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Abstract

Electron transfer reactions manifest themselves in many physical, chemical and bi-
ological processes at a fundamental level, for example photosynthesis. Past stud-
ies have shown that dissociative electron attachment (DEA) cross sections of halo-
genated organic molecules are enhanced on polar solids as compared to in the gas
phase. Despite its important implications, such as catalysis of ozone depletion, a rig-
orously proven model is still missing. This work aims to understand the mechanisms
for this enhancement.

Halobenzenes (C¢HsX, X = F, Cl and Br) coadsorbed on amorphous D,O ice on
Cu(111) are studied with two-photon photoemission spectroscopy, whereby changing
the halogen, the energetics of the system is changed systematically. The C4HzX are
shown to be ionised/dissociated by photoexcited excess electrons in the ice conduc-
tion band via DEA. The photoinduced reaction rate constants can be measured by
surface workfunction changes, which is due to a build up of the negative charge at the
surface. The dependence of the rate constants on incident photon flux, photon en-
ergy and different electron environment (CgH;X film thickness and solid phase of ice)
are studied. By performing comparative analysis, it is shown that the enhancement
of DEA cross section is due to pre-existing electron traps and delocalised electrons,
which is in agreement with recent theoretical studies. An important implication of
this study is that a spectroscopic signal from the transient ionic state is seen in the
form of workfunction change.

Electron transfer mechanisms at metal-organic interface have also been investi-
gated, as it is interesting from a fundamental view point and is important to molecu-
lar electronics. A molecular derived spectroscopic signature of CgHzF /Cu is observed
with non-linear photoemission and compared to CgHg/Cu and CgFg/Cu (from past
studies). Additionally, electron transfer efficiency is studied by performing coverage
dependent workfunction studies of CqH5X/Cu. Together, these experiments show
that the LUMO of the substituted benzene molecules shift to lower energies for less
electronegative substitution on adsorption on Cu, reflecting the gas phase trend.
This provides with a neat systematics to tailor metal-organic interface energies.






Deutsche Kurzfassung

Elektronentransferprozesse manifestieren sich in vielen physikalischen, chemischen
und biologischen Prozessen auf fundamentalem Niveau, z.B. in der Photosynthese.
Bisherige Studien haben gezeigt, dass die Wirkungsquerschnitte fiir dissoziativen
Elektronenanhang (DEA) von halogenierten organischen Molekiilen fiir polare Fest-
korper hoher sind als in der Gasphase. Trotz der Relevanz, wie z.B. im katalytischen
Kreisprozess der Bildung des Ozonloches, fehlt noch immer ein rigoros bewiesenes
Modell. Diese Arbeit zielt auf ein Verstandnis der Mechanismen fiir die Verstarkung
der Wirkungsquerschnitte.

Koadsorbierte Halobenzole C¢HzX auf amorphem D,O-Eis auf Cu(111) werden
mit Hilfe der Zwei-Photonen-Photoemissionsspektroskopie untersucht, wobei die En-
ergetik systematisch durch Austausch der Halogene verandert werden. Es wird
gezeigt, dass die CgHszX durch optisch angeregte Uberschuss elektronen im Eis-
Leitungsband via DEA ionisiert/dissoziiert werden. Die photo-induzierten Reak-
tionsraten werden durch Anderung der photoelektrischen Austrittsarbeit bestimmt,
welche durch den Aufbau von negativen Ladungen an der Oberfliche verursacht
wird. Die Abhéangigkeit der Raten vom einfallenden Photonenfluss, der Photonenen-
ergie und der unterschiedlichen elektronischen Umgebung (CgH5X Schichtdicke und
Phase der Eisschicht) werden untersucht. Durch vergleichende Auswertungen wird
gezeigt, dass die Verstarkung der DEA Querschnitte sich aus existierenden “Elektro-
nenfallen” und delokalisierten Elektronen ergibt, in Ubereinstimmung mit jiingsten
theoretischen Untersuchungen. Eine wichtiges Ergebnis dieser Untersuchungen ist,
dass eine spektroskopische Signatur des transienten ionischen Zustandes in der Form
einer Anderung der Austrittsarbeit beobachtet werden kann.

Elektronische Transferprozesse an Grenzflachen zwischen Metallen und organis-
chen Molekiilen wurden ebenfalls untersucht, da sie von grundlagenwissenschaftlicher
und technischer Interesse sind, bspw. in der molekularen Elektronik. Eine molekiil-
spezifische Signatur von CgHsF/Cu wurde durch nicht-lineare Photoemission beo-
bachtet und mit fritheren Ergebnissen an CgHg/Cu und CgFg/Cu verglichen. Zudem
wurde die Effizienz des Elektronentransfers in CgH5X/Cu durch die Schichtdicken-
abhéngkeit der Austrittsarbeit untersucht. Zusammen zeigen diese Experimente,
dass das niedrigste unbesetzte Molekiilorbital (LUMO) der substituierten Benzol-
molekiile bei der Adsorption auf Cu zu niedrigeren Energien fiir niedrigere Elek-
tronegativitat schiebt, was dem Trend in der Gasphase entspricht. Diese griindlichen
und systematischen Studien liefern eine Basis zur Kontrolle der Energetik von Gren-
zflachen zwischen Metallen und organischen Molekiilen.
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Chapter 1

Introduction

Chemical reactions play a crucial role in our everyday world. From solar energy
conversion to oxidation of haemoglobin in the blood, they drive the basic cogs of
life. Amongst the different chemical processes, an electron transfer is the simplest
charge transfer process and constitutes many rudimentary processes. For example:
electron transport is an important regulation mechanism in biochemical activities
like respiration, photosynthesis and nitrogen fixation. Biomedicine and biological
radiation damage (DNA) are other important examples [7-10]. Surface physics
phenomenon like chemisorption and atomic-molecular collisions also involve electron
transfer. Electron transfer is at the heart of the electronics industry. Thus, electron
transfer reactions, especially in the framework of electron-molecular interactions, are
significant for fundamental research and optimising chemical, electrical and biolog-
ical industrial processes. Due to their importance, electron transfer processes have
been studied in depth and their significance is reflected by the Nobel Price in chem-
istry awarded to Rudolph A. Marcus for deriving the rate at which an electron is
transferred from the reactant to the products (Marcus theory).

These reactions are very versatile and depend on many internal and external
parameters like the reaction environment and reactant’s physical state. Therefore,
in the present study we investigate electron transfer mechanisms, but focus our re-
search on polar solvents, where one finds that the dissociative electron attachment
(DEA) cross section is enhanced compared to in the gas-phase [9-13]. We also study
dynamics at metal organic interfaces, as it is of interest to electronic applications.

An important problem in atmospheric chemistry is the depletion of the ozone
layer, where the halogen radicals are believed to be one of the main culprits in re-
ducing O3 to O, [14] in the stratosphere and halogenated hydrocarbons like chloroflu-
orocarbons (CFCs) are their ready source. Fascinatingly, it has been shown that the
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20 CHAPTER 1. INTRODUCTION

rate of formation of Cl” via DEA in CFCs is enhanced on ice surfaces in comparison
to its gas-phase [11,15]. Electron transfer in polar environment is of interest not only
to atmospheric chemistry, but also to other sciences like biology where water plays
a crucial role in transport and regulation and to astrochemistry where ice covered
dust particles are linked to prebiotic chemistry [16]. It has industrial significance as
well, where air filters and air purifiers design can be improved with a better under-
standing of the mechanism behind the enhanced DEA cross section of impurities like
hydrocarbons. As a result, EA and DEA reactions in the presence of polar medium
has attracted a lot of interest in the past and still to date [10,12,17,18]. For exam-
ple, studies have been performed with respect to various solvent parameters like the
solvent thickness [19] and the type of solvent [11,15]. Lu and Madey [11] showed for
the first time that the dissociation of halogenated organic molecules is catalysed on
polar surfaces and that it depends on both the concentration of the polar solvent and
the reactant. They used an electron stimulated desorption ion angular distribution
detector to study the yield of Cl dissociated from CFyCly/Ru(0001) with water and
ammonia over layer via DEA. In the work by Ryu et al. [19], time resolved two pho-
ton photoemission (2PPE) spectroscopy was used to approach this problem. They
studied the change in workfunction as a function of photoexposure time on CFCly
co-adsorbed with and without water on Ag(111) and verified their observations with
thermal desorption spectroscopy measurements.

To date, there is only one model proposed to explain for this phenomenon [11],
though it has not yet been rigorously verified. The model is based on the fact
that polar solvent molecules can energetically stabilise excess electrons [17] through
polarisation and form electron-solvent complexes [20] by solvent re-orientation. The
electrons are thus self-trapped in attractive potential energy wells. Due to their high
reactivity [10,12,21,22], longer lifetime and localised nature, these solvated electrons
(e ), or rather pre-solvated electrons, are believed to enhance the DEA cross sections.

Since the model has never been confirmed, we address the questions how and why
localised electrons in polar environments enhance the EA and DEA yield and if it
is indeed due to e~ solvation. Therefore, in contrast to aforementioned studies, we
study charge transfer dynamics with respect to the dissociating molecule (reactant).
To this end, we use halogenated benzenes C¢H;X, X = F, Cl and Br (referred to as
BzX henceforth) and can systematically tune the system energetically. As we go down
the periodic table from F—Cl—Br, the electronegativity of the halogen progressively
decreases, changing the overlap between the 7 electron cloud of the benzene and the
halogen lone pair. This changes the energetics of the substrate-adsorbate system like
the DEA cross section, surface coupling and dipole effect, consequently tuning the
efficiency of the DEA process.
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Such methodical studies have been performed with halobenzenes [23] and other
molecules in the gas-phase [2,23-26] where the DEA probability was found to increase
with increasing electronegativity. However, no known study has used the halogen
series on polar surfaces to investigate charge transfer dynamics. Although Borodin,
et al. [27] employed similar systems, they studied the mobility of adsorbates on ice
and Yang, et al. [28] studied the adsorption geometry on a metal substrate.

In this work we study the efficiency of electron transfer to the reaction site (BzX
molecule) by a comparative analysis of the reaction kinetics of the different BzXs. A
good model system for this is coadsorbed BzX with D,O ice on Cu(111), sketched
in Fig.1.1, where the BzX molecules are adsorbed on ice covered Cu(111) interface.
This system mimics electron transfer in the upper atmosphere, where an electron in
atmospheric ice can dissociatively attach to hydrocarbons adsorbed on them. These
electrons can be generated either by solar-UV photoexcitation of electrons into ice
from, for example dust particles on which the ice adsorbed, or on impact with other
molecules. In the laboratory frame of reference (Fig.1.1), the Cu(111) metal substrate
acts as the source of electrons which can be photoexcited into the intermediate ice
layer with suitable photon energies. The electrons in ice can either localise and get
trapped due to solvation! or the delocalised electrons can dissociatively attach to
the organic molecule via wavefunction overlap between the molecules and the metal
substrate. Thus, the organic molecules may ionize into a C¢gH5X anion or dissociate
into a benzene radical C¢Hs and a halogen anion X on photoexposure. The negative
charge will alter the surface dipole and hence the workfunction of the system. The
rate of change in workfunction finally reflects the yield of the ionized/dissociated
molecules giving the efficiency of the process.

The key to our approach is to use femtosecond two photon-photoemission spec-
troscopy, where the first photon pulse excites electrons in ice and the second photon
probes the consequent changes. While there are other techniques to study DEA
in molecules like, electron stimulated desorption and electron beam spectroscopy?,
photoemission is particularly suitable for this as we have energetically good control
on the accessibility of photoexcited excess electrons in the polar environment. Ad-
ditionally, by using photon energies not absorbed by the halogenated benzenes and
ice, we ensure that the organic system is perturbed only by the excess electrons in
ice.

We thus observe that the enhancement of the DEA cross section on ice was un-

IThe existing model for DEA enhancement proposes that the pre-solvated but localised electrons
dissociatively attach to BzX.

2a complete review of different techniques used to study polar medium electron attachment can
be found here [12]
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likely due to solvation of electrons, but instead due to delocalised electrons in the ice
conduction band. This was supported by collaborative work with theory and scan-
ning tunnelling microscopy (STM). Another important aspect of this study is that
we probe a direct signature from the transient ionic state in a complex environment.

Collaborators : We conducted this
research in joint collaboration with
Michel Bockstedte® and his PhD student
Philipp Auburger from FAU Erlangen-
Nuremberg, Erlangen and Karina Mor-
genstern and her PhD student Cord Be-
tram from the Ruhr University Bochum.
Bockstedte and Auburger calculated the
potential energy surfaces for BzX in the
gas-phase and on the ice surface (pris-
tine ice surface and trapping sites) in

e traps

%’\/\/\/\/\/\f

%

Cu(111 D,O

CgHsX

CeH?s

Figure 1.1: Illustration of electron transfer to
CgHsX in CgH5X/D,0/Cu(111), where a pho-
toexcited electron from the Cu(111) metal sub-
strate is solvated in ice at pre-existing electron
traps. The photoexcited electron may alterna-
tively attach to CgHzX via delocalised Bloch-
wave overlap between the metal and the organic
molecule to either dissociate it into a benzene rad-
ical C4H; and a halogen anion X~ or ionize it into

the framework of density functional the-
ory and many body perturbation the-
ory. By using this approach they did
not need to include additional assump-
tions, contrary to the previous publi-
cations. Morgenstern and Betram per-
formed low temperature STM measure-

ments on CgH;X/Dy0/Cu(111) before
and after illumination with a frequency
doubled super continuum laser and saw
structural changes due to photoexposure. The work done by them is rather remark-
able since STM on water surfaces is very challenging. One of the many reasons
being water’s tendency to adhere to every surface (due to hydrogen bonding) includ-
ing the tip, which changes the water structure being measured. As the project was
of a collaborative nature, we refer to their obtained results to support our drawn
conclusions.

Another important aspect studied in this thesis is charge transfer at the metal-
organic interface. The desire for smaller and more compact electronics has given birth
to molecular electronics (like organic-LED, nano-junctions and nanotubes) which
employ organic molecules as their fundamental building blocks. In addition to being
cheap and the advantage of reduced size and structural control, they also provide the

a CgHsX™ anion, depending on the electron en-
ergy.

3now at University of Salzburg
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opportunity of tailoring the contact potential via suitable substitutions of the organic
functional groups. Since in electronics the contact interface between the different
components/materials set the performance limit of the devices, understanding the
properties of these interfaces becomes crucial. Consequently, the growing need for
molecular electronic in the past years has brought the metal-organic interface under
the spotlight. Despite the plethora of research on the adsorption of organic molecules
on coinage metals [28-33], there are still many open questions like the rules for energy
level alignment, electron localisation and charge transfer at the interface.

Due to the interesting nature of m binding, which lies between hydrogen bonding
and covalent bonding in strength, and due their wide manifestation as biomolecules
[1,34], m-molecular systems have been widely studied. Benzene is an ideal choice of
molecule here since it is the simplest of the planar aromatic m-systems. Thus, benzene
and benzene derivatives have been widely studied in the past. These studies [28,35-
38] revealed that the electronic structure of the m-system and its interaction with
other planar m molecules and metal depends primarily on the substituted functional
groups. For instance, a molecule with more electronegative functional group/s is
weakly interacting compared to those with less electronegative substituents.

