ligand (back-electron transfer) or delocalises by inter-

molecular relaxation (for example a charge transfer to the solvent - CTTS), unless a corre-

sponding rising PE signal can be found elsewhere in the PE spectrum. Unfortunately, a

variation of a magnitude like the transient signal’s one can be detected only in a background-

free region of the PE spectrum. For the same reason, any bleach (and neither bleach recovery)

on the ferric band could be isolated.

Following the previous discussion, any iron oxidation after the LMCT photoexcitation has to

occur before the ligand begins the fragmentation, because any intra-molecular charge transfer
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is no longer plausible once the molecule has begun decomposing into well-known products

with defined charge [183]. That is, the conservation of the charge has to apply to the reaction

[FeIII(C2O4)3]3− → CO2 + CO•−
2 + [FeII(C2O4)2]2− (5.9)

Therefore, the minor reaction branch upon photoreduction cannot lead to dissociation, but is

rather a non-dissociative pathway leading to ferric species, which would explain how about a

quarter of the transient PE intensity is lost in less than 10 ps.

Vöhringer and co-workers [183] also observed a GSB recovery, which was assigned to the

refilling of the parent’s electronic ground state by means of ultrafast internal conversion (IC).

This partial restoration of the bleach (35±3 % of the total) is completed in 10 ps, and they

confirmed the ferrous product quantum yield of the primary photoreaction to be Φ= 0.65

from the ratio of the initial and residual GSB intensity.

This lead us to assign the signal drop of Figure 5.14 to the oxidation of part of the photoexcited

species, whose amplitude agrees with the relaxation of some photoexcited molecules into

the structurally intact parent electronic ground state. The experimental ratio between the

fraction undergoing relaxation into ferric species and the dissociative channel which produces

ferrous species, is A2/(A∞+ A2). The compatibility of our results with the photoreduction q.y.

reported in literature is verified by means of the hypothesis test at the end of this section. We

therefore propose that the transient PE signal reduction we observed, stems from a branching

of the photoreaction where a back-electron transfer takes place for about a third of the excited

ferrous molecules, leading to a non-dissociative pathway. This confirms the IC proposed

by Vöhringer and also agrees with their time scale, which for the ground state vibrational

relaxation is τV ER = 2.2 ps.

As branching mechanism, we propose that the wavepacket excited in the LMCT state by the

266 nm light pulse spreads along two orthogonal reaction coordinates, one leading to the

ultrafast bond cleavage (faster than our IRF) and then to the CO2 detachment observed by the

FTIR experiment. For the minor branch, on the other hand, the population is trapped on a

potential well hindering dissociation, and then decays towards the parent’s GS. This relaxation

mechanism might be fostered by couplings with solvent vibrational modes, and if the case,

have a solvent-dependent time scale.

In addition, and trying to rule out any possible misinterpretation of the results, a change in the

Fe2+3d orbitals photoionisation cross-section has to be taken into account as possible cause

of PE signal decrease. A variation on the coupling between the probed electronic states with

the ionic state can modulate the photoelectron intensity from the observed electronic orbitals.

This of course cannot be neglected, but the timescale of the ferrioxalate photoprocesses leads

us to exclude it for the following reasons.
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Firstly, the electronic response to the novel and final metal electronic configuration 3d 6 has

already happened in sub-fs time. This is proven by the observed EB of the d orbitals, different

than the parent molecule’s one, and by the stability in energy of the ferrous PE signal (Appendix

D).

Secondly, the photoinduced structural changes and their time scale have been pinpointed

in previous studies, whose results are here briefly reported. The bond cleavages required to

accomplish the CO2 detachment (<0.5 ps, [183]) have to be completed to allow this ligand

moiety to leave the parent molecule. The ferrous PE signal drop has a time scale of about 2 ps,

therefore it cannot be related to the Fe-O bond cleavage. Moreover, breaking a chemical bond

is expected to produce dramatic changes in the electronic structure, which are not observed

after the rise of the ferrous signal. Therefore the bond cleavage has to take place in a time

shorter than the IRF of these tr-PES experiments (< 90 fs).

Finally, the isomerisation of the dangling ligand and of the other two oxalates (hundreds of

ps), required to have the favourable geometry for the release of the radical CO·
2, produce little

effects on the binding energy of the iron 3d orbitals as revealed by the stability in energy and

intensity of the PES signal, because these are not involved in the coordination bonds.

A last remark has to be made concerning the time-resolved XAS experiment [202] in compar-

ison with the results here presented. The prompt red-shift of the iron K-edge of ∆E > -3 eV

lead them to believe in an instantaneous iron photoreduction with CO2 detachment, and to

assign the following shift reduction to ∆E ' -3 eV with τ∼ 3 ps to the second ligand moiety

cleavage. The former guess is compatible and in agreement with Vöhringer’s and our results

(see Section 5.1.1). Concerning the latter assignment, the MIR TA experiment suggests that

the molecule completes its fragmentation by releasing the CO•−
2 in a time window between 10

ps and 1 ns, which is not compatible to the K-edge back-shift time scale.

Conversely, we believe that the branching of the photoexcited compound dynamics can be a

possible explanation of their XAS data. If the amplitude of the edge red-shift is given by the

fraction of excited molecules and their new edge energy, a re-oxidation of the photo-generated

ferrous species can eventually explain the edge dynamics, whose time scale seems to be more

compatible with the back-electron transfer than with the proposed carbonyl radical detach-

ment in less than 3 ps. An objection to this argument could rise if looking at the transient

XAS spectra in this publication (fig. 4c of ref. [202]) because the shape of the transient is

not supposed to change if just the excitation efficiency changes. Nevertheless, a structural

dynamics around the monitored atom is also expected to affect the edge shape even without

any oxidation state change [214], and effects as the Fe-O bond elongation are highly plausible

upon excitation of a charge transfer state which involves the metal atom and leads to a bond

cleavage.
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The prompt iron photoreduction

The 1 ps dataset scans the early time of the ferrioxalate dynamics upon photoexcitation, with

10 fs time delay step. The PE map has been shown in Figure 5.12c, and its kinetic trace, taken

in the same way as for the other datasets, is reported in Figure 5.13c. The spectral features on

the map are basically the same of the previous datasets, but recorded with finer time steps.

Thanks to this dataset it is possible to discern whether the LMCT is directly excited or an

intermediate state interposes between light absorption and iron reduction. In the first case,

the total ferrous signal rises at once, within the IRF; in the latter the signal grows with the time

scale given by the relaxation of the intermediate photoexcited electronic state. Therefore, a

precise IRF deconvolution and LAPE interpolation are required to unravel which process takes

place first.

For this purpose, and just before the ferrioxalate solution, the LAPE signal was measured on a

pure solvent sample, whose FWHM is 96 fs. As it has been shown in Section 3.2.6, this is also

a measurement of the cross-correlation of pump pulse and probe pulse, i.e. the IRF of this

time-resolved LPES experiment. So, the the kinetic trace analysis is herein presented.

Most of the components that define the Fe2+ PE signal evolution have been already charac-

terised: the asymptotic amplitude A∞, the decaying fraction due to the branching A2 with its

lifetime τ2 and the LAPE, which is an experimental artefact not related to the system photo-

physics (hence to be subtracted). The discrimination between a prompt or a delayed LMCT

is performed by seeking for a possible ferrous signal rise time τR . The total photoexcited

ferrous PE signal in the 5.0-7.5 eV EB energy window (AFeII ) multiplies a rising exponential

with lifetime τR . Hence, the analytical fitting function results as follows:

I1ps(t ) =
{

AFeII

[
1−e

− (t−t0)
τR

]
t>t0

[
A∞

AFeII
+ A2

AFeII
e−

(t−t0)
τ2

]
t>t0

}
⊗ IRF(FWHM) + LAPE(t0,FWHM)

(5.10)

where all the exponentials are operatively defined null for t < t0 because any signal before the

excitation would have no physical meaning. The IRF convolution accounts for the pump pulse

time duration which starts exciting the system already at negative time delays. The result is

shown in Figure 5.15 where the KT is displayed after LAPE subtraction and in red the fitted

curve from Eq. (5.10) without the LAPE component. The dashed green curve represents the

total ferrous PE intensity (before IFR convolution), described as the factors between braces in

Eq. (5.10). The asymptotic intensity is displayed as green solid line, such that the decaying

signal fraction is better highlighted. The fit was performed by holding the LAPE FWHM to the

value retrieved in the pure solvent experiment, and also τ2 and the intensity ratio A2 \ AFeII to

the values from the 5 ps dataset. By minimising the least square, the rising time value results

τR < 30 f s.
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Figure 5.15 – LAPE-subtracted 1 ps dataset kinetic trace (blue) with the fit curve (red) obtained as
single-exponential decay on top of a constant signal, both generated with a rising time τR . In green the
components of the fit curve before IRF convolution. The exponential time constant and amplitude are
not free parameters (see text).

This value for the ferrous signal rising time results about three times smaller than the IRF,

thereby we consider the signal to impulsively rise (within our experimental resolution). Accord-

ingly, the photoexcitation directly reduces the metal, so the the iron electronic configuration

changes because of the oxidation state drops of one.

We can thus establish that [FeIII(C2O4)3]3− in aqueous solution undergoes an impulsive (< 50

fs) metal photoreduction upon 266 nm-wavelength excitation. Hence, the LMCT is the first

electronic state excited by the UV light pulse and then decays along two different pathways, as

discussed, in a major dissociative one which generate ferrous bioxalate species, and a minor

where the parent’s GS is recovered and no dissociation takes place.

The ferrioxalate photochemistry of the first picoseconds can therefore be summarised combin-

ing our findings with other time-resolved studies (see Section 5.1.1), whose physical observ-

ables provide a complementary picture to our PE data. The electronic orbitals involved in the

absorption of a 266 nm-wavelength photon have a geometry (Suzuki et al., fig. 9 [202]) that re-

veals the LMCT nature of the transition. If this is accurate and the depicted states are the ones

involved in the optical transition, the non-bonding nature of the excited states is revealed by

the orientation of the d-orbital lobes away from any of the coordination directions, suggesting

that the optical excitation promotes an electron in the eg orbitals with non-bonding character.

Moreover, the shape of the ligand orbitals involved in the photon absorption suggests that the

photoexcitation is responsible of the C-C bond cleavage. This seems to be coherent with the

prompt CO2 detachment which takes place within 0.5 ps [183], which requires the Fe-O bond
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Figure 5.16 – The photoinduced metal reduction triggers the dissociation reaction, which starts with
the release of CO2 from the oxidised ligand. The charge transfer occurs in sub-50 fs time scale, whereas
the carbon dioxide detachment was observed to take place in less than 500 fs [183], although it can be
instantaneous because the bond cleavage is completed once the electronic configuration is modified
by the LMCT excitation.

to be broken as well.

X-ray core-level spectroscopy has in principle the sensitivity to unveil the ultrafast processes

that lead to two bond cleavages responsible for the oxalate fragmentation and the carbon

dioxide detachment. For example, a few-fs time-resolution experiment at the carbon K-edge

could define wether the C-C bond cleavage happens homo- or hetero-lytically, and similarly

at the iron edge, defining the electronic fate in the oxalate ligand fragmentation on the ns time

scale.