Halogenated benzene series have been extensively studied in the gas-phase, but
there are not many systematic studies on the metal substrate. Therefore, in the
context of molecular electronics, we address the question of energy level alignment
and charge transfer at CgH5X/Cu(111) interface by exploiting the functional group
based tailorability. As in the case of electron attachment in polar environments, here
too we perform systematic studies and compare the charge transfer kinetics (work-
function studies) in BzX/Cu(111) as a function of the halogen. This was compli-
mented by thermal desorption spectroscopy, where the m— interactions between the
molecular layers could be investigated. We also probed the molecular derived state
of BzF and studied it in comparison to previously investigated CgHg/Cu(111) [3]
and CgFg/Cu(111) [4,39]. Together with these studies we showed that energy level
alignment depends directly on the substitutional functional group, where a more
electronegative functional group results in a weaker metal-7 interaction. This cor-
roborates with the various theoretical calculations in the gas-phase that predict the
position of the molecular state on adsorption [28,40,41]. Because this topic is not
at the heart of this thesis, we performed exploratory photoemission experiments on
CeHsX/Cu(111) here, where we develop a feel and direction for future experiments.
We therefore discuss only the preliminary analysis.
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Overview

In chapter 2, we give an overview of the material systems used, photoemission tech-
nique and the theoretical models most pertinent to this work. In chapter 3, we walk
through the experimental set-up, photoemission data analysis and characterisation of
the adsorbate layers with thermal desorption spectroscopy. Some improvements were
made to the laser set-up which are also described here. The experimental results and
the subsequent analysis of DEA in CgH;X/D,0/Cu(111) is discussed in chapter 4.
Here we show that the pre-existing electron traps in the polar medium is the reason
for the enhanced dissociation cross section of organic molecules. Chapter 5 provides
the first studies of BzX adsorbed on bare Cu(111). Here we investigate a molecular
derived state of BzF with non linear photoemission and the dissociation/ionization ki-
netics of the CgH5X/Cu(111). These studies show that the molecular level alignment
can be determined by the extent of electronegativity of the substituted functional
group, as in the gas-phase. In chapter 6 we briefly discuss the time resolved dynamics
of electron solvation in water and the effect of BzF adsorption on it. We conclude
the thesis with a summary and outlook in chapter 7.



Chapter 2

Theoretical Background

Here we give an overview of the material systems used and the theoretical models
most pertinent to this work. We start of very general giving an introduction to the
theory of electron transfer. Here we will discuss some important aspects such as the
potential energy curve, Arrhenius equation, transient state theory and the Marcus
theory of electron transfer. This is followed by an introduction to thermal desorption
spectroscopy (TDS) which plays an important role in characterising the adsorbate
coverages. So far we discuss very general concepts and if the reader is familiar
with them, they can skip these parts. We then discuss the investigated system.
Here we will discuss the metallic substrate Cu(111), its electronic properties and
surface workfunction. This is followed by a discussion on free standing water, water
ice/Cu(111) interface and electron solvation in amorphous ice. Lastly, we discuss the
halogenated benzenes, the halogenated benzene series and potential energy maps,
their dissociation and adsorption on the metal substrate.

2.1 Photochemistry and Stoichiometry

Since we are interested in studying e~ transfer in a polar medium via EA; it is per-
tinent to discuss the reaction rate constants for the dissociation of the halogenated
benzenes. Thus, we briefly discuss different aspects of chemical kinetics in the follow-
ing section. We first describe a potential energy curve, followed by the temperature
Arrhenius equation. The Arrhenius equation, which is based on Boltzmann distribu-
tion, empirically describes the temperature dependence of chemical reactions and is
in turn the foundation for the various other reaction models like the transition state
theory and the Marcus theory. To calculate the reaction rate constants, one can use
either the collision theory or transition state theory, amongst others. The transition
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state theory predicts the reaction rate constants for reactions undergoing structural
changes and can be used to describe the ionization/dissociation of BzX. The Marcus
theory on the other hand is used to describe reactions where the reactants retain
their individuality in the product state and is used to describe the solvation of elec-
tron in ice. In the end, we discuss some approximations used to describe chemical
kinetics in complex reactions. These are all well established theories with a plethora
of literature, so do not confine yourself only to the literature cited here.

2.1.1 Potential Energy Curve

The neatest way to describe a reaction is by using potential energy curves which
describe a reaction mechanism by expressing the changing potential energy between
the reactants and products as the reaction proceeds. In the framework of Born-
Oppenheimer approximation, where the molecular electronic and nuclear motions are
assumed to be decoupled, the potential energy curve shows the electronic potential
energy as a function of the nuclear coordinates (rotation, vibration and translation)
[42,43].

For chemical reactions, the reaction coordinate is usually given by the nuclear
distance and the potential energy is a result of Coulombic interaction (usually ap-
proximated by Lennard-Jones potential), as shown in Fig.2.1a) for dissociation of
a hypothetical molecule AB. When the atoms are very close to each other, there is
a strong Coulomb repulsion between the nuclei and and the potential energy goes
to infinity. When they are very far away, the potential energy is the sum of the
individual atoms. The minimum gives the equilibrium bond length and the most
stable configuration of the reactants.

Thermodynamically also one uses the potential energy profile which consists of
the minimum and maximum, along with the other features, as shown in Fig.2.1b).
Here the x-axis show the progression of the reaction. The minimum corresponds to
the zero point energy of the pre-reacted reactants and products, and the maximum
or saddle point is given by the activation energy FE, needed by the reactants to
overcome to form the product. As the reaction proceeds, the reactants form a cluster
of atoms called the supermolecule which at the maximum is called the activated
complex. On the other side of the saddle point is the product state. Depending
on the potential energy of the product with respect to that of the reactants, also
known as the enthalpy of formation AH, the reaction is exothermic or endothermic.
For example, the halobenzenes will ionise only if, after electron capture, the excited
molecule-electron complex can cross the saddle point which is given by the electron
attachment threshold energy.
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Figure 2.1: Exemplary potential energy curves describing a dissociative reaction of the molecule AB.
Potential energy is plotted as a function of reaction coordinate and the reaction can be described in
terms of a) its nuclear coordinates or b) thermodynamically. The latter is also used to describe the
transition state theory. E, is the activation energy or energy barrier that has to be crossed to form

the products and AH is the enthalpy of formation and determines if the reaction is exothermic or
endothermic and if it is reversible or irreversible.

2.1.2 Arrhenius Equation

One of the most important equations of chemical kinetics is the Arrhenius equation.
It is an empirical formulation and a very powerful tool for describing the temperature
dependence of reaction rates. It was developed by Svante August Arrhenius, who
argued that the chemical equilibrium depends upon the reaction temperature. It is
not restricted to only chemical reactions or diffusion like processes, but is applicable

to temperature dependent physiological systems like the chirping of tree frogs [44].
It is expressed as:

k = Aexp Fa/ksT (2.1)

where £ is the rate constant and A is the pre-exponential or frequency factor (same
units as k). It is temperature dependent, contains the entropy terms and gives the
number of times a reaction attempt is made. The exponential part gives the probabil-
ity of the reaction to take place and can be described by Maxwell-Boltzmann distri-
bution with temperature T, Boltzmann factor kg and activation energy or threshold
energy F, in units of J/molecule. The Boltzmann factor can be replaced by the gas
constant R, in which case, F, is given by J/mol.

Arrhenius equation works well for most elementary and composite reactions. It
is also the basis for TDS (§2.2,§3.6.2). Here the activation energy is the energy
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needed to overcome the desorption/adsorption barrier for chemisorption or van-der
Waal’s force for physisorption. Though Arrhenius equation is quite robust, it breaks
down for reactions and relaxation processes that are not described by Boltzmann
distribution.

2.1.3 Determining Reaction Rate Constants

Although the Arrhenius equation is widely used, it doesn’t describe the pre-exponential
factor and thus cannot determine the reaction rate constants quantitatively. There-
fore, other theories based on Arrhenius equation were developed to calculate the
chemical rate constants like the collision theory or the transition state theory TST.

The collision theory (hard sphere collision theory) assumes that a reaction takes
place if two colliding molecules have sufficient energy to cross the threshold energy
and fulfil the reactions steric requirement (right collision orientation). It also takes
the total number of collisions between the reactants into account. However, this
does not hold for large molecules or heavy molecules as it doesn’t take the internal
molecular forces (or degree of freedom) into account.

The transition state theory (activated complex theory), on the other hand in-
cludes both the intermolecular and the intramolecular forces [45-48]. It is the basis
of chemical kinetics and gives the reaction rate constants dependence on temperature
and the reactant concentration. The theory makes use of potential energy surfaces
where for a reaction to take place, the reactants have to climb up the potential energy
barrier to reach the maximum or saddle point, where the reactants are in a tran-
sition state (TS) or activated complex, as shown in Fig.2.1b). Crossing the saddle
point, the potential energy drops and the reaction products are formed. It therefore
requires knowledge of the potential energy surface of the reactants and the transition
state. The excited molecules are given by Boltzmann temperature distribution. It is
important to note that the TS is not a stable state but is a point on the potential
energy curve.

The main assumptions of TST are [42]:

1) The overall rate is calculated by focussing on the transient state/activated
complex species which lies at the saddle point of the potential energy surface.

2) The activated complex is in a quasi equilibrium with the reactants and are
therefore independent of the product concentration. They are not in chemi-
cal equilibrium but in thermal equilibrium where the Boltzmann distribution
of the products is given by the reaction temperature (reactant’s Boltzmann
distribution remains constant).
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3) The motion of the system after the saddle point is described by kinetic theory,
that is, once the reactants reach the saddle point, they will definitely form the
product, since it is energetically downhill from there.

As mentioned before, TST includes all internal degrees of freedom of the reactants
and the products and include the vibrational, rotational, translational and electronic
molecular potential energies which are described by @,, @,, Q; and Q). partial parti-
tion functions, respectively. The canonical partition function ¢, which gives all the
energy states available for the reaction at a temperature 7" and volume v, is simply
the product of them all. From the second assumption, the partition function of the
reactants and the products are in equilibrium at the saddle point and therefore, TST
can be written as :

k= QT exp~ Fe/kBT (2.2)
Qreactantl Qreactant2 .-

where, k is the reaction rate constant discussed in Eq,2.1. The expansion for
the individual partition function can be found elsewhere [42,43]. Eq.2.2 is similar
to the Arrhenius equation where the attempt frequency is given by the canonical
partition functions. Transition state theory is applicable where there are structural
changes involved as it assumes a strong coupling between the reactants and products.
Since reaction takes place on the same potential energy curve (as opposed to Franck
-Condon excitation), it is an adiabatic process. It gives a very good qualitative under-
standing of the reaction mechanism and thermodynamic and statistical-mechanical
insight.

In this thesis, we study the ionization and the eventual dissociation of haloben-
zenes by electron transfer. The mechanism of both processes can be described by
the transition state theory. Here after excitation of the molecules, they are ionised
or dissociated only if the excitation energy is larger than the activation energy and
the whole excited system can cross the saddle point (Fig.2.1). For example, if the
electrons that excite the molecule have less energy than the E,, the molecules will
not be able to ionise. Thus, the TST is used to give the formula for the reaction rate
constants of ionization and dissociation.

2.1.4 Marcus Theory- electron transfer in solutions

Marcus theory was developed to describe electron transfer in a solutions where no
bond breaking/making is involved, like ionization and solvation processes [49]. Here
the reactant nuclei are weakly coupled to each other and the electron ’jumps’ from
the donor to the acceptor. He used the dielectric polarisation properties of solvents
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Figure 2.2: Potential energy curves of the reac-
tant (R) and product (P) state crossing through Hhas
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and elegantly replaced the complicated reaction coordinate involving all the reacting
atom coordinates with only the solvent’s polarisation as the reaction coordinate.

The theory has widespread application to biological transport phenomenon where
electron transfer takes place between biological molecules at a distance or with a
single molecule. We use it to describe the solvation of electron in ice and thus
discuss it conceptually and briefly. The mathematical development can be found in
Marcus’s papers [50-53].

On electron transfer, the solvent molecules will rearrange themselves in response
to the charge. In Marcus theory, due to the weak coupling between the reactants,
the solvent nuclei do not change before, during or after the charge transfer process
(diabatic). This means that the solvent configuration for which electron transfer
will take place cannot be that of the precursor (before electron transfer) or successor
(after electron transfer) state, but somewhere in the middle. Therefore, it is assumed
that the charge transfer or electron jump will take place when the solvents are in the
transient configuration, that is, the solvent configuration for which the donor and the
acceptor each have half the electron charge on it (hypothetically). Since the electron
is an elementary particle, its splitting is not possible, but the solvents can attain the
right polarisation while the electron is still at the donor site via thermal fluctuations
in the solvent. Additionally, electronic and molecular (solvent) polarisation rates
differ by several orders of magnitude and can be decoupled, thus decoupling the
electron jump and the solvent rearrangement processes. Therefore, according to
Marcus theory, the solvent molecules first reorganise themselves to be in the transient
configuration and then the electron jump takes place. Fig.2.2 shows the potential
energy surfaces to describe it, where the left parabola describes the initial state
(reactants) and the right describes the final state (products). The energy needed for
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the solvent molecules to reorganise themselves is given by A, and the charge transfer
energy at the transition state is given by the Gibbs free energy of the reaction AG
as shown in Fig.2.2. The electronic coupling between the reactants and products is
given by Hap, depending on whether it is large or small, the reaction maybe adiabatic
or non-adiabatic. The electron jump is described quantum mechanically.

Marcus theory is based on TST, where the activated complex is the solvent con-
figuration if half an electron was transferred to it. The rate of electron transfer kgr
is thus given by Eq.2.2, but with activation energy given by Gibbs free energy of
activation AG* according to:

Agi 7(A+AG)2

kgr = Aexp 8T = Aexp 5T (2.3)

A depends upon whether the process is adiabatic or diabatic in nature. This
equation predicts that for very negative AG, the reaction rate actually slows, which
is counter intuitive, but has been experimentally verified [54]. If the reactants and
the products are strongly coupled (inner sphere electron transfer), the reaction pro-
ceeds adiabatically on the same potential energy surface. Here the reaction proceeds
through chemical bonding and the reaction coordinate is described by vibrational
states (harmonic approximation). In this case, the Marcus theory can no longer be
treated classically and the Marcus-Hush theory was developed to describe it. For this
work, the classical Marcus theory is sufficient as the solvated electron state retains
its electronic nature. Marcus theory describes the electron solvation process in water
ice. It also justifies using transition state theory to describe the ionization reaction
rate constant.

2.1.5 Chemical Kinetics- reaction approximations

The equation Eq.2.4 (also Eq.4.3) is a commonly occurring reaction mechanism.
These reactions with an intermediate state are classified as complex reactions.

[A] <%= [B] — [C] (2.4)

Their differential rate equations can be written as:
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Due to the coupled differential equations, it is not possible to solve them analyt-
ically. Therefore, various approximations have to be made. The two most common
approximations are the steady state and the pre-equilibrium approximations [43].

In the steady state approximation, we make the assumption that the concentra-
tion of the intermediate state [B| rapidly reaches a constant. In the above equation,
this condition will be achieved if v >> §, «, so that any [B] being formed will be
simultaneously converted to [C]. Here, [A] g [B] become the rate limiting steps.

The following differential equations are based on this:

d[B] «

W:O :>[B]:ﬂ+7[A] .
e (2:5)

v >> 6o éwza[A]

In the pre-equilibrium approximation, we assume that the reactants [A] and [B]
quickly come into ’equilibrium’, with a part of [B] slowly leaking to [C]. This is not a
true equilibrium since more products than reactants are being formed continuously.
However, we neglect the leak and get equality between the forward and the backward
reactions. This condition can be achieved when § >> ~, then the leak will be
very small and most of [B] will relax back to [A], reaching a fast equilibrium. The
simplified differential equations can be written as:

ofA] = (8], = % = 2
A = |
it B

Thus, if v >> 3, a, then the steady state approximation can be used and the dif-
ferential rate equation of the product is given Eq. 2.5. If f >> ~, the pre-equilibrium
approximation is applicable and the product is given by Eq. 2.6.
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2.2 Thermal Desorption Spectroscopy

For an atom or molecule (adsorbate) to adsorb on a surface (substrate), the attractive
potential energy between the adsorbate and the substrate has to overcome the dis-
ordering thermal motion of both the surfaces (substrate and adsorbate). Adsorption
maybe a physical process (physisorption) if the interaction is primarily van-der-Waals
forces and the desorption energy is less than 50 kJ/mol [55]. Or it may involve forma-
tion of chemical bonds (chemisorption) like covalent bonds. In chemisorption, there
is usually an activation barrier that must be overcome to bind to the substrate and
adsorb. The vertical force (force between the adsorbate and the substrate) is often
stronger or comparable to the lateral force (between the adsorbate particles them-
selves) and determines the chemisorption activation barrier. The vertical forces also
play an important role of keeping the atoms/molecules in a 2D lattice and ensure
good registry with the substrate. For the molecules to desorb from the substrate, they
need to overcome the desorption activation barrier, which is larger for chemisorbed
molecules than physisorbed ones.

We perform thermal desorption spectroscopy (TDS) to determine the adsorbed
coverage and characterise it. Also known as temperature programmed desorption,
it is used here predominantly to determine the adsorbed coverage © as a function
of temperature 7. Usually a TDS series is performed for different adsorption dosage
amount to determine the adsorbed coverage and its characteristics. Since adsorp-
tion/desorption is a thermally activated process, the desorption rate constant is given
by an Arrhenius equation, see §2.1.2. With a constant heating rate g, the rate is
given by the Polanyi-Wigner equation [56,57]

I(T) = —— = E@m exp <R—Td) (2.7)

where I(T) is the observed desorption intensity as a function of T, Ey is the
desorption activation energy, A is the Arrhenius frequency factor and m is the des-
orption order. The desorption yield is a convolution of the surface coverage and
rate of desorption, so while the desorption rate increases exponentially, the coverage
drops, giving a peak in the desorption curve.

Depending on m, the shape of the desorption curve changes. Zero order desorp-
tion (I(T) = %exp (;%Fd))is independent of coverage (unlimited supply of particle),
has a common leading edge and the TDS peak shifts to higher energies for higher
coverage due to intermolecular interactions. It is usually seen for sublimation and
is related to multilayer coverages. In first order desorption, the desorption curve
is linearly dependent on the coverage and is therefore observed for molecules that
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desorb without dissociating or recombining to the substrate. The desorption curve
is asymmetric, but with coverage independent desorption 7. The second order des-
orption (I(T) = %@2 exp (722)) is usually observed when there is recombination at
the surface. Here the TDS curves are symmetric with overlapping trailing edge and
the peak T moves to lower values with increasing coverage.

Thus, in this way, one can characterise desorption kinetics, surface coverage and
structure (by identifying the order of desorption), total number of adsorbed molecules
from intensity calculations, the adsorption/desorption activation energy and the rate
of desorption. If the total number of incident molecules are known, one can even
determine the sticking probability.

2.3 The Investigated Systems: Cu(111), Water-
Ice, and Halobenzenes

2.3.1 Metal substrate: Cu(111) properties

Noble metals like copper, silver and gold belong to group 11 of the periodic table
and are known for their excellent metallic properties like ductility, diamagnetic, low
reactivity, and thermal and electrical conductivity. This makes them an ideal metallic
substrate for photoemission experiments. Their photoemission spectra [58-61] are
well studied, both experimentally and theoretically, and still attract a lot of interest
[62-65]. In this work, we use copper as our metallic substrate and hence discuss it
briefly.
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Figure 2.3: a) FCC structure of Cu showing the (111) crystallographic plane. b) Different crystal-
lographic planes of copper. Image taken from [66]

Cu crystallises in a face centred cubic structure and has four equivalent hexagonal
closed pack Cu(111) plane [66,67], as shown in Fig.2.3. It has a lattice constant
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a=3.61 A and density p = 8.93gcm™? [67].

The density of states and the electronic band structure F (IS ) [68] of copper is
shown in Fig.2.4. Close to the Fermi level Ey, there are two bands: the d-band and
the sp-band. The d- band is fully occupied and lies 2-5eV below the Fermi level.
The sp-band ranges from states above the vacuum level E,. to 8.6eV below Eg
with an orientational band gap from 0.85eV below Ep to 4.15¢V above Ep at the I’
point. The sp- band is partially filled and has a parabolic dispersion of a quasi-free
electron gas. In comparison, the d-band electrons are more localised and the band is
flatter compared to the sp-band. The distinct colour of copper is due to interband
scattering from the d-band into the sp-band. Cu thus absorbs photons > 2eV and
mostly reflects those with lesser energy.
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Figure 2.4: a) Calculated density of states [68] and the calculated and experimental band structure
of Cu(111)- Image adopted from [69]. b) Projected surface band structure in the sp-band gap and
the first image potential state. Image taken from [70].

Due to truncation of the crystal lattice, there is symmetry breaking in the out
of plane direction which gives rise to a new set of states called surface states. The
sp-surface state is of Shockley type and lies in the projected band gap of the sp-bulk
states. In the photoemission spectrum such surface states show up as pronounced
lines due to their two-dimensional character. The peak linewidths are given by the
electron-electron and electron-phonon scattering and is calculated to be 22meV at
0K for the Shockley surface state [61]. Spectroscopically, it has been measured to
be as narrow as 654+15meV in a photon range of 2.1 to 2.3eV by Wallauer and
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Figure 2.5: a) Schematic sketch of the image potential (IP) state in front of the metal at a distance
z from the surface. The image charge in the metal is at a distance —z from the surface. b) Energy
level diagram showing exponential decay of the IP state wavefunction in the metal band gap. Image
taken from [70].

Fauster [71]

In addition to the bulk and surface states, there are image potential states which
are unoccupied states lying in the band gap and bound to the vacuum level Fy,..
An electron in front of the metal surface at a distance zy from it, induces an electric
field which causes the charge density at the metal surface to rearrange. They are
rearranged such that there is no electric field component parallel to the surface, but
only perpendicular to the surface, as shown in Fig.2.5. This is equivalent to an
electric field between the electron in front of the surface and an ‘image’ charge at
a distance —zg below the metal surface. This gives rise to long range hydrogen like
states and can thus be described by Rydberg series as:

2

(&
Vi S
IP(Z) 167‘(’60(2 - Zo)
(2.8)
r g v
n vac (n + a)2

where, Vip is the image-potential and z is the position of the image plane. E,, is
the binding energy of the image states in the Rydberg series with quantum number
n. Ry is the Rydberg unit of energy = 13.605eV and a = 0 for Cu(111) is the so
called quantum defect [72].

Both the surface state and the image state are 2-D bands and their dispersion in
the kj plane can be calculated. The surface state has a similar dispersion to the bulk
band and are parabolic. The n=1 image state has a dispersion of a free electron and
is mostly flat, since its probability density lies in the vacuum (Fig.2.5).



2.3. THE INVESTIGATED SYSTEMS 37

At room temperature, the clean Cu(111) surface has a workfunction of 4.9eV,
the surface state at 0.39 eV below Ef and the first image state, n=1, at 4.1eV above
Er [71].

2.3.2 Metallic Workfunction

"The work function may be defined as the difference in energy between a lattice with
an equal number of ions and electrons, and the lattice with the same number of ions,
but with one electron removed’, E. Wigner and J. Bardeen [73]. The work function
arises due to Coulomb interaction and many body interaction. It is a feature of sym-
metry breaking at the surface, where the fixed atomic lattice is suddenly terminated,
but the valence electrons are allowed to ’spill” into the vacuum (Jellium model). The
system can be considered as a parallel plate capacitor with the positive atomic core
on one side and the spilled out electrons on the other with the vacuum between
them as the dielectric medium (see for example, Fig.4.3). A resulting electric field
or dipole moment between the two plates is set up pointing towards the metal sub-
strate. Therefore, for an electron to escape the metal surface, it has to overcome this
retarding potential V' [30,55,74]. Thus the workfunction ® = e~V and determines
the vacuum level of the material. Since the ’spill out’ depends upon the atomic
lattice, the workfunction (and the vacuum level) is specific to the crystallographic
plane. The image potential charge (§2.3.1) is also responsible for the workfunction,
enhancing the surface dipole effect. As the electron leaves the surface, it experiences
an attractive potential Vip (Eq.2.8) from its image charge in the metal, giving a
contribution to the workfunction.

Since in this simple dielectric model the workfunction is determined by the surface
dipole, any changes at the surface like structural changes or impurities at the surface
will change the workfunction. On adsorption of molecules, a charge transfer between
the metal and the adsorbate or polarisation of the adsorbate’s charge density by the
substrate will give rise to additional dipoles at the surface [30,74]. Depending on
how the adsorbates bind to the surface, ® may increase or decrease, for example [30]:

e adsorption of alkalis like Cs on W(001), decreases work function: On the one
hand, the Cs valence (6s) electrons get polarised towards the tungsten giving
rise to a counter dipole field, on the other hand, the core Cs electrons are
counter polarised giving rise to an aligned dipole field which enhances the
original dipole potential. The net result is an overall decrease of work function
(push-back or pillow effect).

e weakly adsorbed species like Xe or benzene, decrease in work function: The
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workfunction decreases through the same mechanism as for Cs but with 7-
electrons in benzene and valence electrons in Xe. Pauli-repulsion between the
metal spill-out electrons and the closed shell valence electron can also lower
the surface dipole field.

e adsorption of highly negative species like halogens: increase in work function.
Here the adsorption involves charge transfer from the metal to the halogen
species which gives rise to a dipole in the direction of the metal spill-out dipole
field enhancing the original dipole and increasing the work function.

The Smoluchowski-effect states that a rough surface has a lower workfunction [74].
In addition to the above, if there was a charging of the surface for example disso-
ciation of an adsorbate, this too gives rise to additional dipole whose direction will
depend on the sign of the charge. A negative charge will increase the dipole as it will
enhance the retarding potential, while a positive charge will decrease the workfunc-
tion. We use this chain of arguments to explain the increase in ® on photoexposure
of C¢H5X/DyO/Cu(111).

Though workfunction is a local effect, in photoemission spectroscopy we observe
the macroscopic or average workfunction of the surface under the laser beam and
often measure the global workfunction.

2.3.3 Water and Amorphous Ice

In the water molecule, an oxygen atom
0.9572 A is bound to two hydrogen atoms via
X sp? hybridisation involving a 2s and a
104,50< 2p oxygen orbitals. The remaining two
hybridised orbitals are occupied by the
oxygen lone pair. The water molecule
therefore has a tetrahedral geometry
“:@ with the H-O-H bond angle = 109° and
O-H bond length of 0.97A in the lig-
Figure 2.6: Water molecule and its dipole moment uid state, shown in Fig.2.6. The non-
are shown here. Due to the oxygen lone pair, the linear configuration and the presence of
two hydrogen atoms (white spheres) are at an an- 5 Jone pair gives the water molecule its

gle, which together results in a dipole moment . .
from the oxygen (red sphere) towards the hydro- polar nature with a dipole momfmt of
gen. Tmage is taken from [75). 1.85D [76]. The oxygen lone pair can
bind with other water molecules through

their hydrogen atoms via O-H- - - O bonds via H-bonding. Since H- - - H lie in between
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van der Waals and covalent bonding, the hydrogen bond strength in water is typically
240 meV.

Water exists in many phases of which the most abundant solid phase is the
hexagonal crystalline ice I, [77,78]. The crystalline structure is with respect to
the O atoms as they form a hexagonal lattice, despite the disordered orientation of
the H atoms. The Bernal-Fowler rules [79] also known as ice rules which describe
the atomic orientation in water ice, require only one H between two O neighbours
and two hydrogen to be near an oxygen. These conditions are satisfied by the I
ice phase. A detailed description of the various condensed phases of water can
be found here [77,80]. Deviation from the ice rules results in point defects which
break the potential energy surface of the ice layer. As a result, local protonic defect
sites [77,78] are created which act as trapping centres for electron capture, some
of which are shown in Fig.2.7. For example, an ionic defect: H;OTOH is when a
proton is transferred to the neighbouring water molecule or a Bjerrum defect where
no hydrogen atom (L-defect) or two hydrogen atoms (D-defect) are located between
neighbouring O atoms. A full water molecule might also be missing from the lattice
giving rise to a vacancy (DV). All these defects play an important role in the catalysis
of DEA processes on atmospheric ice surfaces [5,6,81].
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Figure 2.7: The various protonic defects in hexagonal ice I}, are shown and their description can be
found in the text. Image is taken from [82].

In amorphous ice, the long range O order is lost, however, both the crystalline
ice and amorphous ice behave like large band gap semiconductors with a band gap
of 11eV [83]. Amorphous ice is formed by fast cooling of water to below 130 K [84].
Depending on the preparation conditions, one may have low density (porous when
T < 70K and non-porous when < 70 KT < 120K), high density ice or very high
density ice. The latter are formed by warming ice under pressure. Since amorphous
ice is formed at 7" < 130K, which is lower than that needed to form crystalline
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ice, their study is important with respect to extraterrestrial studies. Amorphous
ice too has defects which along with its amorphous structure give rise to Anderson
localisation. Thus, there are potential minima in its potential energy surfaces which
act as the initial trapping sites in electron solvation.

2.3.4 Ice/Cu(111) Interface and Electron Solvation in Amor-
phous Ice

Water adsorption on Cu(111) Water molecules adsorb on metal surfaces in a
bilayer (BL) configuration. Here, the first layer consists of half the water molecules
with the O atom bound to the metal via its lone pair. The second layer consists of
the other half of the water molecules bound via hydrogen bonding. This gives rise to
a buckled structure [85]. The charge transfer between the metal and the first layer
of O, and the water dipole moment pointing towards the metal causes the surface
workfunction to decrease [82]. On adsorption of ice, the workfunction constantly
decreases with increasing coverage and saturates at 3.9eV [6,82] for 3BL, giving
a maximum in workfunction of 1eV. This means that ice doesn’t grow in a closed
layer configuration and a flat surface is obtained only after 3 BL of adsorption. This
was further verified by STM where a smooth water surface is seen for 3 BL [86, 87].
Water has been found to desorb from Cu(111) via zero order desorption kinetics [6]
commencing at 150 K.

e~ solvation in water Solvated electron (e, ) is the smallest anion in nature and
hence the simplest quantum mechanical solute [17,88]. Due to their high reactivity,
they manifest themselves in many physical, chemical and biological [10,12, 21, 22]
processes at a fundamental level. Since water is a universal solvent and a medium to
many vital reactions and processes, it is an important solvation system. Being polar,
water can energetically stabilise excess electrons [17] by forming electron-solvent
complexes with a solvation shell of ~ 3 A [20], localised by ~ 6 water molecules [89].