Our results establish that the metal reduction takes fully place within the IRF, because no

further PE signal rise is observed in all our experiments. This experimental evidence cannot

be explained by the photoreaction pathways Rentzepis et al. proposed [198], according to

which the iron reduction happens because of the reaction of the ferric moiety with the already

detached CO•−
2 radical or aquated electron. This, at least, cannot be the major channel for the

iron reduction.
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5.5 Conclusions

To summarise, we have presented, to the best of our knowledge, the first photoelectron spec-

trum of [FeIII(C2O4)3]3− aqueous solution, recorded by means of the liquid micro jet technique

and VUV monochromatised radiation from the HARMONIUM setup. The ferrioxalate HOMO

band displays an ionisation threshold at Ip = (7.9±0.2) eV.

The first time-resolved PES study about the photophysics of ferrioxalate aqueous solution

upon 266 nm excitation is reported. The work establishes that the LMCT is the primary

excitation at the ground of the ferrioxalate photochemistry (eq. (5.4)), well known in terms of

photoproducts, but still unclear concerning its early steps.

The direct observation of the prompt ferrioxalate iron photoreduction we made was possible

thanks to the sensitivity of PES to metal oxidation state changes. The electron transfer was

measured to be instantaneous (within our temporal resolution), which confirms that an

electron is promoted from a ligand bonding orbital to the Fe3+3d orbital. This is the first

demonstration that an optical transition in ferrioxalate directly excites an LMCT state. This

was previously deduced from the reaction photoproducts, but never ascertained with direct

osservation. The LMCT provokes the oxalate bond cleavage, which then leads to the ligand

fragmentation (Figure 5.16).

CO2 release (<0.5 ps) due to the cleavage of two chemical bonds was previously observed

[183] as the first structural process of the compound upon UV excitation. Recent X-ray studies

on photoexcited ferrioxalate (with 400 nm and 266 nm wavelength) observed an iron K-edge

redshift that was associated to a prompt metal reduction. However, the Fe-O bond elongation

upon photoexcitation they described, together with the coordination number drop due to the

CO2 release, both affect the the K-edge shape. This makes their photoreduction assignment

not undeniable, urging an independent confirmation.

A branching of the relaxation pathway of the photoreduced species is also determined. The

major fraction of the excited ferrous molecules undergoes dissociation, while we observe that

a smaller fraction (24±9%) undergoes metal oxidation.

It was previously reported that the dissociation QY of the photoexcited ferrioxalate molecules

is complementary to the recovery of the parent moecule’s electronic ground state [183]. An

hypothesis test (Figure 5.17) is performed to check whether our measured branching ratio is

consistent with the most recent determination ofΦ= (0.65±0.03) [183], within the respective

uncertainty. The test results positive, so what we observe by means of tr-PES experiments

as a back-electron transfer can be explained as the fraction of photoexcited molecules that

do not undergo dissociation, complementary to the ferrous product QY. Our measurements

confirm that the non-dissociative relaxation pathway begins at the branching after the LMCT

excitation, where the minor molecular fraction, which undergoes an ultrafast back-electron
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transfer, preserves the ligand bonds basically intact.

Further LPES studies with higher spectral resolution (to be achieved in this setup by increasing

the collection efficiency of the spectrometer, and possibly higher laser repetition rate) may

better define the ferrous band spectral profile, possibly relating the ferrous d-orbital energetics

with the undergoing geometrical compound evolution. By exploring the electronic levels

response to symmetry rearrangements, tr-PES would be pushed towards out-of-equilibrium

electronic configuration as a probe of ultrafast structural dynamics of organometallic com-

pounds.

Photochemistry can also take advantage of tr-PES along longer time scales (µs to ms, exploiting

electronic synchronisation of pump and probe pulses) thanks to the elemental sensitivity of

the technique. As an example, future experiments can confirm the unitary q.y. of the second

part of the ferrioxalate photoreaction, which is expected to produce twice ferrous compounds

upon reaction with the carbonyl radical produced by the first photodissociation. The transient

PE signal from ferrous species is hence expect to double in intensity accordingly to the reaction

kinetics of Eq. (5.6). Likewise, plenty of photoreactions in solution involving charge transfer

and structural rearrangement can be studied with time dynamics spanning from fs to ms.

Figure 5.17 – Graphical representation of the hypotesis test that verifies the consistency of our results
with Vöhringer’s one [183] about the photoreaction Q.Y. In blue the weighted average of the A2/A∞
amplitude from the analysis of the three tr-LPES experiments, in red the reference’s result. The bands
correspond to an interval of 95% of confidence. The test is positive within 95%.
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6 Vibrational wave packet dynamics of

iodine in ethanol

Vibrational wave packets (WP) can be obtained in a molecular system by means of an impulsive

excitation able to populate many vibrational levels. This results in a well-localised wave

function which displays a classical oscillatory evolution within the electronic potential well,

as previously described in Section 2.2. Besides the fascinating properties of such a quantum

object in a molecular system, the coherence of a WP can be exploited to experimentally explore

the electronic potential surfaces of the molecule throughout its evolution in time [11]. Previous

studies have shown how vibrational WPs unravelled the effect of non-adiabatic couplings

and curve crossing with great spatial (< Å) and temporal (fs) resolution [29, 41]. These WP

peculiarities are here exploited to study iodine in ethanol, where for different solvents the

solute-solvent interaction is seen to change the topology of the electronic energy curves, and

therefore the relaxation pathways upon light excitation are expected to be strongly influenced.

Ultrafast light pulses are required to prepare WPs and probe them during their evolution.

Transient Absorption is a technique that has been adopted to observe the transient electronic

configuration of photoexcited systems, and thereby monitor the electronic dynamics along the

relaxation pathways of the system. Critical experimental constraints of optical techniques in

observing WPs are placed by forbidden transitions and by the limited probing energy window.

Ionisation, on the other hand, is an always allowed process, thereby tr-PES is a technique that

can easily track the WP temporal evolution along different potential energy curves (PEC) [215].

To the best of our knowledge, no tr-PES studies on liquids have yet been reported, so we aim

to extend the observation of WPs in solvated species by looking both at the excited electronic

state signal and at the core-level response to the undergoing nuclear dynamics associated

with the WP motion in a binuclear system.

Iodine in solution has been studied in TA for many organic solvents, as for example n-hexane

and carbon tetrachloride (CCl4) [34, 216, 40, 39]. In order to observe WP by means of tr-

PES, some technical requirements to run solutions in a liquid µ-jet have to be satisfied (see
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Section 3.2.2). Our experiments revealed that CCl4 does not form a liquid jet (it sprays,

despite the favourable Reynolds number). Conversely, n-hexane creates a jet, but only gas-

phase photoelectrons could be detected (probably because of the excessive vapour pressure).

Therefore, another suitable solvent had to be identified. A solvent survey was performed by

measuring the I2 saturation concentration and its absorption spectrum in solution. Then the

experimental conditions for the the µ-jet were tested in the pure solvents first by checking the

fluidodynamics conditions and then by attempting to measure PE spectra of the liquid phase.

In Section 6.1 the static absorption spectra of several iodine solutions, and particularly al-

cohols, are presented. Methanol and ethanol were found to fulfil the requirements for LPES

experiments and, given the similarities between the two liquid samples in terms of fluido-

dynamics and chemistry of the solution, the latter was chosen for the user safety. Iodine

solubility in ethanol (etOH) at 20◦C was found to saturate at about 0.6 molar concentration. In

Section 6.2 ultrafast TA measurements by means of a broadband white light continuum are

presented and the photoexcited molecule relaxation scheme is outlined. Finally, in Section 6.3

we report on preliminary steady-state LPES measurements with high photon energy (hν> 75

eV) to highlight the sensitivity to core-level 4d orbitals, opening the way for ultrafast PES

studies on structural dynamics in solvated molecules.

6.1 Static absorption spectra of I2 in different solvents

Iodine dissolved in various organic solvents has different colours which indicates a strong sol-

vatochromism. This effect is the macroscopic evidence of the heavy perturbation of the solute

energetics as a function of the solute-solvent interaction strength, resulting into the energy

modulation of electronic transitions corresponding to visible wavelengths. Such evidence of a

perturbed topology of the potential energy surfaces implies that the photoinduced processes

(in terms of outcome and time scales) might not be analogous to those of I2 in different-colour

solutions. A preliminary steady-state absorption study is here presented to analytically define

the absorption energy difference between solutions, then a TA study is carried out to explore

the I2 relaxation dynamics upon photoexcitation.

Experimental results

Iodine solution absorption spectra were acquired in the wavelength range between 700 nm

and 200 nm by means of a SHIMADSU UV-3600 spectrometer with a quartz couvette of 10 mm

of optical path. Spectroscopic grade solvents were adopted and the molecular iodine sample

was dissolved by steering (CAS 7553-56-2, from Sigma Aldrich - 207772 reagent grade, purity

>99.8%). Different concentrations (from 5·10−2 to 2·10−5) were used for different spectral

range in order to have an optical density within the instrumental dynamic range (< 1.5 OD).
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Reference spectra (couvette with pure solvent) were taken per each sample. The results are

displayed in Figure 6.1, the experimental values are reported in Table 6.1.

Figure 6.1 – Steady-state absorption spectra of I2 dissolved in five different solvents, in the legend.
Each spectrum has the pure solvent subtracted. The intensity is normalised as for a 1 mM solution in
10 mm couvette. For λ<300 nm the amplitude scales 10 times. Note the top axis with the energy in
wavenumbers.

The spectra show two main absorption bands: a first in the visible, a second in the UV range of

the spectrum. Another weak band appears at wavelengths between 600 and 700 nm. Moreover,

ethanol and methanol show two extra features between 270 and 370 nm. The solvents can be

divided in two classes: weakly-interactive solvents, whose bands show a negligible energy shift

comparing to the gas-phase I2 molecule [217] (violet colour of the solution, as gas-phase I2),

and strongly-interactive solvents (the solution is indeed brown) where the iodine absorption

bands are heavily affected by the liquid environment.

The UV band (λ<250 nm) result noisy for the weakly-interactive solvents because it overlaps

with the solvent absorption band (all the spectra in Figure 6.1 have the pure solvent subtracted).

Ethanol and methanol display a red-shift of the band transition. The second most intense

band has a maximum at around 530 nm for the weakly-interactive solvents, whereas an

important blue-shift is observed for the three solvents of the second class. Two weaker bands

are observed at 360 and 290 nm only for the two alcohols, not observed here in other solvents.
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Discussion

Iodine gas-phase PECs have been deeply investigated, and a summary is given in Mulliken’s

work [218]. A diagram of the electronic states and relative PECs is displayed in Figure 6.2. Elec-

tronic levels and optical transitions are herein discussed referring to the gas-phase energetics,

as a reference for energy levels solvation.