Gahl, et al. [5,6] performed detailed studies of electron solvation in amorphous
ice on Cu(111) with tr-2PPE experiments, which we summarise here. Fig.2.8a)
shows the population decay of the unoccupied states in a classic tr-2PPE image
for 4BL DyO adsorbed on Cu(111) [5,6] and the 2PPE intensity is given by the
false colour scale. The image details two distinct features; the solvated state (e; ) at
E—FEr = 2.9eV with a relatively long lifetime of upto picoseconds and, the ultrashort
living e~ in the ice conduction band (CB) with a broad peak between the Fermi cut-
off and e, . The elementary steps involved in this photoexcited solvation process are
shown in an energy level diagram, in Fig. 2.8b). Step 1) is the photoexcitation of an
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Figure 2.8: Electron solvation in water ice studied with 2PPE spectroscopy. a) Shows the time-
resolved dynamics of the solvation state and is taken from [6]. e is the solvated electron spectral
feature, and CB corresponds to the ice conduction band. b) Sketches the solvation process schemat-
ically and the image is taken from Gahl, et al. [5]. The various steps are explained in detail in the
text.

electron from the Cu(111) into the ice CB due to wavefunction overlap between the
delocalised metal states and the CB states. In step 2), the potential band minima
below the CB and pre-existing e~ traps localise the excess electron in ice, which also
explains why the solvated state is seen below the CB in the 2PPE spectrum. The
time resolved spectrum also shows that the binding energy of the solvated electron
progressively decreases with time and stabilises after a few hundred fs. This is a
fingerprint for solvation and corresponds to step 3) where the water molecules reorient
themselves due to polarisation and localise the excess electron or solvated electron.
The decreasing peak intensity of the e; peak is due to its continual back relaxation
to Cu and this makes for step 4). Despite the back relaxation, the e; has a lifetime
of a few picoseconds because of screening by the water molecules which decreases the
probability to relax back. Recent studies in bulk water > 15 BL by King, et al. [90]
have shown that solvated electrons are stabilised at the ice-vacuum interface. They
observed that the e, are long living with a lifetime of 1541 for 23 BL D,O/Cu(111)
at 50 K. Fascinatingly, they also found that these localised electrons are capable of
reacting with the surrounding water molecule.

The ultrashort lifetime of the CB state is due to the strong coupling between
the metal and itself. This also ensures the population of the CB on photoexcitation,
provided the photon energy is large enough. Stédhler, et al. [91] recently measured
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the excess electron dynamics in the conduction band. They found that the electrons
localise very fast towards the band bottom at a rate 27meV /ps and the localisation
from excess electron state to the birth of the solvated electron state occurs within
22fs. From past angle-resolved 2PPE studies [6], the ice conduction band has an
effective mass of 1m, and displays a quasi free electron like character, while the e
shows decreasing dispersion with pump-probe delay time implying time dependent
localisation of the solvated state.

A natural question arises, where is the solvated electron, near the metal ice inter-
face or ice-vacuum interface. This was answered by performing experiments in the
presence of dielectrics like Xe [92,93] which changes the electrostatic environment of
the substrate surface resulting in a shift in states. Interestingly, for > 3 BL of ice,
no change is observed implying that e lives near the metal-ice interface [92]. For <
2 BL, shift in the binding energy is seen suggesting that the e; lives near the vacuum
interface [92,93], but the surface is open and corrugated.

2.3.5 Halobenzenes CqH;X and their Ionization

Halobenzenes (BzX), chemical formula CgH5X, are benzene molecules with one hy-
drogen atom replaced with a halogen, as shown in Fig.2.9.

In the present work, we consider only
the first three halogens, that is X = F,
Cl and Br. All the three molecules ex-
ist in the liquid state at ambient condi-
tions, while BzF and BzCl have a char-
acteristic aromatic smell, BzBr has a
pungent smell. The molecules like ben-
zene are planar with C-C-C bond an-
gle of 120° and with equal C-C bond
lengths (1.30A in benzene) and C-H
bond lengths (1.09A in benzene). These
. Carbon @ Hydrogen ‘Halogen molecules are flammable and have a tox-

icity level of category 2 or above and

Figure 2.9: Structural figure of halobenzene where thus, should be handled with care.
one hydrogen is replaced by a halogen atom, X .

The electronic structure of the
halobenzenes can be explained by delo-
calised model of benzene [96,97] as shown in Fig. 2.10. Before discussing the structure
of the halogenated aryl molecules, let us first discuss the structure of the hexagonal
benzene ring in Fig.2.10a). The C atoms undergo sp? hybridisation and bind to a
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Figure 2.10: Electronic structure of a) benzene and b) halobenzene. The overlapping p-orbitals of
the carbon atom result in two delocalised electron clouds. This cloud is pulled towards the halogen
lone pair. Image adapted from [94,95]

hydrogen atom as well a neighbouring carbon atom via ¢ bonds. The 3rd p orbital
on the carbon does not hybridise and overlaps with the neighbouring C atom’s 3rd
p orbital, resulting in six delocalised 7 electrons (Fig.2.10a)). This forms a delo-
calised 7 ring, with 6 electrons being shared by 6 carbon atoms. In halobenzenes,
one hydrogen is substituted with a halogen which binds to the carbon via the lone
pair sharing. The halogen lone pair pulls the delocalised p-electron cloud towards
it, which further strengthens the C-X bond [97,98] (Fig.2.10b)). The extent of pull
depends on the electronegativity of the halogen which is the highest for F = 4 and
lowest for Br = 2.96. This means, as we go down the periodic table (F—Cl—Br), the
C-X bond strength decreases, giving a systematic change in the chemical properties
(Fig2.12, discussed later).

The effect of the halogen on the aromatic ring is shown in Fig. 2.11 [1,99], where
the electrostatic potential surfaces calculated for benzene (Bz), BzBr, BzCl, BzF and
hexafluorobenzene (BzFg) are shown as false colour maps. A more negative potential
is shown by red and a positive one by blue. We see that for Bz, the red centre is
the most electronegative part of the ring while the green frame is comparatively
positive due to the lower electron density. Since every C atom is identical (C-H
bonding), each C has the same electrostatic potential on it and the electron density
in the centre is a symmetric circle. On substituting one of the hydrogen atoms
with a bromine atom, the electronegative halogen pulls the 7 electron cloud towards
it. We see that the molecule and its potential energy surface is asymmetric, the
electronegativity at the centre is reduced, and the Br end of the ring and the ring
centre is more electronegative than the carbon framework. Since Cl and Br have
similar electronegativity, on substituting with Cl we get a similar potential surface
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Figure 2.11: Potential energy surfaces of the different benzene substituted molecules, calculated
by Amicangelo, et al. [1], showing the effect of substitution on the m—electron density at the ring
centre. Negative potential is shown by red, positive by blue and green lies in between them.

map. Fluorine, which is the most electronegative halogen and also the smallest,
attracts the 7 electrons more towards itself than bromine. As a result, the aromatic
ring centre is comparatively less electronegative than that of BzBr and Bz and the
electrostatic potential is no longer symmetric. The carbon in the C-F bond now
has a larger electron density compared to the other C’s and the electron density
at the centre is also not symmetric (antisymmetric yellow circle). In the case of
hexafluorobenzene, due to strong electron attraction at all the C’s due to the C-F
bond, the ring frame has a higher electron density than the centre (blue centre). Since
all the hydrogen are substituted by F, the effect is symmetric and we see that the
electrostatic potential surface of Bz and BzFg is opposite to each other. Therefore,
depending on the substituent, the electrostatic potential surface changes.

This is also reflected in the electronic structure of the molecule where the molec-
ular energy levels shift according to the above systematics. The HOMO (highest
occupied molecular orbit) and LUMO (lowest unoccupied molecular orbit) levels for
the mono-halogen series are shown in Fig. 2.12. These levels correspond to the ioniza-
tion potential and the electron attachment levels and reflect the electrostatic poten-
tial surface systematics. With increasing electronegative substitution, the HOMO-
LUMO gap decreases, that is the electron attachment level and the ionization energy
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Figure 2.12: Electron attachment energies (A.E.) at the LUMO and ionization potential energies
(I.P.) at the HOMO of gas-phase halobenzenes measured by electron transmission spectroscopy
(ETS) by Olthoff, et al. [2]. Ton peak data correspond to measurements by photoemission spec-
troscopy. A decreased electron attachment energy and ionization potential energy is seen with
increasing halogen size (going down the periodic table), showing the effect of substitution. Image
taken from [2]

moves to lower energies [2,100]. Experimental studies in the gas phase like electron
scattering measurement and inverse photoemission spectroscopy [24, 38, 40] support
these calculations. On adsorption on coinage metals, the HOMO-LUMO gap be-
comes smaller due to repulsive interaction between the metal e~ cloud density and
the halogen lone pair and due to polarisation of the LUMO state by the metal’s
IP state [31,33,38,101,102], but the trend remains the same [103]. For example,
Dudde, et al. [38] performed systematic studies of benzene, n substituted chloroben-
zene and hexafluorobenzene on Cu(111) with inverse photoemission spectroscopy
which showed that the antibonding orbitals shift to lower energies and the extent of
the shift and the total shift depends on the substitute (more shift more less more
electronegative substitution). Photoemission studies showed that the molecular state
is localised for 6-fold symmetric molecules like Bz [3] and BzF¢ [4].

Since we would like to study the charge transfer dynamics at different coverages
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of the halogen series, it becomes important to know how the w-rings are bound and
oriented to each other. Due to the importance of m — 7 and m-lone pair interactions
in biochemistry and molecular electronics [36], they have been widely studied in the
past. These studies revealed that the interaction strength depends primarily on the
substituent group, for example a cation binds stronger with a less electronegative
substituent than a more electronegative one. The electrostatic model is one of the
proposed mechanism! to explain for this, where the interaction along a series can be
explained primarily on the basis of electrostatic potential of the interacting molecules,
shown in Fig.2.11. For instance, comparing Bz and BzFg, BzFg has a "positive’
core and a 'negative’ frame, while Bz has a 'negative’ core and ’positive’ frame, thus
changing the nature of interaction with, for example, a cation. Electrostatic potential
surfaces are thus very intuitive and useful in understanding and predicting 7 — 7 and
m—lone pair interactions. We will therefore refer to them frequently for comparative
analysis.

Some characteristic properties of the BzX’s are compared in Table 2.1

Table 2.1: Physical and Chemical Properties of C4gHsX in the gas-phase

Parameter CeHsF CeH5Cl CeHsBr
molecular weight (g/mol) 96.1 123.56 157
electronegativty at X in CgH5X [104] | 12.43 10.19 9.65
C-X bond length (A) [105,106] 1.34 1.735 1.85
C-X bond dissociation energy (eV) [24] 3.73 3.04
partial charge at X (e.u.) [104] -0.17 -0.08 -0.05
dipole moment (Debye) [105] 1.66 1.54 1.55
polarisabilty of X (A?) [104] 9.98 12.19 13.09
solubility in water at 25°C (g/1) [107] | 1-10 0.49 0.41

DEA (Experimental) (eV) - 0.7 [23]-0.6 [24]/0.3 [23]-0.5 [24]
Photodissociation (Experimental) (eV)|6.42 [108]| 4.66 [109,110] | 4.66 [111]

As we can see from Table 2.1 the electronegativity of the halogen in the benzene
ring decreases from BzF to BzBr. This explains the trend of decreasing partial charge
at the halide and the C-X bond dissociation energy, but an increasing polarizability
from BzF to BzBr. Due to the larger size of the latter halogens, the dipole moment
also increases from BzF to BzBr (Fig.2.11).

'The other model is the quadrupole momentum model which considers the interaction via the
ring’s quadrupole moment only.
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Dissociation

It is well known that the aryl halides can dissociate at energies lower than direct
dissociation energies via a pre-dissociation channel [112,113]. In Fig. 2.13a), we show
the potential energy curves of the ground state HOMO state 7, the LUMO state 7*
and the dissociative o* start on C-X bond length reaction coordinate. The lower
lying non dissociative resonant 7 and 7¥ states (green dotted line in Fig.2.13a))
are coupled to the higher lying dissociative resonant o* states (black solid line in
Fig.2.13b) through a conical intersection, Ic [114,115]. In the figure, Eionization is the
ionization energy needed to excite the molecule into the 7* level and Ep is the energy
needed to reach Ic. Since the (7, 7*) state are mostly delocalised over the aryl ring,
they do not dissociate the C-X bond, however, the (o,0*) states are localised over
the C-X bond and mediate its dissociation. If the EEs in ice have sufficiently large
energy, they can ionise C¢H5X to CGH5X*7 (excitation to 7* state) and dissociate
it into benzene radical CgHy and halogen anion X~ (via intersystem crossing to o*
state), shown in Fig.2.13a).

Many photodissociation studies have been performed for the gas phase BzX
molecules [25,41,109-111,116]. For example, BzCl photodissociates at 193 nm via
internal conversion from the lowest 7* state (after an internal conversion from the
third singlet state) to the continuum of the o* state, shown by Freedman, et al. [113]
by performing photo-fragmentation studies. Ichimura, et al. [110] further go on to
suggest that the coupling to the triplet state is via the vibrational states and that at
lower energies (248 nm) this can also happen through a hot mechanism, which is a
vibrationally excited ground state. Dissociation via low energy electron attachment
also proceeds in a similar way, that is by electron transfer to the 7* system which
excites the molecule to the dissociative o* states. In Fig. 2.13b) we pictorially show
a possible dissociation mechanism in BzX. Here the ground state singlet state is ex-
cited to the third singlet state S, (7, 7*), shown in the left wing. The third singlet
state, via internal conversion, is coupled to a triplet state T'(o,c*), shown in the
central wing. Once in the excited triplet state, the molecule dissociates (right wing)
by the various mechanism mentioned above, since this triplet state is dissociative.

2.3.6 Organic Molecule/Metal Interface

Halobenzene Adsorption on Metal and Ice Ming Xi, et al. [29] studied ben-
zene adsorption on Cu(111) with NEXAFS, HREELS and TDS. They found that
benzene adsorbs as a whole with its ring parallel to the metal substrate when the
coverage is less than 1x10~!4 molecules/cm?, which corresponds to a close-pack layer.
A coverage between this and three times this results in the tilting up of the ring,
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Figure 2.13: Dissociation mechanism in halobenzenes. a) The energy of the ionised/dissociated
halobenzene state is shown as a function of the reaction coordinate, which is the carbon-halogen
bond length here. The ionization and dissociation potential energy curves are schematically shown
to cross at conical intersection Ic. Fionization iS the threshold energy needed to ionise the neutral
halobenzene to anionic halobenzene and Ep is the energy needed by the ionised molecule to reach Ic.
b) Coupling between the singlet Sy, (w, 7*) and triplet state T'(o, 0*) which results in the dissociation
of the halobenzene molecules, image taken from [113]. A detailed explanation of the mechanism
can be found in the text.

with the tilt increasing for greater coverage. The molecules absorb in bilayer with
the first monolayer chemisorbed and flat lying, while the second layer is tilted up
and physisorbed. These observations and conclusions were also later supported by
the 2PPE measurements performed by D. Velic, et al. [3] who found a shift in the
binding energy of the image potential derived molecular state with coverage and
explained it as a result of changing benzene orientation. A year after the Ming Xi,
et al. paper [29] was published, Michael Yang, et al. [28] published NEXAFS and
TDS study of chloro/iodobenzenes on Cu(111). They showed that halobenzenes too
adsorb as a whole with their ring plane facing the surface, which for near monolayer
coverage (0.7-0.8 ML) tilts up at an angle of 45+5° and near saturation of a mono-
layer, decreases to 434+5°. Recent near infra-red spectroscopy and STM [117] studies
too show that at submonolayer coverage the BzX molecules physisorb flat lying on
the metal and at some higher coverage (still under investigation) start to tilt up.
The STM study found that even at 11 K, the submonolayer halobenzene molecules
on bare Cu(111) are mobile. Not much is known about how halogenated benzenes
adsorb on ice except that they form agglomerates with water which are partially
embedded in the ice cavity [27] and that benzene acts as a proton acceptor [118].



Chapter 3

Experimental Tools and
Techniques

To study the charge transfer dynamics between interfaces, we study the surface elec-
tronic structure with two-photon photoemission spectroscopy. Since we would like
to investigate surface properties, we need an extremely clean sample surface and well
characterised adsorbate films. Therefore, the experiments are performed in an ultra
high vacuum chamber to provide the clean environment needed by surface studies.
The Cu(111) is used as the metal substrate and is prepared by sputter-anneal cycles,
while the adsorbed molecular (D,O and CgH5X) layers are characterised by thermal
desorption spectroscopy. We use two-photon photoemission (2PPE) spectroscopy to
probe the system. Femtosecond pulses are generated by an amplified Ti:Sa laser.
To match the different experimental wavelength requirements, an optical parametric
amplifier (OPA) or a non-collinear optical parametric amplifier (NOPA) is used to
tune the photon energy. A time of flight detector detects and analyses the kinetic en-
ergies of the photoemitted electrons. The resulting 2PPE spectrum is subsequently
analysed using Igor procedures written by Laurenz Rettig and Patrick Kirchmann
during their PhD theses [119,120]. The laser setup and the ultra high vacuum cham-
ber were already setup and functioning before the start of the thesis. However, we
improved on the NOPA setup which is explained in quite some detail at the end of
the chapter. Since most of the topics discussed below are already well described in
a lot of details in past theses, we strongly urge the readers to refer to the suggested
text for clarification and in depth understanding of the setup.

49
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3.1 UHYV Chamber

To perform surface sensitive studies, a very clean surface is the first requirement for
which we need a clean sample environment [121]. Therefore, we worked in an ultra
high vacuum (UHV) chamber with a background pressure of < 3 - 107! mbar. To
get an idea of the importance of ultra high vacuum consider this: at this pressure,
it takes =~ 10 hrs to form a monolayer of residual gas atoms, but with a background
pressure of 107% mbar, the residual gas density is 3 - 10'® molecules/m? and it takes
only 1s to form a monolayer.

The UHV chamber is mounted on an air-damped laser table to avoid unwanted
vibrations and is divided into two parts by a gate valve. The upper part is pumped
with a turbo-molecular pump (Pfeiffer) which is pre-pumped with a multi-stage
membrane pump (VacuBrand). It is dedicated to sample preparation and char-
acterisation. Accordingly, the upper chamber is equipped with a sputter gun, lead
evaporator, electron gun, low energy electron detector (LEED), quadrupole mass
spectrometer (QMS) and a pinhole doser. The upper chamber is also connected to a
vacuum sample storage magazine and a transfer line. The sample can be shuttled in
and out of the chamber from the magazine without venting the whole chamber. The
bottom part of the chamber is pumped with a titanium sublimation pump (Riber)
and an ion getter pump (Riber) and is dedicated to spectroscopy. It is equipped with
an Auger spectrometer, a time of flight (ToF) spectrometer, and a position sensitive
ToF (pToF) spectrometer home built by Patrick Kirchmann [120]. The ToF and the
pToF are described in some details in subsection 3.2.

We use a motor controlled manipulator with four degrees of motion (x, y, z, and
rotation around vertical axis) to manoeuvre the sample. The top of the sample
holder is connected to the bottom of a 400 mm long helium cryostat (CryoVac) and
can be cooled by lq. He or lIq. Ny. The lower legs of the sample holder are coated with
gold and have two tantalum wires (0.4 mm thick) stretched across it. These wires
hold the Cu(111) monocrystal (9mm diameter and 3mm thick) between them. In
addition to the contact with the cryostat, the sample holder is also connected to an
electrical connection to enable resistive heating. In this way, the Cu(111) crystal via
the tantalum wire and the copper legs can be heated or cooled. The copper legs are
electrically insulated from each other and the sample holder (at the cryostat end)
with a sapphire plate. Sapphire has good heat conductivity and does not hinder
with the sample’s heating and cooling. For a precise temperature read out at the
sample, a Type K (NiCr/Ni) thermocouple in inserted into a hole in the thickness
of the Cu(111) crystal. For this reason, while inserting or removing the Cu crystal,
we don’t use the transfer line, but have to remove the cryostat and vent-bake the
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chamber.

The preparation chamber is connected to the gas system via a pinhole doser and
a leak valve. A schematic representation of the gas system is shown in Fig.3.1. It
consists of two independent gas reservoirs, which are nothing but 6 mm diameter
steel pipes. The gas system is pumped by a cube pump (Pfeiffer) and the dosing
molecules are attached to it via test tubes. Compressed noble gasses like He, Xe and
Ne can also be attached via mini gas-cans. The pressure in the gas reservoir can
be controlled with a series of valves at the test tubes and at the pump connections.
The water and halobenzene (BzX) molecules were dosed on the sample via a pinhole
doser which consists of a 50 um pinhole and a long steel pipe. A uniform molecular
beam is ensured because of the constant collision amongst the molecules and with
the doser walls. The pinhole doser is also being continuously pumped by a turbo
pump, except while dosing. This turbo pump is the same one which creates pre-
vacuum for the chamber’s main turbo pump. As opposed to the leak valve, which
adsorbs molecules via background dosing, this method is more reproducible and the
chamber’s background pressure never rises above 5-10~ mbar. A detailed description

of the chamber and its various home built instruments can be found in past theses:
(82,119,120, 122-124]
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3.2 Two-Photon Photoemission Spectroscopy

Two-photon photoemission (2PPE) spectroscopy and time resolved two-photon pho-
toemission (tr- 2PPE) spectroscopy are well established surface techniques. Here
an electron is pumped from the occupied state to above the vacuum level with the
help of two photons and are detected by an electron spectrometer. By delaying
one photon with respect to the other, the dynamics of the unoccupied state can
studied. One can even perform tr- angle resolved photoemission (tr-ARPES) mea-
surements or detailed workfunction studies with this technique. In this section we
discuss two-photon photoemission (2PPE) and time resolved two-photon photoemis-
sion (tr- 2PPE) spectroscopy. Then we go on to discuss how a 2PPE spectrum can
be analysed. We also include the description of the light source and beamline.

3.2.1 Photoemission Spectroscopy

Photoemission spectroscopy or photoelectron spectroscopy is a powerful spectro-
scopic technique to study the electronic structure of solids, surfaces and adsorbates.
The sample absorbs a photon of energy hv and excites a photoelectron above the
vacuum level F,. with a kinetic energy FEy;, given by :

Ekin =hv — (Ez - EF) - (31)

where, ® is the workfunction of the system, F; is the binding energy of the pho-
toexcited state and Ef is the Fermi energy. The photoemitted electrons are detected
by a time of flight detector (ToF) in our setup and a distribution of the measured ki-
netic energy as a function of detected electrons gives us the photoemission spectrum.
If the kinetic energy is measured as a function of the emission angle, its surface par-
allel momentum component and the electronic dispersion of the photoexcited state
can be determined from Eq. 3.4 and Eq. 3.5, which we’ll discuss shortly.

The photoemission process is rather complicated, but can be treated mathemati-
cally with the help of approximations. The two most important approximations are:
1) considering a one-electron picture (single electron states in the initial state in a
system of non-interacting electrons) and 2) considering the dipole approximation.
Another important approximation worth mentioning is the sudden approximation
which considers the photoemission process as two decoupled processes, one the pho-
toexcitation from the initial N particle state to final N —1 particle state (one-electron
picture) and the other as the relaxation of the excited N — 1 state (many body in-
teraction). This is because it assumes that the photoemission process is much faster
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than the electronic response of the system and one therefore probes the ground state
spectral function.

Three- step and One-step models: There are two models to describe the pho-
toemission process; one-step model and three-step model. The three step model
[125,126] approaches the problem in three independent steps: 1) The incident pho-
ton is absorbed by an electron which is excited to an unoccupied vacuum level state
within the crystal. 2) The excited electron is propagated to the crystal surface and 3)
finally escapes the crystal surface into the vacuum. However, these steps are not truly
independent of each other and for a more rigorous approach, we consider the one -step
model. The one-step model considers the optical excitation of an electron from an
initial state of the crystal’s Bloch wave to a final state in the vacuum level, which is a
freely propagating wave outside the crystal but exponentially damped inside it. Since
this is phenomenologically similar to LEED (treated as inverse LEED) [127-129], the
one-step model is mostly considered for theoretical calculations as it can make use
of the pre-existing theoretical formalisms used in LEED. Since we perform 2PPE at
the surface, the one-step model is more appropriate.

The inelastic scattering in the three step model and the damped vacuum wave in
the crystal in the one step model account for the energy dependent finite penetration
depth in the photoemission spectroscopy given by the universal curve for electrons.
It also gives rise to a background in the photoemission spectrum [121,130].

In direct- or 1- photon photoemission, only one photon is needed to excite the
electron from below Ep to above FE.,.. Thus, an important condition for direct
photoemission is that hv > ®. Here, one can probe the complete occupied electronic
band and gain information on binding energies of surface states, valence state of
ions and band dispersion. In this work, we do not perform direct photoemission
measurements, but primarily perform 2PPE and hence discuss that in some details.

2PPE: While photoemission spectroscopy is limited to occupied and final states,
2PPE technique can probe both the occupied and the unoccupied states simulta-
neously [58, 60], like the image potential state in metals and the LUMO (lowest
unoccupied molecular orbital) levels of the adsorbate. 2PPE is a two photon pump-
probe technique where, the pump photon (hw;) excites an electron from the initial
state (occupied band) to an intermediate state (unoccupied) lying between Fg and
Eyac. Next, the probe photon (hisy) excites the electron from the intermediate state
to above the vacuum level (final state) where the electron can propagate freely and
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is detected by an electron spectrometer. Hence, an important condition is:
hvio <® and hv = hvy + hvy > @ (3.2)

i.e., the pump and probe photons together should have enough energy to be able to
excite the electron above E.,., but should not do so individually.

Since in 2PPE, an electron is excited from an | n) initial state to the final state
(continuum states in vacuum) | f) via an intermediate state | i), there are three
different excitation channels possible. In Fig. 3.2, we show an energy level diagram
for the three different excitation channels. Channel 1 (initial state) is a non-resonant
excitation from the initial state to the intermediate state, i.e. there is no resonant
real intermediate state accessible by the initial state and the excitation occurs via a
virtual intermediate state. This happens due to transient second order polarisation,
possible in the presence of strong laser fields, and can be visualised as the absorp-
tion of two photons simultaneously. In channel 1, the electronic properties of the
occupied states (or final states) are probed. Channel 2 sustains excitation from the
initial state to a real intermediate state. Here, there is resonant excitation and the
electronic properties of the intermediate state can be probed. The third channel,
channel 3, is when there is an indirect and non resonant excitation of a real | i) via
inelastic scattering processes (electron-electron, electron-phonon or electron-defect)
from other intermediate states. Here the parallel momentum EII is not conserved due
to scattering.

Since the photoemitted electron from the initial, intermediate or final state can
be detected with the same Fi;,, to distinguish them, we either rely on the tr-2PPE
data or by playing with the photon energy hv. If we consider monochromatic 2PPE
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where hry = hvy and the observed state corresponds to an occupied state, then
on changing the photon energy, the kinetic energy of the new state would shift by
twice the difference between the new and the old photon energy, once because of
the excitation to the intermediate virtual state and once for exciting it above the
vacuum. If the observed state corresponds to an unoccupied energy level, then its
kinetic energy with the new photon energy shifts by only once the difference between
the old and new photon energies, corresponding to the difference between the probe
pulses. For the final state, no shift in the kinetic energy is seen on changing the
photon energy. By plotting the shift in Ey;, of the observed spectroscopic peak with
respect to h and measuring the slope, one can determine to which state the observed
spectroscopic signal corresponds to depending on the slope, according to:

| n) :slope =2, |i):slope=1, | f):slope=no change (3.3)

tr- 2PPE and ARPES We introduce time-resolved two photon photoemission
(tr-2PPE) and angle resolved-2PPE (ARPES) briefly since, they are not the main
focus of this work. By time delaying the pump and probe pulses with respect to
each other, one can study the time resolved population dynamics of the intermediate
state. While the pump excites the electron into the intermediate state, the probe
is delayed by A7 with respect to the pump, giving a temporal evolution of electron
relaxation of the excited intermediate state. In our setup, A7 is varied by changing
the VIS beam path with respect to the UV beam by a computer controlled delay
stage. If a state lies near the vacuum level, it will be pumped by UV and probed
with VIS, and wvice-versa if the state is near the Fermi level (Fig. 3.3).
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Since in photoemission the parallel momentum is conserved (if there is no scatter-
ing in the final state) and the photon momentum is small compared to the electron’s
momentum, the surface parallel dispersion component k| can be determined by:

kj(a, Exin) = sin(o) FEMH (3.4)

where « is the electron emission angle and m, is the free electron mass. If the
2PPE spectrum is measured for different emission angles, by either rotating the
sample or using the position sensitive ToF (pToF)!, the binding energy of the state
with respect to the Fermi level (£ — Er) can be plotted as a function of g“. This gives
the electronic band structure of the photoexcited state (Eq.3.5) and the electronic
dispersion.

h2k?
E — Ep)(k) = ——— 3.5
( k) =5 (3.5)
where meg is the effective mass of the electron in terms of m,.. Since E” depends
on Ey,, a wider k-space can be accessed by using higher photon energies, however,
care should be taken to avoid direct photoemission, while performing 2PPE ARPES.