For a preliminary discussion of the absorption spectra, the solute electronic structure has to

be taken into account and the gas-phase one is used as reference (Figure 6.2), since it has been

extensively disclosed. The electronic configuration notation is the same Mulliken used for

the gas phase [218]. The strong spin-orbit coupling of the iodine molecule allows us to use

the total momentumΩ as good quantum number, which is hence added between brackets in

the notation of each electronic state. The iodine ground state X(0+
g ) electronic configuration

is σ2
gπ

4
uπ

4
gσ

0
u (or 2440) and the term symbol is 1Σ+

g . The first bright optical transition in gas

phase is B←X, where the B(0+
u ) state has σ2

gπ
4
uπ

3
gσ

1
u - 2431 - and term symbol 3Πu . There is

another state (σ2
gπ

4
uπ

3
gσ

1
u - 2431 - 1Πu) higher in energy which has a dissociative potential

of common asymptotic limit with X. These states have the same configuration, but different

spin and total momentum. The lowest weakly-bound excited states are A(1u) and A’(2u) Above

35000 cm−1 a large number of states with ionic character can be observed, but for absorption

from the ground state only the D(0+
u ) can be considered (σ1

gπ
4
uπ

4
gσ

1
u - 1441 - 1Σ+

u )

The n-hexane solution spectrum (light blue trace in Figure 6.1) is taken as a reference to

discuss the other solutions, as it has a quite clear interpretation [217]. This shows a band

around 520 nm whose energy was found to be not dissimilar from the gas-phase I2 one [217]

(not reported in the graph). Because the transition energies are not much modified, we can

observe that solvation does not considerably affect these PEC of mostly covalent character.

From reference [217], the band at 520 nm comprises two components, the first more intense

centred at 521 nm, and a second weaker (about 1/4 of amplitude) at 504 nm. These were

assigned to transitions from the X ground state to B and C states, respectively. Moreover,

solvation provokes an increase of the higher band (C←X) intensity of about 20%, to be taken

into account for cases of even stronger solvation.

Table 6.1 – Absorption band maximum of I2 in different solvents. Data from Figure 6.1.

Solvent B←X D←X
n-hexane 522 nm 19·160 cm−1 <210 nm > 48·000 cm−1

CCl4 517 nm 19·350 cm−1 - -
diethyl-ether 463 nm 21·600 cm−1 - -
ethanol 445 nm 22·480 cm−1 235 nm 42·560 cm−1

methanol 445 nm 22·480 cm−1 230 nm 43·500 cm−1
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Figure 6.2 – Iodine gas-phase potential energy curves with state labelling and electronic configuration
families on the left - mnpq -, which identifies the orbital occupancy as σm

g π
n
uπ

p
gσ

q
u . From ref. [218].

Concerning the absorption band in the UV, this clearly corresponds to the excitation of the

ion-pair D states manifold [219], which shows an important red-shift of at least 4000 cm−1

with respect to n-hexane. As previously remarked, only the D(0+
u ) state is considered in this

transition.

The ethanol solution absorption spectrum (purple trace in Figure 6.1) can be discussed by

comparison with the n-hexane and referring to previous works. The band around 445 nm is

clearly blue-shifted with respect to n-hexane, certainly because the B←X transition energy

has changed as the B state is differently solvated than X, though the C←X band can have

an intensity significantly strengthen in the case of heavy solvation, given that a significant

increase (+ 20 %) was already reported for weak-solvation [217]. A weaker band is also observed

at ∼ 2 eV (665 nm) , known as due to transitions to the lower-lying state manifold (A and A’),

forbidden because ∆Ω 6= 0.

From this picture, we can observe that for I2 in etOH the transition energies from X to the B
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Figure 6.3 – Absorption spectra of I2 ethanol solutions of different concentrations, as in the legend. The
bands at 3.55 eV and 4.25 eV show a non-linearity with the concentration. More details in the text.

state is increased and to D is reduced, which can be explained as a lowering of the D potential

and an up-shift of the B PEC, which is expected to modify the state electronic character

because of a modified configuration interaction (CI). A basic solvation model is discussed in

Section 6.2.4 for the TA band assignment.

At last, two other bands appear between 270 and 370 nm in ethanol and methanol. Their

intensity does not follow Beer-Lambert’s law (Figure 6.3), suggesting that they arise from

some impurity promptly saturated when increasing the iodine concentration. As already

reported in previous studies [220, 221], they are assigned to tri-iodide molecules formed after

the reduction reaction with some impurity in the solvent [221], probably water since it easily

binds to ethanol. Moreover, a ∼30 times larger extinction coefficient than the other two iodine

features [221] makes this contribution negligible for solutions whose concentration is higher

than 0.3 mM (for which the bands have the same intensity of B←X).

To better point out solvation effects of iodine electronic states and how curve crossing and

non-adiabatic interactions between electronic states are modified, we now report on a TA

study which explores I2 excited electronic states upon 400 nm-wl light absorption. Vibrational

WP are going to play an important role in the understanding of the relative energy position

of electronic states probed in the TA experiment, thanks to the characteristic WP oscillation

period.
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6.2 Transient absorption of I2 in ethanol

Transient absorption (TA) experiments can unravel the electronic structure of a photoexcited

system by optically probing the transient population via stimulated emission (SE) and excited-

state absorption (ESA). The adopted white light continuum probe provides a wide (700-400

nm) probing window to monitor transitions from the excited states and their population

evolution, such that better understanding of the solvated species electronic structure can be

gained.

The liquid environment, in addition to energy level solvation, acts as a cage for the dissolved

molecule by means of a potential barrier which hinders dissociation and completely transform

the photoreaction outcome compared to the gas phase [34, 39]. Time-resolved measurements

as TA can be exploited to understand the solute-solvent interaction thanks to the different

photophysics solvated molecules display with different environment, as the case of iodine

here presented.

The presence of vibrational WP is detected by TA as an oscillating signal amplitude. The

WP evolution can be monitored by following intensity and wavelength of these oscillations.

Following the dynamics of such a spatially-localised quantum object offers insights into

relaxation processes undergoing in the photexcited system. The WP evolution can be also

exploited as local probe (in time and space) for the electronic structure, providing information

on the structural dynamics because its evolution along the potential curves spans the reaction

coordinates [222].

6.2.1 Experimental results

In this experiment, a 400 nm-wavelength fs light pulse is used to populate the B state and

possibly prepare a vibrational WP inside the potential well. The wavelength is not at resonance

because we want to adopt the same conditions that will be used in tr-LPES experiments, so

the same excitation is investigated. A broadband light pulse is generated (see Section 3.5) to

probe the sample upon excitation with wavelengths between 400 and 650 nm. An unequally-

spaced time delay sequence is used to explore the system’s evolution from -2 ps to 300 ps. The

impulsive excitation has a duration shorter than 100 fs, and the measured IRF is 190 fs (from

the XPM artefact in the pure solvent, Appendix B). The 2 µJ pump pulse was focussed on a

focal spot, whose FWHM is 110 µm, where is set a 1 mm quartz couvette with a 5 mM solution

of I2. This was prepared as for the static measurements in Section 6.1.

The transient absorption per time delay is calculated as differential absorption spectrum

following the process described in Section 3.5, so ∆OD is the transient optical density upon

photoexcitation. This is colour coded in the two-dimensional TA map, displayed as probing
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Figure 6.4 – Two-dimensional transient absorption map of iodine in ethanol 5 mM solution upon 400
nm-wl excitation. The GVD has been corrected. Note the linear time delay axis until 2 ps, then in
logarithmic scale. The signal for λ> 650 nm could be affected by nonlinearity of the detector response
because saturated.

wavelength vs time delay (Figure 6.4). Transient features after time zero can be positive (red),

if less light is detected upon excitation, as for excited state absorption (ESA), or conversely

negative signal (blue) for ground state bleach (GSB) and for stimulated emission (SE). The

principles of TA spectroscopy are discussed in Section 3.5.

The TA map of iodine in ethanol upon 400 nm-wavelength excitation is displayed in Figure

6.4. The abscissa is linear between -1 and 2 ps, whereas longer time delays are displayed in

logarithmic scale. The probe GVD was compensated with the correction curve retrieved from

pure solvent XPM signal (see Appendix B), and the wavelength were calibrated referring to

Holmium absorption lines. The parity of the TA map was assigned by looking at the pump

scatter on the detector (Appendix B), which unambiguously defines the sign of the transient

bands .

In Figure 6.4 a positive signal is observed at early time delays between 400 and 450 nm, whose

intensity drop is such that in 2 ps the TA signal in this energy range becomes negative. A second

band of negative sign centred around 470 nm and ∼100 nm wide is partially overlapped with

the positive signal and decays in hundreds of ps. The third band has negative sign and is
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broader in energy, crossing the whole probing window. Intensity oscillations are observed

across the spectral range. These oscillations are the clear sign of the correct preparation of

vibrational WPs in an electronic potential well, because they reveal the periodic presence of

the WP inside the probing window. Already from the map, it is evident that these oscillations

last some ps and show a period of some hundreds of fs. Further analysis follows.

Kinetic traces (KT) are retrieved (Figure 6.5) as cuts of the 2D-map along the time delay axis.

The six wavelengths show the coherent oscillations due to the WP motion in the PEC, and

the evolution of the underlying TA signal. For a proper analysis, this signal from coherent

oscillations has to be disentangled from the incoherent TA contributions from electronic

population evolution. The latter is first discussed and analysed to be subtracted from the TA

map. The former can then be retrieved as the residual of the previous analysis. Information

from both signals is exploited to interpret the dataset.

Figure 6.5 – Kinetic traces of I2 in ethanol taken as horizontal slices from Fig.6.4 to display the time
evolution of the signal at the probing wavelengths in the legend. Intensity oscillations from the WP
overlap with longer-timescale kinetics.

Concerning the several TA components, these 1-dimensional cuts of the TA map are here

discussed. The 420 nm KT reflects the quick (even though not instantaneous) rise of the

positive signal in the TA map and the following fast decay, homogeneous for the band portion

we observe (450 and 480 nm KT display a parallel evolution). Such a decrease uncovers the

underlying negative feature, whose intensity constantly decrease but never vanish in the

experimental time window. The KT taken at the centre of the most intense negative band

(λ= 480 nm) starts at zero because of the equal contribution of positive and negative bands.
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Afterwards, it decays in the first 3 ps as the previous KT, suggesting the same time scale. After

the minimum, the intensity depletion follows two time scales, as from the two separated linear

trends in logarithmic scale. An asymptotic third time scale seems to exceed the experimental

time range. The curve at λ=550 nm, in addition to the WP oscillations, seems to slightly

decrease within the first 2 ps and then decay with at least two exponential components, with

the same trend and amplitude of the KTs at 600 and 630 nm. This suggests that a large negative

band is present throughout the whole spectral range (450-630 nm). The KTs at λ=600 and 630

nm display an intense kick-off not observed in the 550-nm KT and perhaps related to some

processes taking place at the excitation. The signal then evolves as the last KT.

Transient spectra (TS, in figure 6.6 and 6.7) are extracted by slicing the map at significant time

delays. These display a spectral profile that results from the overlap of many components

and reveals the time scales of their evolution. TS are plotted for early times in Figure 6.6

(delay time ≤2 ps) and show a complex overlap of several processes, whose TA bands are

not straightforward to disentangle. The positive band in the short-wl region of the TA map,

as previously mentioned, is absorption from an excited state (ESA). Given an IRF of 190 fs

(FWHM), the TS at 0.2 ps shows the signal after the excitation is completed. We observe the si-

multaneous presence of the ESA band and an overlapped negative signal which seems to cross

the whole spectral range. GSB, as the effect of electronic depletion due to the photoexcitation,

is expected to have maximum intensity (negative) at the excitation kick-off and a spectral

profile equal to the static absorption band, then decrease according to the GS population

recovery. In Figure 6.6, the GSB band at 445 nm is clearly hidden by the more intense ESA

signal, whose decay then reveals the former, even if still partially distorted. The ESA rise time

is not instantaneous, as its intensity between 400 and 550 nm increases until 0.3 ps, suggesting

an intermediate step before the state is populated. The option of a GSB decrease in less than

300 fs to justify the total TA signal rise at these wl is discarded because it does not correspond

to the GSB band spectral profile.

A quickly-vanishing negative signal is also observed at λ> 550 nm, whose lifetime is much

shorter than 1 ps. Upon this signal drop, in the same spectral range a broader band seems to

rise in less than 1 ps, then decreases.

To have a complete picture of the system relaxation processes, a global lifetime analysis (GLA)

has to be performed on the TA signals observed in Figure 6.4 and has to be driven by a model

of the undergoing photophysical processes. Unfortunately, no clear picture of the potential

energy surfaces of I2 in etOH has yet been reported, therefore we start the analysis without

an a priori knowledge and the iodine photophysics is guessed from the experimental data.

Moreover, the oscillating signal generated by the vibrational WP is discussed as a determinant

contribute for determining the probing window and the system potential curves.
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Figure 6.6 – Transient spectra at delay time ≤2 ps of I2 in etOH upon 400 nm excitation

Figure 6.7 – Transient spectra at delay time ≥2 ps of I2 in etOH upon 400 nm excitation
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Figure 6.8 – Singular values from SVD analysis, plotted in order of relevance vs the relative width.

6.2.2 Kinetics analysis

A global analysis on the dataset is needed to extract the decay time of the TA features, which

overlap each other and which show multiple exponential decays. In order to extract as much

information as possible from the dataset, and because of the lack of a model as previously

mentioned, the following analysis starts considering the TA signals due to photoinduced

processes all starting with the excitation at time zero. In this perspective, the following analysis

is exploited to extrapolate the first information from the dataset.

Singular Value Decomposition (SVD) is an algorithm from matrix algebra used to reduce the

dimension of a matrix (as the TA dataset) as a product of three matrices [223]

M(λ, t ) = S(λ)×U ×W T (t ) (6.1)

In the specific case of TA data, it is possible to assign a physical meaning to these matrices.

[223, 224]. The matrix U is a diagonal matrix whose entries ui ,i are the singular values (Figure

6.8). Their value can be seen as a sort of weight of the relevance of the i-th component. S

contains the spectral shape of each component i and W the temporal evolution of such a

component (also called kinetic vectors). The number of relevant components for a matrix of

experimental data has to be related to the noise, which introduces more components than

physically needed to describe the system evolution. Taken the last singular value uN ,N , the

relevant ones satisfy the relationship u j , j −u j+1, j+1 À uN N .

In this framework, since no a priori constraints are imposed on the scheme, and also taking

into account that SVD cannot retrieve oscillatory components as the WP signal appearing in

the first picoseconds, we adopt a parallel component model with the aim to retrieve at least

the long-term kinetics components. Afterwards, further analysis has to be undertaken to build

a more realistic model for the system photophysics, eventually integrating other information
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(a) Spectral shape of the three main components
(b) Temporal evolution of the first three components,
whose spectrum is reported in Fig. 6.9a.

Figure 6.9 – SVD analysis results for the I2 in ethanol TA dataset

Figure 6.10 – Moves of the SVD components time evolution.

also from other experimental techniques.

From the parallel-component SVD analysis performed on this TA dataset, the spectrum and

temporal evolution of the three relevant components is displayed in Figure 6.9. The first is

the most relevant (about 60%) and its spectrum resembles the profile of the late transient

spectrum (Figure 6.7, 300 ps). Its temporal evolution (Figure 6.9) shows a prompt rise and

a slow decay, which seems to reproduce the wide negative feature of the TA spectrum. The

second (blue) has negative component with linearly-decreasing intensity for λ< 530 nm. This

may be related to the positive band, given the negative sign of its evolution curve and the sign

flip within 2 ps. The time evolution of the third is more complicated, therefore Figure 6.10

collects the significant moves of the singular values. The spectrum sign has to multiply the time

trace sign to be related to physically meaningful signal at the different moves. Analogies can be

found in this perspective with the evolution of the TA map, but the main goal of this analysis is

to determine how many time components the system evolution needs, and somehow their

value. From the SVD temporal evolution curves, three time scales were extracted in the move

table (Figure 6.10). These are then used to perform the second step of the analysis.

To explicitly include damped oscillations and evolving TA bands, which requires to describe

the population dynamics by both parallel and sequential reactions, a more accurate model is
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(a) Decay-Associated Spectra resulting from GLA. (b) Transient spectra retrieved by the GLA fitting model.

Figure 6.11 – Results of the GLA on the TA dataset of 400 nm-wl excited I2 in ethanol. Analysis tailored
for time delays > 3 ps. The shorter times are neglected as explained in the text.

needed to properly retrieve the relaxation dynamics of photoexcited iodine in ethanol. This

will be possible only after more information on the sample is available, whose investigation

has here started. Therefore, the plan of action is to retrieve the long-term time scales (>3 ps)

and use this information to grasp more insights into the molecule’s relaxation scheme.

Global Lifetime Analysis (GLA) is a way of fitting kinetic traces at different wavelengths which

have common time decay parameters τi . The algorithm finds the time constants that suit well

the whole dataset, providing a unique fit for the TA dataset. For this, a good starting guess is

needed. The system evolution, under the assumption of parallel phenomena starting at the

same time, can be modelled as:

T (λ, t ) =∑
i

Ai (λ) exp

(
− t − t0

τ1

)
(6.2)

where Ai (λ) is the spectrum of the i-th component

OPTIMUS software [113] is exploited for GLA analysis. 1, 2.5 and 40 ps time constants, obtained

from the SVD moves, are used as input. The intensity oscillations at early time provoke a high

residual value which makes the fit not converging. This is circumvented by starting the analysis

from 3 ps ahead. The results are then retro-projected to obtain transient signal amplitudes

calibrated for the whole time scale for t> 0. Phenomena taking place on time scale shorter

than 3 ps are clearly neglected, but their fit requires the information on the photpohysics we

now want to retry.

The GLA results are presented as Decay-Associated Spectra (DAS) shown in Figure 6.11a and

retrieved transient spectra (Figure 6.11b). The comparison with the experimental transient

spectra (Figure 6.7) shows that the GLA well reproduces the spectral shapes at different time
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delays, except for the 1 ps at λ> 500 nm, because of the cut at t <3 ps in the fitting. The three

time components (Figure 6.11a) also reflect the TA spectral evolution, giving a reliable picture

for the exponential decays and corresponding bands for the evolution at t >3 ps. Discussion

follows after the system energetics is outlined.

6.2.3 Coherent dynamics

A coarse analysis of the WP dynamics can be performed, at this step, by isolating the intensity

oscillations as the GLA residual such that the coherent dynamics can be separated from the

underlying incoherent signal evolution. Three extra time components are added in the GLA, as

a stratagem, to subtract the TA signals from all the incoherent processes at time delays <3 ps

and isolate coherent oscillations. Unfortunately this approach does not provide the exact WP

kick-off timing (which explains the the missing first peak of the KTs in Figure 6.12 compared

to the raw data in 6.5), but oscillation period and envelop decay time (damping time) can be

extracted.

The ultrafast early evolution of the TA signals clearly required further faster components to

be fitted, but further insight into the early processes is needed to grasp the physical meaning

of those new time constants, if any. Moreover, the fact that the phenomena taking place

in I2 seem to start in part upon photoexcitation, in part after relaxation from previously-

excited states, makes the model at parallel components (Eq. (6.2)) inaccurate. Adding extra

components is then just a mathematical expedient to have the incoherent signal subtracted

from the oscillating one. A new kinetic model tailored on the final system photophysics can be

applied to perform proper analysis once the photoreaction steps are clarified. Nevertheless,

before having a new model, all the information from the raw data is extracted. The KTs from

the GLA residuals (Figure 6.12) display clear periodic amplitude oscillations of the signal.

These are completely damped after 2 ps for large wl, but remain longer for λ=400 nm. We

assign this periodic modulations to the recursive presence of a vibrational wavepacket (WP)

confined in the B-state electronic potential, because of the similarity of the oscillation period

to the one of WP in the gas-phase iodine B state (∼300-400 fs, [30, 40]). The population

evolving along the reaction coordinate modulates the TA signal as observed in Figure 6.12.

The first maximum retrieved from Figure 6.12 is at 0.4 ps and is common to all the KTs. A

misalignment of the maxima for different KTs after 1 ps is also observed. This stems from a

common start of several WPs with different periods, which can be explained starting from

what discussed about the nature of vibrational WPs in Section 2.2. For a WP in an anharmonic

potential, the lower the vibrational level between neighbouring levels, the wider the energy

gap between them.

The wavefunction superposition that makes the WP has an oscillatory period inversely pro-
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Figure 6.12 – Kinetic traces of the GLA residual upon fitting of the kinetic components. The oscillating
intensity is provoked by the vibrational WP propagation in the B state. The first maximum at t=0 is not
retrieved by the GLA fit, as explained in the text.

portional to the frequency difference (beating) of its components, therefore short oscillating

periods are related to WPs in the lower part of the potential well, and vice versa. This should

already convince the reader that the WPs in the B state probed at different wavelengths are

detected at different vibrational levels because of the different periods. The WP signals are

analysed in Appendix C and the results are given in Table 6.2.

The pair probing wl - period points out that WP at lower vibrational energies, which display a

faster oscillation period, are observed at shorter wl. A larger number of oscillations for WPs

lower in the well is also observed.

An analysis of the gas-phase B-state vibrational spacing allowed us to retrieve WP oscillation

periods as a function of the vibrational level v (Figure C.1 in Appendix C). If the solvated iodine

PEC shape is unperturbed with respect to the gas-phase one, the WP periods reported in Table

6.2 would correspond to vibrational levels v ∼10-20 (also according to [30]). Moreover, the

relationship (λ-T ) is crucial to identify the WP probing window, as later further discussed.

Amplitude damping of these coherent oscillations can due to some concurrently effects:

the natural de-phasing between the vibrational WFs that compose the quantum beat, the
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Table 6.2 – Period T and amplitude decay time τ of selected KTs from Figure 6.12, corresponding to the
WPs evolving in the B state. The analysis is discussed in Appendix C.

λ [nm] T [fs] τ[ps]
420 300 0,9 ±0,1
450 305 0,6 ±0,1
510 335 0,5 ±0,1
570 370 0,4 ±0,1
630 380 0,4 ±0,1

population decay towards lower electronic states, and the loss of coherence due to external

perturbations (solvent). Since no WP revival is observed at longer time delays, incoherent

effects act in damping the coherent excitation in about 2 ps, except for the shortest wl that

seem to last up to 4 ps, as from Figure 6.12. This can be explained as due to coherence lost

because of the solvent interaction, as lower vibrational levels are less sensitive to potential

shape perturbations, so they preserve for longer the WP coherence.