3.3 Data Acquisition and Analysis

3.3.1 Data Acquisition

The kinetic energy of the photoemitted electrons is measured by an electron time
of flight (ToF) spectrometer. The spectrometer was home-built at the Fritz-Haber-
Institute of the Max Planck Society and its detailed sketch can be found in [123,131]
and [120] for English. To describe it briefly, it consists of a long field free aluminium
drift tube and a chevron stack of micro-channel plates (MCP). The photoemitted
electrons enter the ToF tube through an aperture at its canonical tip. At the other
end of the tube, the electrons are accelerated via a grid towards the MCP. Each
accelerated electron causes an electron avalanche at the MCP and generates an elec-
tron cloud whose voltage signal is out-coupled with a capacitor at an anode and
serves as the stop signal. The ToF spectrometer is housed in a p metal shielding
to block all external residual magnetic fields. It has openings for the manipulator
and the laser beam, and enough space to allow the sample to rotate by +16° for

Lor using a hemispherical analyser with 2D detection
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sample spectrometer

ARPES measurements. The sample surface is orientated parallel to the ToF tip
aperture so that the beam enters the ToF spectrometer at a 45° angle with respect
to the spectrometer axis. Additionally, to ensure an unperturbed acceleration of the
photoemitted electrons in the drift tube, all the spectrometer parts like the tip, drift
tube and the grids are coated with graphite and have a homogeneous workfunction
of 4.3eV. The time of flight ¢,, is calculated as the difference between the MCP’s
stop signal and a start signal. The start signal is usually a small signal from the
laser head (RegA) detected by a fast photo diode. The in-depth summary of the
signal processing can be found in the afore mentioned theses. The kinetic energy of
the photoemitted electrons can be determined from its time of flight with the help
of Eq. 3.6:

2

1 L\’
Eklrl = _me <—) - (A®sa_sp + eUblaS) (36)
(tm tO

where, t,, — ty is the actual time of flight and ¢, is the delay or offset in start
signal due to system electronics. L = 30 cm is the drift length of the electron, A®g, g,
is the difference in workfunction of the sample and the spectrometer and el is
the bias voltage applied to the sample. In Fig.3.4 an energy level diagram for the
sample and the detector before and after applying the eUy;,s voltage is shown.

The photoemission spectrum is measured with respect to the vacuum level E.,.
of the spectrometer. Since, the sample and the spectrometer are connected to each
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other electrically via a contact potential (bias connection), they are equilibrated to
each other via their Ey, before applying the bias voltage. Depending on the sign of
A®g, o, the potential difference between the vacuum energies might accelerate the
electrons or decelerate them, for example, if the samples workfunction is higher than
the spectrometers, then the photoemitted electrons will feel the potential difference
and be accelerated. A negative or a positive bias voltage eUy;,s thus has to be applied
to the sample in order to compensate for A®g, ¢,. It can also be done to separate
the sample’s secondary edge from the detectors. For ARPES measurements, it is
important that the sample and the spectrometer vacuum level are aligned to ensure a
field free electron trajectory to the detector and hence the condition eUpias = APgp p
becomes important.

pToF We also used the position sensitive time of flight spectrometer pToF which
was built by Patrick Kirchmann [120,132] and later modified (pToF tip) by Laurenz
Rettig [119] during their respective PhDs. The pToF is capable of resolving the
momentum dispersion parallel to the surface EII in both the z (k) and y (Ey) direc-
tions without rotating the sample. This is possible because the photoexcited electron
cloud is detected by 3 sets of wires oriented 60° to each other and wound around a
hexanode, giving a total of 6 voltage pulses collected at the wire ends. The impact
position (z, y) on the MCP and the time of flight of the electrons can be determined
from the relative arrival times of the six hexanode signal and the MCP impact signal,
thus giving both energy and momentum resolution. If the pToF is used to perform
tr-2PPE, we can study the photoemitted electron and the photoexcited state with
any combination of these parameters: Fy,, lgm, Ey and AT.

3.3.2 Data Analysis

The 2PPE spectrum obtained by us shows the photoemission intensity as a function
of the calculated kinetic energy (Eq. 3.6). A typical photoemission spectrum consists
of a Fermi edge which is the high energy cut-off, and a secondary edge which is
the low energy cut-off. The Fermi level Ey is the highest occupied state in metals
at equilibrium and hence electrons with the highest kinetic energy FEyyrermi) Will
be excited from it, giving the Fermi edge. The lower energy limit is given by the
workfunction Eq. 3.8, where the electrons that just managed to escape the sample
have the lowest kinetic energy Fie.

The 2PPE signal from different energy states are seen as spectral peaks lying
between these limits. Once we have determined the nature of the state corresponding
to a spectral feature (§3.2.1 and Eq. 3.3), we can appropriately determine its binding
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energy. Usually, the initial/occupied states (| n)) are referenced to Er and the
intermediate/unoccupied (| 7)) state is referenced to E\,.. However, one can reference
both to Ex on an intermediate or internal energy scale as:

E,— Ep = Ekin(n) - Ekin(Fermi)

3.7
Ei — By = Ekin(i) + & — throbe ( )

where, Fy;, corresponds to the kinetic energy of the spectral feature under discussion.
Here EF coincides with the pump photon energy. Since in 2PPE both the VIS and
UV photons can excite electrons from the Fermi level, we get two intermediate scales,
one for VIS pumping and one for UV pumping. A second commonly used energy
scale is the final state energy scale where the Fermi edge coincides with the sum
of both the photons (or one photon in case of direct photoemission) according to:
Egna — Er = Exin + ® — Eiin(Fermi)- In this work, we will only use the intermediate
energy scale.

The kinetic energy of the peaks can be determined by fitting them with a Lorent-
zian function. The Fermi edge is determined by fitting it with a Fermi-function
convolved with a Gaussian, since its width is determined by the sample temperature
and the laser pulse bandwidth. The secondary edge was determined with the help
of an error function.

Tr- data: The time resolved data is given by a false colour map showing FEy;, vs
AT on the z-y axis and the intensity on the colour scale. Since tr-measurements are
usually performed with two different photon energies (pump and probe), we have two
energy scales giving the same spectrum. For example red pump-blue probe and vice
versa will excite and probe different states like hot electrons and the image state,
respectively, but they can have the same photon energy. Therefore, depending on
where the state is located energetically, the tr-2PPE spectrum can be referenced to
two different energy scales. Cuts can be taken along the time or energy axis, giving 2-
D spectra of the energy distribution at a constant delay or of time delayed intensities
at constant energy, respectively. The time resolved data can be analysed by fitting
the decay peaks with an exponential function convolved with the pump-probe cross-
correlation (XC) §3.4.2 giving us the exponential decay lifetimes of that state. The
analysis of time resolved data will be discussed in more detail in chapter 6.

Workfunction Change : The basis of the following work is the analysis of change
in surface workfunction because of the accumulation of negative charge due to pho-
toinduced reactions. The workfunction of the sample can be determined with the
following formula:
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b = hV1 + th - (EF — Esec) (38)

where, hvy and hvy are the photon energies.

If the workfunction of the system increases, electrons will now need more energy to
escape the surface. Hence, the lower energy electrons that could previously escape
the system cannot and the low energy cut-off of the escaped electrons is higher.
Since in our setup Er is the reference between the sample and the spectrometer, the
surface workfunction changes will be seen as a shift in Eg.. in the 2PPE spectrum,
given we do not change the bias. This is shown in an oversimplified schematic
energy level diagram and the comparable 2PPE spectra in Fig. 3.5. Here an increase
in workfunction by A® is represented by a shift in E,,.% to a higher energy E! . =
Eyac+A®. This means that the lowest energy electron (Eyi,.o — 0) that could earlier
leave the surface cannot now, and the electrons that had kinetic energy Fyj,.o + AP
just escapes. If the experimental parameters like hv and bias remain unchanged, the
measured Fjg.. shifts to higher energies. For a decrease in workfunction the opposite
is true, that is E.,. level lowers allowing lower kinetic energy electrons to escape the
sample and be detected, giving the E.. signal at a lower energy. From this point on,
we will use Ep and Eyjy(rermi) interchangeably.

2Strictly speaking, Eya. is not changing with workfunction.
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3.4 Laser System

In the following section we will briefly describe the already functioning laser setup and
its incoupling to the chamber. A short report on characterisation and optimisation
of the laser pulses is given later in this section. For a fundamental background in
femtosecond lasers, standard laser textbooks like [133-135] should be referred to.
Fundamentals of OPA/NOPA can be learned from any optics textbook on ultrafast
optics and supplementary papers like [136-139] and non linear optics [140-143]. Since
no major changes were done to the laser system, for a detailed description we would
like to suggest earlier thesis [122]. However, we upgraded the NOPA and optimised
it, and this is explained in the next section 3.5. The detailed description of the design
and operation principles of the Coherent laser system can be found in [144-147].

3.4.1 Generation and Amplification of fs- Laser Pulses

In order to perform the 2PPE experiments, we used a commercially available Ti:Sa
femtosecond laser system (Coherent) and the corresponding beam line is shown in
Fig.3.6. Here, the Verdi (V-18) laser (diode laser) produces continuous laser waves
with central wavelength of 530 nm, and pumps the oscillator (Mira SEED) and a
regenerative amplifier (RegA 9050). The Micra uses a Ti:Sa crystal as its active
laser medium and produces broad band (spectrum) femtosecond pulses with central
wavelength from 750-850 nm. We used 800 nm Micra output which is first stretched
before entering the RegA for amplification. The RegA also uses a Ti:Sa crystal as its
active laser medium and generates amplified pulses with central wavelength between
800-830 nm and a repetition rate of 250kHz. The stretched and amplified RegA
output is compressed in the time domain with a 4 grating compressor unit. We thus
get 55 fs short laser pulses, with central wavelength 800 nm, pulse power
of 6 uJ per pulse (beam power of 1.5 W and repetition rate of 250 kHz)
and repetition rate of 250 kHz.

To study the different electronic systems and excitation channels, we need to tune
the pump and probe photon energies according to the experimental requirements.
Therefore, we use a commercially available OPA (Coherent OPA 9450) and NOPA
(HORIBA NOPA-Ultra). For all our measurements, we used the outputs from the
OPA/NOPA which were driven by 50% of the laser power (=~ 650 — 700mW). The
main advantages and disadvantages between the OPA and NOPA application lies in
the bandwidth and time resolution of their output pulses. While the OPA produces
VIS pulses from 460-760 nm, NOPA’s output range is smaller, ranging from 480 -
650 nm. In addition, the spectral bandwidth of the OPA is ~50 nm which is narrower
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Figure 3.6: Line diagram of the optical beam path. The wedge and the chirped mirrors have been
added for the current work. Additionally, SF11 prism in the VIS prism compressor was replaced by

BKT7 prisms. A detailed description can be found in the text. Figure taken from Laurenz Rettig’s
PhD thesis [119].

than the NOPA’s ~80 nm. This makes OPA more suitable for experiments with good
energy resolution requirement. However, the NOPA has a better time resolution of
<30 fs, while the OPA has =60 fs, making NOPA more suitable for experiments where
time resolution is of paramount importance.

The OPA/NOPA output (VIS output) is frequency doubled (second harmonic
generation, SHG) by a BBO crystal to give an UV output. To perform VIS-UV
pump-probe experiments, the two are separated by a dichroic beam splitter, after
which a periscope is used to convert the s polarised UV light back to p polarised.
Two 4-pass prism compressors, one each for the VIS output and the UV output, are
used to optimise the chirp in the OPA’s/NOPA’s beam paths. Both the beams are
guided to the chamber with a series of mirrors and lenses and enter the chamber
through a CakF, glass window, shown in Fig3.7.

To perform tr-2PPE experiments, we need temporal and spatial overlap between
the pump and probe pulses, and be able to delay them with respect to each other.
A computer controlled delay stage (Pi505) is placed in the VIS beam path to delay
the VIS pulse with respect to the UV pulse. To achieve spatial overlap between the
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Figure 3.7: Incoupling of the laser beam into the chamber. The fundamental beam (shown in
yellow) is guided onto the delay stage and can be delayed by At with respect to the SHG beam, by
moving the delay stage by a distance Axz. A flipping mirror is used to take the beam profile on a
CCD camera. Figure adapted from PhD thesis of Cornelius Gahl [82].

VIS and UV pulses, a pinhole and a flipping mirror are used. A majority of the
experiments were performed in the one colour 2PPE configuration where only the
UV output was used.

3.4.2 Laser Pulse characterisation

The spectrum of the laser pulse is determined by using OceanOPtics (HR4000CG-
UV-NIR) spectrometer, which has a range of 200-1200 nm. To characterise the beam
profile, a CCD camera is placed near the chamber such that, with the help of flip-
ping mirrors, the beam could be imaged at the same distance as the sample in the
chamber. The captured beam profile was fitted with two Gaussian fits to determine
the horizontal and vertical FWHM (a and b) of the beam. The beam power P was
measured near the chamber window in Fig. 3.7 with a power meter. The fluence of
the beam could then be calculated with the following formula:

_ TPcosa cos 3
R mab
where, T = 0.95 is the transmission of the chamber window, R = 250 kHz is the
repetition rate of the laser and o = 0° and § = 45° are the azimuthal and polar
angles of the sample with respect to the beam.
The temporal evolution of an occupied state is free of any population dynamics

F

(3.9)
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as the excitation is via a virtual intermediate state. Thus, a tr-2PPE spectrum of
the highest occupied state (to avoid relaxation from higher lying states) gives us
the cross correlation (XC) or the convolution between the pump and probe pulse.
Since the laser pulses are described by a Gaussian function, the FWHM of the XC
is determined by a convolution of two Gaussian functions. To improve the time
resolution of both the pulses, we try to reduce the XC width, by adjusting the prism
compressors, grating compressors and the spatial overlap between the pump and
probe beams.

In time resolved measurements, to accurately determine the lifetime of the inter-
mediate state, we need to precisely determine the zero delay between the pump and
probe pulses. This too is done by determining the zero delay for the occupied state,
again due to its excitation via a virtual state.

3.5 NOPA Redesigning and Optimisation

In the following section, we will discuss the basic principle of the OPA/NOPA briefly.
Since this is a standard technique, there is a lot of literature available on the detailed
working principle and the mathematical construction for parametric amplifiers in-
cluding [140-142]. Comparing to NOPA, OPA delivers longer pulse duration of about
60 fs [146], while NOPA can reach a pulse duration of less than 20 fs [143]. However,
due to the short pulses, the NOPA spectral bandwidth is very large. This results
in an energy resolution of larger than 100 meV compared to the OPA’s 50 meV. In
addition, one of the major restrictions we experienced with the NOPA is the wide
chromatic dispersion in its output. This leads to different time resolutions at dif-
ferent spots on the sample, making the tr-studies tricky. We thus need a NOPA
with better time resolution and acceptable bandwidth, which was not provided by
the current NOPA configuration. By introducing glass plates into the NOPA, we
reduce the bandwidth and compensate for dispersion both in the horizontal and ver-
tical directions. The optimisation and redesigning were done by introducing wedges,
chirped mirrors and glass plates in its beam path and changing the prism compressor,
explained in detail in the following subsections. The NOPA finally reached a pulse
duration of 40 fs and energy resolution of 60 meV.

3.5.1 Basic Principles

Non-linear optical processes become significant when strong incident electric fields
interact with material. In this case, the higher order polarisation terms cannot be
ignored and the induced polarisation P(z,t) in the material is given by:
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P(z,t) = XV E(t) + @YD E2(t) + o XD E3(t) + ...

where, X is the susceptibility of the material and is defined by an n** order
tensor of rank (n + 1).

4

Figure 3.8: a) Energy scheme of optical parametric amplification process and b) the wave vector
orientation in the non collinear geometry of the pump, signal and idler beams. Refer to text for
details, adapted from Manzoni and Cerulla [139].