The presence of several WPs in the B state at different energies is demonstrated by the contem-

porary presence of WPs with different periods. Notwithstanding the narrow-band excitation

which is expected to prepare a single WP, what we observe might be explained as an excitation

above the dissociation limit combined with the solvent cage effect. If the 400 nm pump pulse

excites the B state above the dissociation asymptote energy (or anyway prepares a WP whose

trajectory collides with the solvent barrier), thanks to the solvent potential barrier the WP

excess energy is dumped, the dissociative trajectory constrained and the molecule undergoes

geminate recombination (Figure 6.14). If the energy loss is inhomogeneous (given the inho-

mogeneous distribution of solvent molecules around the solute), the population upon caging

has an energy that is spread within the B state eigenvalues and WPs evolve along trajectories at

different positions in the potential well. Remarkably, when the WP, coherently prepared in each

photoexcited molecule, arrives at the solvent barrier, the bounce that originates the caging

preserves coherence because it synchronously takes place for the whole ensemble. We thereby

suggest that the first relaxation step upon photoexcitation of the B state is a solvent-induced

energy damping which populates bound vibrational levels with broad energy distribution, as

supported by the WP observation at different wavelengths.

6.2.4 Potential energy curves

To depict the system energetics, we adopt the gas-phase I2 unperturbed PEC shape, we account

for the static absorption data (Table 6.1) and the solvation model for the D state. In Figure 6.13

PECs are shown in an energy diagram to facilitate the discussion.

133



Chapter 6. Vibrational wave packet dynamics of iodine in ethanol

For the sake of understanding this TA dataset, a polarisable continuum model (PCM) is

adopted to explain the position in energy of the solvated D state PEC and relate it to the

solvation cavity size, as a first clue about the real energetic landscape and of the consequent

potential topology which defines the relaxation pathways. Starting from the equations for

iodine potentials in gas phase [35], we refer to the static absorptions spectrum (Table 6.1) for

the B←X and D←X transition energies.

Onsager’s model is an electrostatic approximation of the solute-solvent interaction. Given

the solvent dielectric constant, the environment is taken as a polarisable continuum with

an empty cavity where the solute molecule is located. The electrostatic interaction, which

stabilises the PEC, applies only for electronic states that display a permanent dipole, because

the solvent responds to the dipole stabilising the electronic state. Therefore the model can be

applied only to the D state solvation. For more details see refs. [35, 225]. The D state solvation,

within this model, is expected to be a vertical energy shift due to the electrostatic interaction

of this polar electronic state with the polarisable solvent. Onsager’s PCM model is here used

backwards to check on the rationality of the energy shift obtained from the static absorption

by retrieving the solvation cavity size, then used to position the solvent energy barrier along

the internuclear distance coordinate. It is important to stress that this model does not take

into account effects such as equilibrium position shift and solvent-induced PEC distortions,

both highly relevant in calculating the vertical transition energies.

Given the equations for gas-phase iodine potentials [35], the solvation model for the D state

(ion-pair character) was computed by imposing the experimental D←X transition energy

(Table 6.1). A solvent cavity of about 8.6 Å results from the model. This is a reasonable size

for I2 in etOH if compared with the 9.7 Å solvation cavity diameter in CCl4 [226], because

shorter solute-solvent distance in a stronger-interacting liquid is expected. We remark that

a D curve horizontal displacement, expected since it has been already observed in other

solvated I2 systems (more detailed modelling can be found in [35]), is here neglected because

no information is available about the state polarizability. The retrieved D curve is shown in

Figure 6.13 to be compared with the gas-phase ones.

A solvent potential barrier is expected to play an important role in solvated iodine, as many

previous studies have reported about the solvent cage effect [34, 39, 40, 227]. Here it is po-

sitioned according to the size of the solvation sphere. Still within the PCM model where

molecules are treated as spheres, the single iodine atom has a van der Waals diameter of about

4 Å. The solvent potential barrier is thereby placed at ∼ 4.6 Å of bond length, as in Figure 6.13,

as longer elongation would exceed the solvation sphere previously calculated. We remark that

solvent molecules have a not-static interaction with the solute and that this is the outcome of

a simplistic model, here used to obtain a reference for the solvent cage size.
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The increased B←X transition energy with respect to the gas-phase means that the B potential

crosses the FC region for absorption from ground state at a higher point in energy.

The PEC can undergo modifications because of solvation, which are here decomposed in three

basic effects:

A - horizontal shift towards longer bond length such that the minimum has the same

absolute energy but a longer minimum position;

B - up-shift with unchanged minimum position;

C - curve deformation by solute-solvent interaction.

Option C requires a precise investigation of the solvated potential shape (e.g. by studying

the vibrational progression) to establish how this is modified. Option B is plausible, even if

not supported by strong evidences to justify further elongation for an excited state whose

equilibrium distance is already greater than the ground state. To match the absorption energy,

the elongation would be of 0.13 Å (more than +4%). A shortening of the bond distance for I2

in the B state would be unexpected. Option A would require a displacement of about 4000

cm−1 (∼0.5 eV). This is the one applied to the B state in Figure 6.13 because will turn to be the

most plausible from the following discussion, even though is not sufficient to explain all the

experimental observation.

The TA band assignment is now proposed in light of the outlined PEC for solvated I2. Among

the TA signals of Figure 6.4 previously identified, the one that can be assigned to the GSB

with little hesitation is the negative intense band around 470 nm. From the static absorption

spectrum (Figure 6.1) the shape of the B←X absorption band is well reproduced by this band

in the transient spectrum at t >10 ps (Figure 6.7, when the overlapping positive band has

decayed). However, the fact that the GSB shape does not perfectly reproduce the absorption

band even at longer time delays suggests some positive signal still remaining.

Emission from the B state can take place all the way from the excited vibrational levels down

to the bottom of the potential. The most intense transition is towards the X state, whereas the

B←A is expected to give signal in the mid-infrared. According to PECs in Figure 6.13, B→X

emission can span from about 700 to 500 nm. The emission from the right WP turning point

would be the one lowest in energy, given the difference between B and X potentials. This per-

fectly agrees with the WP probing energies reported in Table 6.2, because longer wl correspond

to higher vibrational levels. Moreover, the B-X difference potential shows that the WP can be

observed only at the right turning point, because on the other side of their trajectories the

(λ-T) relation would be reversed. Therefore, the negative feature crossing the whole TA energy

range can be assigned to SE from the B state, because this can only be the probing window
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Figure 6.13 – Simulations of iodine PECs upon solvation in ethanol for the B and D states. The X
state equilibrium position in etOH is 0.02 Å longer than in gas phase, as from ref. [228]. Dashed
gas-phase I2 PECs as reference. The absorption energies are pinpointed by the vertical arrows for B
and D states (Table 6.1). D state solvation is a vertical down-shift, as from Onsager’s model, whereas B
state is displaced vertically to match the maximum absorption energy (see text). The energy level of the
photoexcitation is outlined as the thin horizontal line.
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for vibrational WP as proven by the oscillating intensity and by the relationship between WP

period increase and probing wavelength. These amplitude oscillations are then overlapped to

the other TA features at short time delays, so the TA sign is given by the dominant underlying

feature at each time.

The fact that oscillations are actually observed from 650 to 400 nm shows that the solvation

cannot be described only as vertical energy shift as in the adopted scheme. Among the

solvation components, A alone must be discarded because it would decrease even more the

SE probing energy. Component B is not sufficient to match simultaneously absorption and

SE energies, as the X-B gap is larger than simulated at the right turning point. Therefore the

effect C has to be invoked together with B, and A might also be included in combination

with the others. This is also supported by the change of the B←X absorption bandwidth

from 0.40 eV (I2 in n-hexane whose band is about the same of gas-phase) to 0.57 eV for I2 in

etOH, showing that the projection of the ground state population into the B state is altered

by solvation, not justified by a simple up-shift (opt. B). Further investigation is needed to

clarify how the potential is distorted. How exactly the solvated PECs are displaced in energy

could be predicted by quantum simulations which take into account van der Waals forces.

Complementary fluorescence studies could also provide the emission energy and lifetime of

the excited state.

Lastly, we can also exclude that the WP is probed in absorption (D→B) for the following

reasons. Even though the transition wl from the B minimum is about 620 nm, the vibrational

progression from the right turning point can be observed in absorption between 800 and 1500

nm, whereas from the left turning point would be between 420 and 500 nm. The former is

out of the probing range, and the latter is too much limited with respect to the observed WP

probing window, in addition to the fact that a strong signal would be expected at all wl as

kick-off of the WP dynamics, which is not the case (Figure 6.5).

The ESA band, whose positive signal is observed at λ<450 nm in the TA map, according to

then retrieved scheme of solvated PECs (Figure 6.14), can find explanation only as the D←A

transition. Absorption from B on the left-hand side of the potential does not justify why we

observe only a tail of a band whose centre seems to be at shorter wl, whereas for ESA from B

we should see the rest of the WP at longer wl, with positive sign across all the spectral window.

The population mechanism of the A state is discussed in the following section.

6.2.5 Relaxation mechanisms

The three TA map features, whose transitions has been previously identified, are now discussed

in terms of time evolution and the I2 relaxation cascade is deduced.
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A GSB band is supposed to have its maximum amplitude at the photoexcitation, and to recover

as soon as the system has relaxed in the parent’s ground state. In this dataset, the prompt

increase is hidden under the ESA signal, which partially overlaps. The KTs from 420 to 550 nm

(Figure 6.5), after the ESA signal is vanished (t> 4 ps), display for the GSB three exponential

decays, two of them reproduced by the 2.4 ps and 40 ps GLA time constants and the third,

longer than the experimental interval, is due to the still present SE band. The bleach is not

permanent as in the case of fragmented molecules, because the remaining signal would mimic

the GSB shape, which is not the case. The DAS (Figure 6.11a) yellow curve attribute the longer

decay time to both GSB and SE signals. This leads to assign the 40 ps lifetime to the B state

decay, whose population relaxes into the ground state damping both signals. The overlap with

the fast-decaying ESA band hides any possible earlier GSB dynamics. A deep-UV TA study

might fully characterise the positive signal decay, which can then be disentangled from the

GSB signal. Greater time resolution would also be desirable to resolve such fast processes.

The SE signal was assigned to emission towards the GS from a broad ensemble of B state

vibrational levels because the intensity oscillations, typical of the oscillatory WP motion inside

the B-state potential well, are detected within this probing window. The increasing oscillation

period with emission wl has been discussed as the proof that WPs in the B state are probed at

the right turning point. The oscillation amplitude decays following an exponential envelope

(Table 6.2). The underlying incoherent signal of the SE band is more localised at 0.2 ps around

650 nm, then this peak quickly drops in intensity in the following 200 fs and rise again, wider in

energy (Figure 6.6), to then follow relaxation time scales common to the GSB (see DAS in Figure

6.11a). According to what discussed about the simultaneous presence of WPs at different

vibrational energies as due to coherent-reserving geminate recombination, we propose the

following explanation for the B-state relaxation (see energy diagram Figure 6.14).

The photoexcitation prepares a WP in the B state in an out-of-equilibrium position. The

coherently excited vibrational mode is such that the molecule elongates as the WP evolves

towards longer bond lengths. The energy released in the system is above the natural boundary

of the PEC, therefore the system moves towards dissociation. The collision against solvent

molecules provokes geminate recombination in less than half period of the highest vibrational

beat, so <200 fs. This can also justify the quickly-vanishing band at 650 nm, as the SE from the

population at the cage limit in the top part of the PEC. The preserved coherence along this

interaction generates a set of vibrational WPs in the B state at lower energies, which begin

their evolution and are detected in SE. WPs are then detected again at their next transition at

the right turning point, after a period. The WP KTs in Figure 6.12 show a common maximum

at about 0.4 ps, perhaps due to an offset in time zero, or because is the second maximum

since the first is not retrieved by the GLA residuals. This can take place earlier than half period

given the higher WP velocity after photoexcitation and before the solvent cage damping,
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6.2. Transient absorption of I2 in ethanol

after which each WP oscillates with its own periodicity, and experience a spreading of the

maxima position in time. Perhaps a significant fraction of the recombined molecules has lost

vibrational coherence upon the collision and this generates the incoherent SE background

from about all the energy levels inside the potential well. Vibrational relaxation can happen

only through energy transfer to the solvent, being the IVR impossible for a diatomic molecule

such iodine. Relaxation towards the GS is expected to be promoted by the curve crossing

with the manifold of dissociative potentials around the PEC bottom, as already observed in

previous studies on solvated iodine [34, 40, 42].

The ESA signal proposed as D←A transition, is easily pinpointed in the TA map as a positive

TA signal, but the KTs display how this is more extended in the spectrum up to 550 nm. This is

also observed in the 1.3 ps DAS, whose asymmetric profile in the blue indicates that (at least)

half of the band is out of the probing window. Hence, the central D←A wl is underestimated in

the model of Figure 6.13. The ESA spectrum is reproduced only by the fastest DAS component,

but it is not present in the retrieved transient spectra because of the GLA constraint to t> 3 ps.

The decay observed in the KTs is consistent with a single exponential, since at about 4 ps the

ESA signal is almost vanished. On the other hand, a not-instantaneous rise time is (obviously)

not accounted for by GLA, but can again be observed in the 420 nm KT and by the delayed rise

in the TS of Figure 6.6.

The A state is not directly populated by photoexcitation and might be explained as a delayed

population of the A state, whose time scale would depend on the process through which it takes

place. We propose that the photoexcitation promotes population at about 25000 cm−1 above

the GS and a fraction is trapped in the B state, as previously discussed, whereas the remaining

dissociates along lower-lying repulsive potentials, as for example the C state. Our current

knowledge on the PECs upon solvation does not allow us to distinguish if the dissociative

C state is directly photoexcited or an ultrafast ISC from the B state takes place. The former

would be the case that justifies the absorption band broadening as due to a second component

with similar intensity to the B←X absorption band. This would be in agreement with a +20%

increase of the C←X band in I2 in n-hexane with respect to the gas-phase absorption band

[217].

A similar situation has been already observed in previous studies of iodine in CCl4, where

geminate recombination is completed in less than 5 ps [227], and about 40% of the photoex-

cited species relaxes in the A states manifold [34]. These are metastable and their lifetime is of

the order of ns [227], so the ESA tail observed in the TA map can be due to vibrationally-hot

population trapped by the solvent cage at higher energies than the band minimum, which

then relaxes towards the bottom. This suggests that the 1.3 ps decay time is related to the A

state cooling, though further investigation is needed to prove it, as for example a TA study

extended in the UV.
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Chapter 6. Vibrational wave packet dynamics of iodine in ethanol

Figure 6.14 – Relaxation scheme proposal for I2 in etOH upon 400 nm-wl excitation (light-blue bar).
Upon photoexcitation, the WP moves towards dissociation, which is inhibited by the solvent potential
barrier (dashed line at 4.6 Å). WPs are then measured at many different levels in the B potential
well by SE at different λ across the TA probing windows (blue arrows). In red the vibrational levels
corresponding to the measured WP periods (seen Appendix C). A population branching in repulsive
states is also proposed and the population detected in ESA (green arrow) from lower levels (A,A’) is due
to geminate recombination. Since the observed D←A wavelength do not match with the calculated
transition energies, an horizontal D state displacement should be taken into account in later modelling.
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6.3. Iodine and iodide solutions photoelectron spectra

6.3 Iodine and iodide solutions photoelectron spectra

The interest for time-resolved studies on vibrationa wavepacket dynamics in solvated molecules

is discussed at the beginning of this Chapter. Their extension to PES studies is motivated from

the technique capability to probe any accessible populated excited state, thereby to unravel

relaxation pathways not accessible by other spectroscopic techniques and taking advantage of

the element selectivity of core-level spectroscopy.

In this section iodine (I2) and iodide (I−) solutions photoelectron spectra are presented. The

PE signal from valence 5s orbitals is detected below the water valence band, which is a solvent-

free spectral region. The 4d inner-shell electrons can also be investigated thanks to the

tuneability of HARMONIUM, the VUV light source here adopted for PES. Finally, we report on

a photon-energy dependent study to demonstrate that the PE signal intensity has a compelling

dependence on the photon energy.

The preliminary studies here reported aim to open the way of ultrafast studies of nuclear

dynamics by means of inner-shell electrons LPES. Given that the core-hole ionic state is

quite localised and the potential is steeper with respect to valence band ones, PES from inner

electronic shells is expected to express high sensitivity in translating internuclear distance

changes in energy shifts. Coherent excitations such vibrational WPs can thereby be exploited

in a diatomic system to constrain such a coherent oscillation into nuclear dynamics, which in

turns can be detected as dynamics of the core-level PE signal.

6.3.1 Iodide aqueous solution photoelectron spectrum

Alkali-halide aqueous solution have been object of the first LPES studies by Winter and co-

workers [229]. Solvent-assisted Auger emission was also observed in potassium aqueous

solution [230], and this electron transfer from the solvent to recombine a core-hole is said

to be ultrafast. In the perspective of ultrafast tr-LPES studies on these processes concerning

inner-shell electrons, the feasibility of PES studies with hv > 90 eV is tested. Iodine is also an

interesting element for studies on nuclear dynamics, as shown in Section 6.2 which is here

exploited because of the accessible inner-shell electrons with VUV photons.

Sodium iodide 2 Molar aqueous solution PE spectrum generated by means of 83 eV photon

energy is presented in Figure 6.15. The photoelectron analyser is in field-free mode, and

the low flux at these energies required 20 minutes acquisition. The electronic structure of

solute and solvent are probed at once across a 70 eV energy window. In green the pure-solvent

spectrum, to better highlight the solute characteristic bands. Iodide displays an HOMO EB

around 8.5 eV and the doublet corresponding to 4d orbital electrons is found to be centred

around 53 eV EB . The intermediate electronic levels corresponding to 5p orbitals are not
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Chapter 6. Vibrational wave packet dynamics of iodine in ethanol

Figure 6.15 – PE spectrum by means of 83 eV photon energy of 2M sodium iodide aqueous solution
(blue) and pure water (green). The orbitals are labelled and the inner-shell I− electrons are detected at
around 54 eV EB .

detected for both low cross section and for being below the water 1b2 band (around 19 eV EB ).

Inner-shell electrons are distinctly observed (note the 4d-orbital doublet of I2 at about 54 eV

EB .

6.3.2 Iodine in ethanol photoelectron spectrum

Molecular iodine is scarcely soluble in water, but in ethyl alcohol concentrations of about 0.6

M can be reached. Ethanol has an ionisation threshold lower than water, and neutral iodine is

expected to have an HOMO binding energy higher than the corresponding cation, therefore

the HOMO PES signal does not appear on a background-free region of the PE spectrum as

in the PE spectrum of aqueous NaI solution. The ToF electron spectrometer at high kinetic

energies has poorer resolution than for slower electrons, therefore spectral features at low EB

are not well resolved in energy when high-energy photons are used. In Figure 6.16 a series of

PE spectra of 0.5 M I2 solution in ethanol are reported. The iodine HOMO is not visible, as

expected. Lower photon energies should be used to acquire high-concentration solution and

pure solvent PE spectra to perform solvent subtraction and then retrieve the solute HOMO

signal.

The spectra in Figure 6.16 show the secondary electrons cut shifting with the photon energy,

revealing at around 55 eV EB the doublet from iodine 4d orbitals. The spectra are normalised

to the solvent HOMO band amplitude, whose goodness is confirmed by the overlapping
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6.3. Iodine and iodide solutions photoelectron spectra

Figure 6.16 – I2 in ethanol solution PE spectra at the same concentration, acquired with increasing
photon energy (see legend). Notably, the I(4d) orbital PE intensity display a strong dependence on hv .

background at EB > 40 eV.

A remarkable effect is the increasing amplitude of the doublet with increasing photon energy,

of which an enlarged spectrum is displayed in Figure 6.17.

This photon-energy dependence can be explained by two factors. The first is a inhibited

detection for low-kinetic energy PE, due to some electrostatic effects between sample and

analyser. This is deduced by the secondary PE tail cutoff in Figure 6.16, which is not equal

to the photon energy value, but about 15 eV before, hindering lower kinetic energy PE. This

can justify the low intensity for the doublet in the hv=75.7 eV spectrum, but not for higher

photon energies where the scattered electron background for the hv=78.8 eV spectrum is

already equally intense at both the doublet sides. So another factor to justify this intensity

modulation is invoked.

In Section 2.5.1 the photoemission cross section is described in its angular dependence

and is just mentioned the energy dependence of the photoionisation. Tables of the atomic

photoionisation cross section are available [64], and in Figure 6.18 is reported the energy range

concerning atomic iodine. The curve for 4d orbitals explains the observed trend of Figure

6.17 as due to the photoionisation cross-section maximum around 90 eV photon energy (5
marker).
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Chapter 6. Vibrational wave packet dynamics of iodine in ethanol

Figure 6.17 – I2 in ethanol LPES signal at different VUV photon energies. The I(4d) doublet around 55
eV EB shows an important photoionisation cross-section dependence on the photon energy.

Figure 6.18 – Photoionisation cross section for atomic iodine, in logarithmic scale, from [64]. Note
mainly the energy range HARMONIUM can access (hv < 100 eV), where the 4d orbitals (5 marker)
have a maximum of 100 Mb at about 80 eV, and the curve steepness in this energy range.

144
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The achievement of this study is to define the optimal photon energy for tr-LPES studies on

iodine inner-shell electrons, to proceed with studying their spectral response to coherent

nuclear motion.
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6.4 Conclusions

In this Chapter coherent oscillations in photoexcited molecular systems has been studied and

followed through the system relaxation pathways for I2 in etOH. Static absorption spectra of

molecular iodine in noteworthy organic solvents are presented to display the solvatochromism

of the solution because of the different solute-solvent interaction strength which heavily

modifies the energetics of the solvated system. Ethanol was chosen because the solution is

suitable for PES experiments, therefore investigated by TA.