(Non collinear) Optical parametric conversion is a well established non-linear
parametric amplification technique which enables us to tune the incident 400 nm
beam to an output beam in the visible range. Here, a signal beam is amplified
with the help of a pump beam (higher frequency and higher intensity) in a second-
order (X)) non-linear crystal (BBO crystal), as shown in Fig.3.8. The energy is
transferred from the pump beam (hw,, Ep) to the signal beam (fuws, Es), and a third
beam called the idler beam (Aw;, /ZZ) is generated to fulfil the energy and momentum
conservation law. Since parametric amplification takes place throughout the length
of the crystal, the resulting signal and idler waves produced at different spots should
interfere constructively to give an amplified signal outside the crystal. To achieve
this, the phase-matching conditions must be satisfied. Thus, the two important
criteria for phase-matching are given as follows:

hw, = hw, + hw; (3.10)
hk, = bk, + hik; (3.11)

where, k is the wave vector.

In addition to the phase matching conditions, there should be minimum group
velocity mismatch (GVM) in order to have a longer non-linear interaction between
the pulses. The spectral gain bandwidth Av inversely depends upon the GVM and
is given for the collinear geometry in the following equation [139]:
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where v, = Ow/0k is the group velocity and the d;5 is the GVM between the
signal (v41) and the idler (vy), I' is a coupling constant and L is the crystal length.
For the non-collinear geometry also, the gain bandwidth is maximum for minimum
GVM [139,140].

Due to the symmetry between the idler and the signal, both act as a seed for
each other resulting in an exponential amplification of the signal [139]. Since the
idler’s group velocity is always a bit faster than the signal’s, the new idler seeded
signal photons are added at the leading edge of the signal beam and the signal seeded
idler photons are added to the trailing edge of the idler beam. In this way, an addi-
tional chirp is added to the amplified signal beam. In the non-collinear alignment,
due to different distances travelled by the two beams, the signal photons produced
from the idler are at the same horizontal position as the signal amplification. This
prevents the extra chirp in the signal beam and is the reason for the sub-30 fs pulse
duration. Another effect of the reduced GVM is that the signal and the idler have
a broad phase matching allowing for the parametric effect over relatively longer dis-
tances. This results in a wide spectral range to be amplified [137,139,143] giving a
broad bandwidth amplified signal beam. With suitable prism compressors or chirped
mirrors, transform-limited sub-20 fs pulses can be obtained.

OPA /NOPA Architecture: OPA and NOPA work on the same principle, the
only difference is that the signal and pump beam are collinear in the OPA, but are
at an angle a to each other in the NOPA. A part of the incident 800 nm beam is
frequency doubled to 400 nm ® and serves as the pump beam. The remaining beam
is converted into white light continuum after passing through a sapphire plate, and
is used as the weak incident broadband signal beam. The two beams are spatially
and temporary overlapped in the OPA crystal (BBO). Due to the wide temporal
chirp in the white light continuum, by changing the delay between the white light
and the 400 nm, a different visible wavelength is amplified. In our NOPA setup, the
signal is delayed with respect to the pump, and in the OPA the pump is delayed with
respect to the signal. Also, we use the NOPA in a single pass configuration (that is,

3power = ~ 180 mW with incident power at the NOPA = 600 mW
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Figure 3.9: Spectra of 600 nm NOPA fundamental output measured with a spectrometer. Different
glass thicknesses have been inserted in the signal beam path, before the BBO crystal.

the signal and pump pass through the BBO crystal once), while the OPA has two
passes. The third and the most important difference between the two configurations
is that the pump beam is at an angle with respect to the signal beam.

3.5.2 Optimising NOPA’s broad Bandwidth

As explained previously, the NOPA has a very broad bandwidth. For experiments
where energy resolution is of little importance, this does not pose a problem. But in
many cases, there are unoccupied states lying very close to each other (for example
image states) whose population dynamics are of interest. In this case, one needs a
good energy and time resolution.

On adding glass in the beam path, the pulses are stretched in the time domain.
This reduces the spectral bandwidth for which the temporal overlap holds and the
interaction of the three beams after the white light generation is limited to a narrower
bandwidth [148]. Subsequently, the phase-matching condition is valid for a longer
time in the BBO crystal giving a higher signal power, thus partially compensating
for the loss in total signal output power due to a narrower broadband.

We thus achieved a better energy resolution by using 8 mm ( 4x2mm) BK7 glass
plates in the white light continuum beam path. This is shown in Fig. 3.9 for NOPA
central wavelength of 625 nm, where the normalised spectral intensity as a function of
wavelength is shown for different amounts of glass. From the figure, a clear narrowing
of the bandwidth can be seen on adding glass. With no glass, the FWHM is 67 nm
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which decreases by 50% with 6 mm of glass, but the power also decreases 30%. On
adding another 6 mm of glass, the FWHM decreases to 20 nm (another 20%) and
the power drops further by 5%. The FROG measurements in Fig.3.10 compares
the two situations, before adding glass and after for the VIS NOPA output. We see
that the autocorrelation (determined from the y-axis) increases from 55 fs to 110 fs on
addition of glass, however, the beam is more symmetric implying that the bandwidth
dispersion is less. Though we lose ~35% power and ~50% time resolution, we do
gain in an improved spectral resolution by 70%. This makes it possible to perform
energy resolved measurements. We don’t get any side wings in the UV spectrum
(NOPA SHG) and get a spectral resolution of 50 nm.
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Figure 3.10: FROG image of 600 nm NOPA output with a) no additional glass and b) with 10 mm
of BK 7 glass in the signal beam path.

3.5.3 NOPA Time Resolution Optimisation

We reduce the amount of glass to 6 mm since a bandwidth of 35nm FWHM is
sufficient for our experiments. With the reduced the NOPA SHG (UV) bandwidth,
we have a moderate decrease of output power, however the drawback here is the
long pulse duration of >100fs. Hence, the NOPA should be further optimised. The
main parameter for the long pulses is the lateral chromatic dispersion (CD). Due
to NOPA’s non-collinear geometry, the amplified signal pulses have a large lateral
dispersion in the vertical axis. This results in a different time resolution at different
parts of the beam. To correct for the dispersion, we first measured it by focussing
the NOPA VIS beam on a spectrometer with a local focal length lens to a 5um
pinhole with the xy-translational stages. The positions of the stages were noted at
the maximum intensity of the NOPA VIS spectrum. The stages were then moved
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to the FWHM intensities of the maximum intensity and their position and central
wavelengths were noted. We were thus able to determine the spatial extent of the CD
in both the x and y directions. The same procedure was performed at the horizontal
focus (focussed in the horizontal plane) and the vertical focus (focussed vertically) of
the beam due to astigmatism, as shown in Fig.3.11. We observe that the horizontal
CD in and out of horizontal focus is almost negligible at 2.7x10~*°/nm. The vertical
CD out of vertical focusing also show almost no dispersion. However, at vertical
focussing, the dispersion is twice of this, of the order of 5.4x107*°/nm. This suggests
that the beam has less dispersion horizontally than vertically. Additionally, the CD
is more pronounced at the focus.
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Figure 3.11: a) Measuring the chromatic dispersion of a focused beam with the help of a spectrom-
eter, pinhole and a 3-directions delay stage at b) horizontal focus (dispersion in vertical axis) and
at ¢) vertical focussing (dispersion in horizontal axis). Figure courtesy Ping Zhou.

Another test for the dispersion was by the orientation of the SHG crystal. The
effect of lateral dispersion can sometimes be useful for the SHG generation, where
the phase-matching condition needs the different incident angles for the different
wavelengths. If the angular dispersion has the opposite sign as the phase-matching
condition, all the wavelengths will be phase-matched and you will get more SHG out-
put. For example in Fig. 3.12a) and b) we show the different crystal tilts with respect
to the wavefront of the beam, which is tilted downwards here. By simple geometry,
if the crystal face is parallel to the pulse wavefront (Fig. 3.12b)), the phase matching
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condition will hold for a longer distance* in the crystal giving a larger SHG output.
On the other hand, if the crystal face is away from the pulse wavefront (Fig. 3.12a)),
the beams will soon walk out of phase matching giving destructive interference and
a reduced SHG output. This was verified by comparing the maximum spectral in-
tensities of the UV beam, which were 1800 units for case a) and 2800 units for case
b), for the same FWHM of the beam.

Optimising Vertical Lateral Dispersion Another method to observe the lateral
dispersion is by using single shot FROG [149, 150] measurements. In the single shot
geometry, two beams cross each other and the time information is determined by the
beam profile [151]. The lateral dispersion would give a tilting of the pulse front in the
time domain [152] as different points of the beam will have different arrival times. We
compensated this by inserting a BK7 5° wedge prism before compressing the NOPA
fundamental output. For that part of the beam travelling through the thicker part of
the wedge, the pulses will have a larger dispersion (positive chirp) compared to those
travelling through the thinner part. Due to this differential dispersion imparted to
the beam, all the spectral components now arrive at the same time and same point,
giving a less dispersed beam at the sample (ideally).

After introducing the wedge, we observed no change in intensity on rotating the
crystal by 180° (Fig. 3.12c)), suggesting less CD in the focussed beam than before.
This also improves the pulse duration, which for 600 nm NOPA fundamental improves
from 92fs to 85fs. This can be seen from the FROG trace in Fig.3.13 where the
beam is more symmetric and less tilted (indicating chirp) on using the wedge.

4since the faster travelling blue and the slower travelling red will reach the crystal at the same

time
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Figure 3.13: FROG images of NOPA fundamental at 600nm a) without wedge and b) with 5°
wedge. The tilt of the beam clearly decreases on inserting the wedge.

Optimising Horizontal Lateral Dispersion The dispersion in the horizontal
axis can be compensated by using prism compressors which introduce a negative
chirp in the beam [153]. By correcting the lateral dispersion in both the passes of
the prism, we expect more or less transform limited pulses after the compressor.
This was seen for 640 nm VIS NOPA wavelength using the SF11 prism compressor
which was able to compress the pulse effectively upto 90fs (more BK7 glass in the
NOPA). However, on using less glass in the NOPA beam path (640nm), the NOPA
VIS was more dispersive and could not be properly compressed. We solved this
problem by using a different prism material, because prisms can compensate for the
high order group velocity dispersion and the extent of the compensation depends on
the material of the prism. SF11 and SF10 have a large group velocity dispersion and
are hence not able to compensate for the dispersion in the beam. BK7, which has
the least group velocity dispersion, could be used to optimise the pulse duration. In
Fig.3.14, we show the FROG image for the BK7 prism compressors. We can clearly
see that the BK7 prism compresses the beam more effectively and more uniformly.

Compression of the VIS pulse after SHG generation An additional problem
was that to optimise the SHG process, we observed that the VIS pulses at the BBO
crystal needed to be longer. Further, the CaF, window at the chamber, through
which the beams have to pass before hitting the sample, add additional chirp. While
the SHG pulse duration can be optimised with the help of prism compressors, the
VIS pulse is uncompensated. As a result, we needed to make a trade-off between the
SHG generation (UV power) and VIS pulse duration. This is a problem primarily for
tr-2PPE measurements, where we need the shortest pulse duration and reasonable
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Figure 3.14: FROG image of NOPA fundamental at 600 nm with BK7 fundamental compressor.

UV power. One could use an additional prism compressor in the VIS beam path after
the SHG generation or chirped mirrors. We chose to use the latter, as a 500 mm long
prism compressor was not practical.

We measured the optimum prism position for the SHG generation (maximum UV
only photoemission counts) and for the shortest pulse duration for the fundamen-
tal (VIS) NOPA. For the optimum VIS pulse duration, the second prism (P2) is at
24.8 mm and for the optimum SHG generation, P2 is at 23.15 mm, giving a difference
of 3.8 mm of prism between the two processes®. This means that the fundamental
pulses need a negative chirp after the SHG process. We therefore introduced two neg-
atively chirped mirrors and reflected the fundamental beam multiple times off them.
Due to its negative chirp, we gain a time resolution of 5fs. This can be increased
by increasing the number of reflections of the chirped mirrors, by either replacing all
the silver mirrors with chirped mirrors after the SHG crystal or increasing the reflec-
tions between a pair of chirped mirrors. However, working with chirped mirrors is
not straightforward since the mirrors have a wavelength dependent reflection profile,
which restricts the flexibility of the NOPA wavelength regime. One could however
use grating compressors or prism compressors at the risk of losing beam power.

Conclusion : By inserting a wedge and glass plates and by changing the prisms
and some of the mirrors by chirped mirrors, we were able to optimise the NOPA in
both the time and energy domain. By adjusting the amount of glass in the beam
path and changing the prism compressor (to accommodate the new pulse duration),
one can switch back and forth from NOPA-OPA output configurations.

5 Additionally, we found that 6 mm of BK7 glass plate corresponds to 0.36 mm of SF11 prism.
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Figure 3.15: A LEED image of clean Cu(111) taken with 236 eV ionization energy and cooled to
100 K. The six spots marked by circles correspond to the first Brillouin zone.

3.6 Sample Preparation and Characterisation

Before we investigate the electronic structure and dynamics of the molecular adsor-
bates on the Cu(111) single crystal, the metal substrate needs to be cleaned and the
molecular layers adsorbed on it in a UHV chamber. In the following subsections,
we will describe the sample preparation techniques and their characterisation. The
molecular films were calibrated and characterised by thermal desorption spectroscopy
which is explained in detail here.

3.6.1 Cu(111) Preparation

We use a polished, 0.5c¢m thick and 1cm diameter round Cu(111) crystal as our
metal substrate and it is cleaned by standard sputter-anneal cycles. While sputter-
ing bombards and scatters away impurities at the surface, annealing helps to repair
the consequently damaged surface. Each sputter cycle is performed with Ar™ ions for
10 min at 1 pA sputter current and 1.2kV energy. Succeeding annealing is performed
for 25-30 min at 650-750 K. Annealing for too long or at very high temperatures mo-
bilises impurities from the Cu bulk and contaminates the surface, hence a trade-off
needs to be made between the two control parameters. The surface quality can be
checked by measuring the workfunction with 2PPE spectroscopy, which for clean
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Cu(111) surface is found to be 4.9 +0.3 eV [58,60] and by aiming for a high intensity
and narrow linewidth of the surface state peak. LEED (low energy electron diffrac-
tion) can also be used to determine the surface quality and a LEED image of clean
Cu(111) surface is shown in Fig.3.15. The 2PPE spectrum of clean Cu(111) is not
shown here since it is discussed in §4.1. The LEED image shows a well resolved
diffraction pattern with six well resolved and sharp diffraction points (indicated with
red circles), indicating a well prepared surface. The six points correspond to the first
Brillouin zone and the six-fold symmetry of the hexagonally closed packed structure
of the Cu(111) lattice. The Cu(111) surface is prepared every time before adsorbing
fresh molecules.