I2 in ehOH potential energy curves are outlined in Figure 6.14 in a preliminary picture of

the solvated system energetics. Transition energies from static absorption and TA have been

exploited to reference the energy position. The ion-pair D state displays an absorption band

1.2 eV red-shifted with respect to the gas-phase system, revealing an intense solute-solvent

interaction for I2 in etOH. This has been explained as due to electrostatic interaction of the

orbital dipole moment with the polarisable solvent within the Onsager’s model approxima-

tions. The B state is affected by the solvent as well, but towards higher energies. Vibrational

coherence in the B state was found to be fundamental to pinpoint the distance in energy with

respect to the ground state, thanks to the WP nature of localised excitation in space and time.

The picture of the potential energy curves (Figure 6.14) is not yet complete since the retrieved

energy gaps do not exactly correspond to the observed transition energies. Potential shape de-

formation and horizontal displacement of the curve minima are not taken into account in this

simulation, even though they are relevant, because of a lack of complementary information

for a proper description. Further modelling of the solvated system is desirable to achieve a

complete picture. We believe that the potentials undergo not only a vertical shift in energy,

but also a solvent-induced shape deformation, which is needed to justify the TA data and the

transition energies of the observed WPs.

The relaxation cascade of I2 in etOH upon 400 nm-wl excitation has been investigated by

means of a white-light continuum (400-650 nm) TA experiment. GSB and SE have been clearly

identified, and an ESA band is also observed. The SE from the B state was pinpointed thanks

to the characteristic WP oscillation period. The preparation of a vibrational WPs in the B state

is so confirmed even with an above-resonance excitation (400 nm wavelength), where the

solvent cage is found to be responsible of trapping (and redistributing in energy) coherent

excitations in the B state potential. The presence of several WPs at different positions of

the potential well is indeed justified as due to geminate recombination where vibrational

coherence is preserved. The WP lifetime is limited by solvent-induced de-phasing, stronger

for higher vibrational levels with smaller leverage on the potential well bottom. This can be

seen as the effect of an incoherent potential deformation due to solvent molecule collisions

with the solute.
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The lifetime analysis is performed by preliminary GLA for t >3 ps, retrieving three time

constants. The ESA signal exponentially decays with τ =1.3 ps. A relaxation mechanism is

guessed. The GSB and SE signal both display two exponential decays, of 2.4 and 40 ps, and

a longer persistent negative signal is also observed. Solvent vibrational energies might give

more insights into the coupling with the iodine molecule, being the only vibrational relaxation

channel for a binuclear molecule. A more accurate picture of the system energetics would also

clarify where curve crossing take place. A repulsive potential is indeed proposed as responsible

of B state electronic relaxation, probably from the well bottom. Figure 6.14 shows a preliminary

relaxation scheme.

Finally, we have presented steady-state LPES spectra of I2 in etOH to demonstrate the sensitiv-

ity to the solute inner-shell orbitals (4d). This core level signal is an order of magnitude more

intense than the 5p valence orbitals (HOMO), actually buried under the solvent PE signal.

The former can be exploited as an electronic probe for coherent nuclear dynamics upon WP

preparation [215]. The excited state PE signal is expected to appear above the ionisation

threshold and to be easily detectable, as shown in a recent tr-PES study in gas-phase I2 where

PES signal due to WP dynamics is shown [231]. Moreover, and thanks to the photon tuneability

of HARMONIUM, a cross-section study is presented to highlight the importance in the photon

energy choice for LPES experiments.

In this perspective, time-resolvent LPES experiments with photon energy around 90 eV are

proposed to exploit the bright 4d-orbitals PE signal of I2 to correlate the electronic response to

the structural dynamics upon excitation. This is possible because in such a diatomic molecule

the WP evolution can take place only along the possible reaction coordinate, therefore the

WP dynamics is unequivocally linked to the internuclear distance modulation. The LPES

sensitivity to the iodine 4d orbitals would allow us to correlate nuclear motion to core-level

PE signal dynamics with fs time resolution. This would be the first experiment on solvated

molecules observing coherent dynamics by PES. Moreover, the simultaneous observation

of valence and inner-shell electrons would finally provide a clear picture of the core-level

response to excited state coherent dynamics.
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7 Conclusions and outlook

In this thesis ultrafast photoinduced processes in solvated molecules are investigated by means

of time-resolved spectroscopic techniques. Ultrafast photoelectron spectroscopy on liquid

samples (LPES) is presented as an experimental tool to explore the occupied electronic states

of molecular systems, in combination with ultrafast transient absorption (TA) spectroscopy to

provide complementary experimental insights. The experimental end-station and the liquid µ-

jet technique are described, highlighting the critical parameters to perform LPES experiments

and reporting about the improvements carried out on the setup. The HARMONIUM light

source is presented as fundamental part of this setup. High-order harmonic generation (HHG)

is exploited in combination with a time-preserving monochromator for photoemission studies

on liquids. The high energy resolution (0.12 eV) allows to examine the sample electronic

structure and isolate electronic orbital signals with proper precision. Thanks to the energy

tuneability (12-110 eV), a comprehensive range of molecular energy levels can be accessed

and the photon energy chosen to achieve optimal experimental conditions, as shown for

iodine core-level PE spectra in Chapter 6.3.

The first PE spectra of organic solvents - three isomers of trimethylbenzene - are here reported,

whose valence electronic orbitals are assigned thanks to ab initio calculations. Moreover, a

comparison between gas- and liquid-phase spectra is made and the PE signal is discussed

in relation to the modifications the liquid environment induces on the electronic potentials.

Our steady-state LPES results offer perspectives towards the use of non-polar liquids, such

as an interesting opportunity is study redox non-polar solvents by PES, as a complementary

technique to retrieving electrochemical properties. Furthermore, time-resolved studies on

solutions of this class of solvents will greatly enlarge LPES as a spectroscopic tool for ultrafast

molecular processes.

The sensitivity of LPES to oxidation state changes is here exploited to unravel the first step of

the ferrioxalate photochemistry. We report on the first time the PE spectrum of [FeIII(C2O4)3]3−
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aqueous solution, highlighting the element-specific binding energy of the solvated species as

the observable for the metal oxidation state. Upon 400 nm excitation, the PE signal is followed

with ∼ 50 fs time resolution to monitor the electronic structure evolution. We unambiguously

demonstrate that the complex is promptly excited in a ligand-to-metal charge transfer state,

because the central atom is instantaneously reduced. A fraction of the photoexcited species

is then seen to undergo relaxation towards the parent ground state, in a branching which

competes with ferrioxalate photodissociation. The quantum yield agrees with previous studies.

These results also demonstrate how effective tr-PES is in tracking charge dynamics for photoex-

cited systems within their relaxation cascade. Photochemistry can thereby widely benefit from

such a tool, and the extension to longer time scales (µs and ms can be reached with electronic

laser synchronisation) would allow to explore redox reactions with an element-sensitive probe

up to the product formation. For example, the subsequent reaction step after the ferrioxalate

photodissociation involves a second molecule, whose reduction would be clearly detected at

longer time delays by tr-LPES.

This study, where three tr-LPES datasets with increasing time range are compared, was possible

because of the great improvement on the data collection due to the electrostatic lenses, and the

setup stabilisation, which extended the data acquisition time up to 80 hours. Further upgrades

are suggested in Section 3.4 to achieve better stability, faster acquisition time, together with a

technical upgrade of the liquid jet system to avoid column formation and recirculate scarce

samples, in a way such that tr-LPES at HARMONIUM could be applied to a wider class of

samples and phenomena.

An ultrafast optical TA study of the prototypical di-iodine molecule in solution is also presented.

The 400 nm coherent excitation prepares a vibrational wave packet (WP) in the bound B state,

as displayed by TA results reported. We report for the first time on ultrafast TA experiments

on I2 in ethanol. The static absorption spectra show a stronger solute-solvent interaction

for this system, compared to iodine solutions previously studied. The relaxation cascade is

therefore heavily affected by the perturbed topology of the potential energy curves, which

are here outlined within a preliminary solvation modelling. The solvent cage effect seems to

play an important role in constraining the molecule from dissociating, as demonstrated by

the spectral signature of the vibrational WP. Indeed, vibrational coherence are fundamental to

identify the observation windows of the potential energy curves. A proposal of the relaxation

cascade is thereby given, and complementary studies are suggested to complete the picture.

The fact that the WP evolution in a diatomic molecule can only take place along the sole reac-

tion coordinate, constraints the WP to express its classical dynamics as internuclear distance

modulation. This, together with the intense signal from I(4d) orbitals, shown in the static

PES measurements of I2 in etOH here reported, makes I2 an ideal system for demonstrating
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how structural dynamics can be observed in tr-LPES. A WP oscillation is indeed expected to

be translated into core-level energy and amplitude modulation. Moreover, a change of the

electronic state character due to the evolution along the reaction coordinate, is expected to

be reflected in the core-level PE signal because of the undergoing nuclear motion. In this

perspective, from the preliminary system energetics picture, excitation at about 500 nm is

suggested in order to prepare a WP in the lower part of the well. This would result in a single

oscillation frequency and coherent elongation amplitude, which better defines the nuclear

motion and therefore result in a clearer response from tr-LPES. Finally, these results will

be preliminary for ultrafast X-ray diffraction and X-ray emission spectroscopy experiments,

which aim to investigate how the solvent is stimulated by coherent solute dynamics. This

would clarify the solute-solvent coupling in terms of solvation cage and vibrational modes

coupling, completing the relaxation scheme here proposed thanks to such extra experimental

points of view.
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A Jacobian of the time of flight to en-

ergy conversion

For a practical implementation of the energy conversion, some remarks have to be made. The

coordinate transformation described by Equation (3.4) is non-linear in t , hence the Jacobian

is not trivial. This is here calculated.

The ToF-to-Ek conversion is a transformation of the recorded spectrum f(t) in the new function

F(Ek ) such that the integrated spectral intensity is preserved:∫
f (t )d t =

∫
F (Ek )d(Ek ) (A.1)

f (t )d t = F (Ek )d(Ek ) (A.2)

The transformation function φ(t ) from a spectrum in time-of-flight f (t ) to a spectrum in Ek

F (Ek ) such that f (t) ·φ(t) = F (Ek ) The pre-factor in Eq. (3.4) is factorised as α= me L2

2
and

then the differential can be written as (assuming for

dE =| ∂E

∂t
|d t = 2α

t 3 d t (A.3)

Therefore the jacobian of the coordinate transformation is

φ(t ) = t 3

2α
(A.4)

The proof that this is the function that transforms the spectrum preserving the integrated

spectral intensity (Eq. (A.1)) isd t = t 3

2αdE

t =
√

α
E

⇒ d t = 1

2E

√
α

E
dE (A.5)
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The integral argument on the left side of E. (A.2) can then be written as

f (t )
1

2E

√
α

E
dE (A.6)

and Eq. (A.2) is satisfied only if

f (t )
1

2E

√
α

E
dE = f (t )φ̃(E)dE = F (E)dE (A.7)

Inverting φ̃(E), we find the transformation function φ(t ) in Eq. (A.4).

In other words: the photoelecton histogram has an equally-spaced x axis, that is no longer ho-

mogeneous upon transformation by the Equation (3.4). So a change in the binning introduces

a different width for each histogram column. The total integrated spectral intensity has to be

conserved, though. A computational solution for the implementation of this transformation is

to normalise the amplitude at each bin by the bin width.
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B Transient absorption dataset correc-

tion

Parity check

The parity in TA experiments where a shot-to-shot sequence of pumped and unpumped

spectra are acquired, defines which spectrum is recorded when the sample is excited, and

thereby the TA dataset sign. A unambiguous check is given by the pump light scattered in the

spectrometer. Such a signal is localised in wl (as sharp as the pump bandwidth), is present

at any time delay (is a signal not related to any physical process in the sample and to which

the CCD detector is exposed regardless the pump-probe delay) and has to be displayed as

negative TA signal because corresponds to an increased signal in the pumped spectrum. In

figure B.1 the signal from the pump is spotted around 400 nm as saturated pixels. Integrating

the signal for many time delays this can be highlighted /Figure B.2). The pump signal clearly

has the opposite sign than expected, thereby the parity is reversed and the corrected data are

presented in Figure 6.4.

GVD correction

The probe pulse chirping in a TA measurement has to be corrected to retrieve the photoexci-

tation instant of the system, common to all the kinetic traces. The pump-probe signal from

pure solvent is exploited, displaying only the coherent artefact due to cross-phase modulation

(XPM) (Figure B.3a) [112]. The single-wl KTs are treated with OPTIMUS software [113] and the

signal from the XPM is fitted (Figure B.4). The envelop of the XPM profile defines time zero

and the cross-correlation of pump and probe pulse length, which is taken as IRF of 190 fs.

The GVD-dispersion is corrected by a third-order polynomial and the retrieved data are shown

in Figure B.3b.
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Figure B.1 – Raw-data of a single time delay scan where the pump scattering can be identified as a
saturated pixel lane around 400 nm.

Figure B.2 – The pump scatter is clearly observed if spectra at different time delays are summed. The
parity has to be flipped since the sign is wrong.
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(a) Pure solvent (ethanol) TA signal recorded under the same experimental condi-
tions of the TA dataset in Figure 6.4.

(b) GVD-corrected pure ethanol
TA signal.

Figure B.3 – GVD correction performed on the pure solvent, and then applied on the I2 in etOH TA
dataset , discussed in Section 6.2.

Figure B.4 – Pure solvent (ethanol) kinetic traces at different probe wavelengths where the XPM is
displayed with the respective fit for GVD correction.
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C Iodine in ethanol: wavepacket analy-

sis

The amplitude oscillations of the transient absorption signal (dataset shown in Figure 6.4) are

due to the recursive presence of the vibrational WP in the probing window. From the residuals

of the GLA performed on the dataset, the underlying incoherent dynamics is subtracted and

the oscillations are retrieved.

Here the analysis of the period and de-phasing time (taken as the lifetime of the envelope) is

shown for five different wavelengths. The fit function is:

IW P ∝ cos

(
2πt

T
+φ

)
∗exp(−t/τ) (C.1)

where T is the oscillation period of the WP and τ is the envelope decay time. The numerical

results are reported in Table 6.2 and a discussion follows in Section 6.2.3.

Figure C.1 – Oscillation periods of gas-phase B state WPs resulting from the superposition of adjacent-
level vibrational wavefunctions (parameters from [232]).
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Appendix C. Iodine in ethanol: wavepacket analysis

Figure C.2 – Intensity oscillation from GLA residuals (Section 6.2.2) of the TA dataset. The vibrational
WP dynamics is analysed at different wavelengths.
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D Transient PES signal - integration

windows

In order to discard that the decreasing intensity of the ferrous PE transient signal (Figure 5.13c)

is due to a sliding of the signal towards higher EB , the tr-LPES 2D map (displayed again in

Figure D.1) is analysedin a different fashion. More sections in energy are taken within the

transient signal energy range (5 to 7.5 eV), and the KTs obtained by integrating in a 0.5 eV

window are displayed in Figure D.2.

Clearly, the smaller PE signal amplitude results in a smaller SNR, as the black bands around

the blue KT show (2 standard deviation of the averaged value). More important, the shape of

the KTs is the same, within the uncertainty bands, which means that the PE intensity is not

shifting from a spectral region to another, as in the case of an orbital energy rearrangement.

The observed transient signal 2 ps decay is then homogeneous in energy, i.e. the whole band

decreases in intensity. This supports the interpretation given in the chapter.

Figure D.1 – 2D map of the 1 ps tr-LPES dataset of ferrioxalate upon 266 nm excitation (Figure 5.12c).
The dashed lines define the integration energy range used for the KT in Figure D.2.
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Appendix D. Transient PES signal - integration windows

Figure D.2 – Kinetic traces computed by integrating the PE intensity in Figure D.1 in a 0.5 eV-large
energy window. A smaller SNR is observed with respect to the KT in Figure 5.13c.
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[118] Petr Slavíček, Nikolai V. Kryzhevoi, Emad F. Aziz, and Bernd Winter. Relaxation Processes

in Aqueous Systems upon X-ray Ionization: Entanglement of Electronic and Nuclear

Dynamics. The Journal of Physical Chemistry Letters, 7(2):234–243, 2016.

174



Bibliography

[119] Oliver Link, Esteban Vöhringer-Martinez, Eugen Lugovoj, Yaxing Liu, Katrin Siefermann,

Manfred Faubel, Helmut Grubmüller, R. Benny Gerber, Yifat Miller, and Bernd Abel. Ul-

trafast phase transitions in metastable water near liquid interfaces. Faraday Discussions,

141(0):67–79, 2008.

[120] Thomas Gladytz, Bernd Abel, and Katrin R. Siefermann. Expansion dynamics of super-

critical water probed by picosecond time-resolved photoelectron spectroscopy. Phys.

Chem. Chem. Phys., 17:4926–4936, 2015.

[121] Ying Tang, Huan Shen, Kentaro Sekiguchi, Naoya Kurahashi, Tomoya Mizuno, Yoshi-

Ichi Suzuki, and Toshinori Suzuki. Direct measurement of vertical binding energy of a

hydrated electron. Phys. Chem. Chem. Phys., 12(15):3653–3655, 2010.

[122] Alexander T. Shreve, Terry A. Yen, and Daniel M. Neumark. Photoelectron spectroscopy

of hydrated electrons. Chemical Physics Letters, 493(4-6):216–219, 2010.

[123] Franziska Buchner, Andrea Lübcke, Nadja Heine, and Thomas Schultz. Time-resolved

photoelectron spectroscopy of liquids. Review of Scientific Instruments, 81:113107, 2010.

[124] J. Ojeda, C. A. Arrell, J. Grilj, F. Frassetto, L. Mewes, H. Zhang, F. van Mourik, L. Poletto,

and M. Chergui. Harmonium: A pulse preserving source of monochromatic extreme

ultraviolet (30–110 eV) radiation for ultrafast photoelectron spectroscopy of liquids.

Structural Dynamics, 3(2):023602, 2016.

[125] R. Al-Obaidi, M. Wilke, M. Borgwardt, J. Metje, A. Moguilevski, N. Engel, D. Tolksdorf,

A. Raheem, T. Kampen, S. Mähl, I. Yu Kiyan, and E. F. Aziz. Ultrafast photoelectron

spectroscopy of solutions: space-charge effect. New Journal of Physics, 17(9):093016,

2015.

[126] Johan Hummert, Geert Reitsma, Nicola Mayer, Evgenii Ikonnikov, Martin Eckstein,

and Oleg Kornilov. Femtosecond Extreme Ultraviolet Photoelectron Spectroscopy of

Organic Molecules in Aqueous Solution. The Journal of Physical Chemistry Letters,

9(22):6649–6655, 2018.

[127] Andrea Lübcke, Franziska Buchner, Nadja Heine, Ingolf V. Hertel, and Thomas Schultz.

Time-resolved photoelectron spectroscopy of solvated electrons in aqueous NaI solution.

Physical Chemistry Chemical Physics, 12(43):14629–14634, 2010.

[128] Madeline H. Elkins, Holly L. Williams, and Daniel M. Neumark. Dynamics of electron

solvation in methanol: Excited state relaxation and generation by charge-transfer-to-

solvent. The Journal of Chemical Physics, 142(23):234501, 2015.

175



Bibliography

[129] C. A. Arrell, J. Ojeda, L. Mewes, J. Grilj, F. Frassetto, L. Poletto, F. van Mourik, and

M. Chergui. Laser-Assisted Photoelectric Effect from Liquids. Physical Review Letters,

117(14):143001, 2016.

[130] Mario Borgwardt, Martin Wilke, Igor Yu. Kiyan, and Emad F. Aziz. Ultrafast excited

states dynamics of [Ru(bpy)3]2+ dissolved in ionic liquids. Phys. Chem. Chem. Phys.,

18:28893–28900, 2016.

[131] Alexandre Moguilevski, Martin Wilke, Gilbert Grell, Sergey Bokarev, Saadullah Aziz,

Nicholas Engel, Azhr Raheem, Oliver Kühn, Igor Yurevich Kiyan, and Emad Aziz. Ultra-

fast spin crossover in [fe(ii)(bpy)3]2+: revealing two competing mechanisms by means

of XUV photoemission spectroscopy. ChemPhysChem, Decmber 2016.

[132] Jose Ojeda, Christopher A. Arrell, Luca Longetti, Majed Chergui, and Jan Helbing.

Charge-transfer and impulsive electronic-to-vibrational energy conversion in ferri-

cyanide: ultrafast photoelectron and transient infrared studies. Phys. Chem. Chem.

Phys., 19:17052–17062, 2017.

[133] Nicholas Engel, Sergey I. Bokarev, Alexandre Moguilevski, Azhr A. Raheem, Ruba Al-

Obaidi, Tobias Mohle, Gilbert Grell, Katrin R. Siefermann, Bernd Abel, Saadullah G.

Aziz, Oliver Kuhn, Mario Borgwardt, Igor Yu. Kiyan, and Emad F. Aziz. Light-induced

relaxation dynamics of the ferricyanide ion revisited by ultrafast xuv photoelectron

spectroscopy. Phys. Chem. Chem. Phys., 19:14248–14255, 2017.

[134] I. Jordan, M. Huppert, M. A. Brown, J. A. van Bokhoven, and H. J. Wörner. Photoelectron

spectrometer for attosecond spectroscopy of liquids and gases. Review of Scientific

Instruments, 86(12):123905, 2015.

[135] Hans Jakob Wörner, Christopher A. Arrell, Natalie Banerji, Andrea Cannizzo, Majed

Chergui, Akshaya K. Das, Peter Hamm, Ursula Keller, Peter M. Kraus, Elisa Liberatore,

Pablo Lopez-Tarifa, Matteo Lucchini, Markus Meuwly, Chris Milne, Jacques-E. Moser,

Ursula Rothlisberger, Grigory Smolentsev, Joël Teuscher, Jeroen A. Van Bokhoven, and

Oliver Wenger. Charge migration and charge transfer in molecular systems. Structural

Dynamics, 4(6):061508, 2017.
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