3.6.2 Preparartion of the Adsorbate layers, Thermal Des-
orption Spectroscopy (TDS)

The adsorbed molecules, halobenzenes (BzX, X = F, Cl and Br) and D50, are cleaned
by freeze-pump-thaw cycles. The molecules are placed in individual test tubes which
are frozen by dipping them in a Dewar of liquid Ny till the molecules freeze. A pump
valve is opened to allow the desorbing gaseous impurities to be pumped away by the
cube pump. Once the molecules begin to thaw, the pump valve is closed and the
molecules are allowed to melt completely. They are then frozen again and the freeze-
pump-thaw cycle is repeated a number of times till there is no significant pressure rise
during the pump-thaw part of the cycle. The molecular layer is prepared by simply
adsorbing the clean molecules on the freshly cleaned Cu(111) substrate at 95+5 K
through a 50 um pinhole doser. The coverage depends on the dosing time and the
pressure in the gas reservoir. It is calibrated by performing a thermal desorption
spectroscopy (TDS) series discussed next. Julia Stéhler discusses the different ice
structures and their annealing condition in her PhD thesis [70]. On the basis of her
work, we annealed the amorphous ice surface at 148 K for 20 min which give us the
crystallite ice structure needed in §4.5.

Thermal Desorption Spectroscopy : In TDS, a distribution of the intensity of
thermally desorbed molecules as a function of sample temperature is obtained by
heating the sample at a constant heating rate (1 K/s) and detecting the desorbed
species with a quadrupole mass spectrometer (QMS). From the desorption curve, one
can gleam relevant adsorption information such as adsorption/desorption activation
energy and coverage. A short background on TDS is given in §2.2.

Before performing TDS, the characteristic charge-by-mass ratio m/z of the adsor-
bate needs to be determined. Accordingly, the cracking pattern of the halobenzenes
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Figure 3.16: Cracking pattern for CgHsF (in green), CqH5Cl (in red) and CgH5Br (in blue) with
characteristic peaks at m/z = 96, 112 and 156 respectively. Due to a significantly lower intensity
of 156 in CgHsBr, we used 77 as the identifying mass in the TDS measurements.

were recorded at a background pressure of ~ 10~® mbar, shown in Fig.3.16. Here
the QMS intensities are plotted as a function of m/z ratios. We see that the peak
QMS intensities at 96, 112 and 156 for BzF, BzCl and BzBr, respectively, which
corresponds to their molecular masses. Mass 77 and 51 correspond to CgHs" and
C,H;" ions, respectively and are fragments that are seen for all the halobenzenes.
For BzBr, the intensity at 77 is at least twice that at 156 and is therefore used for
the TDS series. For BzCl and BzF, signal at 112 and 96 are strong enough to be
used for TDS.

In Fig.3.17, we show the TDS series for BzX/Cu(111) where the corresponding
m/z intensity is plotted as a function of temperature 7. For all the halobenzenes,
we see two peaks, a high temperature peak (HT) at ~200K and a low temperature
peak (LT) at ~150K. In addition to the HT and LT peaks, we also see a peak
around 170 K for BzF and double peaks in multilayer coverages for BzCl and BzBr.
These desorption spectra, with the three peaks, are very similar to that of the well
studied benzene on Cu(111) [3,29,31,32] and BzCl adsorbed on Cu(111) [28] and
Ag(111) [28,33,103] which are discussed in§ 2.3.6. On the basis of these studies, we
analyse our TDS spectra and characterise the peaks. The onset of HT peak shifts
to lower temperatures with increasing coverage, while the peak position remains
the same, thus characterising first order kinetics and is assigned to a monolayer
coverage. We also observe that in the submonolayer coverages, as the coverage
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Figure 3.17: Thermal desorption spectroscopy of CgHsF, C4gH5Cl and CgHsBr adsorbed on Cu(111).
We see a high temperature peak (HT) and a low temperature peak (LT) for all the three haloben-
zenes. ML stand for a monolayer of the coverage defined as flat lying closed packing layer. Details
in text.

increases, the peak gets broader towards lower temperatures. This indicates strong
molecule-molecule interactions within the adsorbate layer [29]. The LT peak shows
zero order kinetics (overlapping leading edge and does not saturate) and can be
assigned to desorption from multilayer coverages.

From [117] we expect the BzX molecules to physisorb via their 7 electrons with
their benzene ring parallel to the metal substrate, which tilts up near completion of
a monolayer (ML), as discussed in §2.3.6. The additional peaks observed by us are
thus explained by a different adsorption geometry and the splitting of the LT peak
at higher coverages for the BzXs® is argued in comparison to benzene adsorption
on Cu(111) [3,29]. Benzene adsorbs in bilayers with the first layer flat and the
second standing up which is seen as the splitting of the LT peak towards lower
temperature, where the old peak corresponds to the second layer and the new peak
to the multilayers > 3. Thus the splitting of the multilayer observed by us hints
towards bilayer adsorption geometry, where the first two layers have distinct binding

6Since the splitting occurs between 3-4 ML, we see only an onset of this for BzCl because the
the highest coverage measured is 2.8 ML.
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Figure 3.18: Comparing the TDS spectra of the different halobenzenes in a multilayer configuration
and the monolayer configuration, the latter is in inset.

energies. According to this, the 3 ML in the TDS spectrum of BzBr and the 2.78 ML
peak in BzCl in Fig. 3.17, should actually correspond to 2 ML. This discrepancy arises
from our definition of a monolayer. We define a 1 ML coverage as the one just before
the 160 K peak appears, that is, a closed flat lying coverage and the other layers are
extrapolated linearly from this. However, the second layer which consists of tilted
or standing molecules have a larger molecular density than the first layer. This
implies that the actual 2 ML coverage is more than the calibrated 2 ML coverage and
explains for the mismatch. Since we work mostly with monolayer and submonolayer
coverages, we can use this calibration without any issues.

In Fig. 3.18, we compare the TDS spectra of the different BzX’s for multilayer
and monolayer (inset) coverages. We see that from BzF to BzBr the onset of desorp-
tion starts at a progressively higher temperature. The peak desorption temperature
(within £3 K error margin) for the 1st ML increases from 191K, 214K and 222K
and for the multilayer peak from 144 K, 160 K and 174 K for BzF, BzCl and BzBr,
respectively. This implies that the BzX binding to the Cu(111) substrate increases
in strength from BzF to BzBr. Since the halobenzenes bind through the benzene
ring m electrons and the halogen, the partial m electron charge over the benzene
ring increases from BzF to BzBr, i.e. -0.16e~, -0.27e~ and -0.26e~ [104], respec-
tively. Thus, the increasing binding strength from BzF to BzBr can be explained by
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a stronger 7 electron polarisation towards the metal surface for BzBr than BzF. We
can summarise from the TDS data that the binding of BzX is halogen dependent
and the binding strength increases down the periodic table, i.e., from BzF to BzCl
to BzBr.
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Figure 3.19: a) TDS series for D,O/Cu and the corresponding workfunction change with coverage
(inset). b) TDS spectra of CgHsF fromCgHsF/Cu(111) and CgHsF/D,0/Cu(111) systems and of
D50 from CgH;FD,0/Cu(111) system to show how both water and CgHsF desorption change when
they are coadsorbed. The amount (dosing time and pressure) of CgHsF dosed is the same with and
without coadsorbed water.

The TDS series of amorphous D,O/Cu(111) at mass 20 is shown in Fig. 3.19a)
where the intensity of the desorbed D5O molecules are shown as a function of desorp-
tion temperature. Like the LT peak in BzX/Cu(111), water desorption also shows
zero order kinetics. This makes it difficult to determine the coverage. However,
the coverage of D,O/Cu(111) has already been calibrated as a function of & by
using a Ru(001) substrate in the past by Cornelius Gahl in his Diploma and PhD
work [82,154]. Since the workfunction decreases with increasing coverage and sta-
bilises at 3.9 ¢V for 3 BL (bilayer), we calibrated our D;O/Cu(111) coverage by com-
paring our coverage dependent ® measurements (inset of Fig.3.19) with the past
DyO/Ru(001) data. For 4 BL of amorphous D2O/Cu(111), we dose water for 60s at
a water pressure of 0.1 mbar.

The TDS spectra of the different halobenzenes on ice are similar to each other and
therefore we discuss only the C¢HzF/Dy0O/Cu(111) case in detail here. Fig.3.19b)
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shows the TDS spectrum of 1 ML C¢HzF/Cu(111) and of C¢HzF/DyO/Cu(111) with
4BL of DyO. In both the cases (with and without coadsorbed water), the same
amount of BzF is dosed, which corresponds to 1ML on bare metal. The main
differences compared to the desorption from bare Cu(111) are:

1) BzF desorbs at a much lower temperature from the ice surface than the metal
surface, suggesting a weaker binding on the ice surface. Some of the possible
reasons for a weaker interaction are: different interaction mechanism compared
to on the metal substrate, screening of the molecules from the metal substrate
by the ice layer, and stacked island type growth of molecules on the amorphous
ice.

2) Additionally, a small D50 signal, less than 15% of the main DO signal, is seen
below its desorption temperature at 135K along with the BzF signal. This
leads us to believe that some DyO molecules desorb with the above lying BzF
molecules, possibly due to partial solvation of the smaller F halogen in ice.
This was also suggested in [27], where BzCl and water molecules form clusters
on the tungsten substrate.

3) The HT peak is seen at the same temperature on ice and on metal. This could
correspond to the desorption of BzX from the metal surface, which is possible
due to the thermally activated mix of D,O and BzX resulting in the adsorption
of some BzX on the metal [27].

4) Most BzX molecules desorb at 140 K and 160 K, where the later is the water
desorption temperature from Cu(111). This suggests that the above lying BzX
molecules are removed with the underlying water coverage, before they can be
thermally desorbed. Due to a significant loss of molecules in this way, the HT
peak has a smaller intensity on ice as compared to bare metal. Accordingly
the BzX coverage is calibrated on bare Cu(111) and is assumed to be
the same on ice.

We would like to point out that the adsorption of BzX on the amorphous ice
surface is not expected to form closed layers, since the ice surface itself is not an
equipotential surface due to its amorphous solid state.

In Fig. 3.20, we show the TDS spectra for 1 ML of BzX on D,O. We see that most
of the BzCl and BzBr molecules desorb with water, like BzF, but unlike BzF, we do
not see a pronounced peak at 140 K before the water desorption starts. This can be
explained on the basis of the size of the halogen atom and the effective charge on it.
Since F is smaller than Cl and Br is the largest amongst the three, F can more readily
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Figure 3.20: TDS spectra of 1 ML of the different halobenzenes adsorbed on water. Here only the
low temperature part of the spectrum is shown.

(partially) solvate in the amorphous ice compared to the other two. Additionally,
due to a larger electronegativity of the F atom, the partial charge on the F atom
(= -0.17e7) is more compared to that on Cl (= -0.08¢~) and Br (= -0.05e™) [104].
As a result, F atom can polarise the surrounding water molecules more efficiently
than Cl and Br, further enabling its solvation. Thus, the efficiency of solvation? is
expected to decrease from F—Cl—Br, with F solvation much more efficient than Cl
and Br (reflected by their partial charge). Therefore, since the solvation of Cl and
Br in ice is not as favourable as for F, we do not see a pronounced water signal from
the ‘solvation shell water molecules’ for them as we do for F. However, Cl and Br
can also bind stronger than F and thus desorb with water.

"Polarising of the surrounding water molecule depends on the charge on the halobenzenes and
not its polarization. The polarization gives the extent to which the BzX molecule will get polarized
and will be discussed in §4.1



Chapter 4

Photoinduced Electron Transfer
Dynamics in CgH:X/D,0/Cu(111)

Dissociative electron attachment (DEA) has been found to be enhanced on polar
surfaces. In the past, it has been suggested that the enhancement is because of
pre-solvated electrons arising due to polarisation of the solvent by the electron, as
discussed in §2.3.5. In order to verify this model, we performed two-photon pho-
toemission (2PPE) experiments which are discussed in this chapter. Accordingly,
we observe the rate of change in surface workfunction due to electron transfer from
the D,O/Cu(111) system to the halobenzene (BzX) C4H5X layer and determine the
corresponding reaction kinetics. We thus probe the ionised molecular state indirectly
and study the reaction efficiency. We show that it is the pre-existing electron trapping
sites in ice that play a major role in catalysing DEA. With the collaborative con-
tributions of theoretical calculations performed by Michel Bockstedte! and Philipp
Auburger 2 proposing a new mechanism, STM images taken by Karina Morgenstern
and Cord Betram* giving a time resolved real space image of the process, and with
our 2PPE measurements giving the reaction rates, we get a comprehensive picture
of the charge transfer dynamics at polar surfaces in the presence of halogenated
hydrocarbons.

The C¢HsX/Dy0/Cu(111) system was prepared by first adsorbing 4.0+0.5 BL
of D,O (amorphous ice) and then 1.0 + 0.3 ML of C¢HsX at 9545 K. We performed
monochromatic 2PPE spectroscopy with a photon energy of 3.79eV (unless other-

IUniversity of Salzburg, earlier Friedrich-Alexander University (FAU) Erlangen-Nuremberg
2Friedrich-Alexander University (FAU) Erlangen-Nuremberg

3Ruhr University of Bochum

4Ruhr University of Bochum
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wise stated) and recorded the change in surface workfunction, due to photoelectron
induced ionization/dissociation of BzX, as a function of time. The rate of workfunc-
tion change directly reflects the efficiency of the electron transfer process.

In order to understand the role of the trapping sites, we studied the dependence of
the reaction dynamics on the incident photon flux, photon energy and BzX coverage,
which are also discussed in detail below. We propose a simple chemical reaction
to describe the EA reaction and verify it by simulating the observed workfunction
change with photoexposure time.

We can consider the reaction to proceed under continuous photo-illumination
despite using a pulsed laser source. This is because the photoexcitation is an in-
stantaneous process and occurs only in the presence of the light, while the back

relaxation processes occur over minute time-scales. A detailed description can be
found in §4.2.2.

4.1 2PPE Spectral Changes upon Adsorption of
C¢HsX on D,0/Cu(111)

Adsorption of molecules on a surface changes the energetics of the system, for exam-
ple its workfunction, molecular energy levels and the image and surface states of the
substrate. Therefore, before looking into the dynamic changes of our system due to
photoexcitation, we first study the changes in the 2PPE spectrum on adsorption of
water and the halobenzenes on bare Cu(111). The main 2PPE spectral features and
their corresponding changes on adsorption are discussed below.

The one colour (hv = 3.78eV) 2PPE spectra of clean Cu(111), ice- D,O/Cu(111)
and CgH;X/D,0/Cu(111)5 are shown in Fig.4.1. The high energy cut-off in the
2PPE spectra corresponds to the Fermi edge Fr and is seen at 3.78 £ 0.01eV for
all the molecular systems. For clean Cu(111) surface, we see a peak at F — Ep =
3.36 £0.01 eV which corresponds to the occupied Shockley surface state with a bind-
ing energy of ~0.42¢eV. Its linewidth of 150+10 meV implies a uniform and adsorbate
free surface [61]. The peaks at lower energies at 1.52+0.01 eV and 1.984+0.01 eV cor-
responds to excitations from the bulk valence d-band with binding energy ~2.26 eV
and ~1.79 eV, respectively. Since it is a bulk feature, its spectroscopic signal can be
seen even after adsorption of water and BzX. The photon energy here is too small to
excite into Cu(111)’s image potential state. On adsorption of 4 BL of D,O on clean

°The spectra of C4HzX/D,0/Cu(111) appear to have a lower signal to noise ratio since they
were recorded for only 15s. This is because their workfunction increases with photoexposure, which
is discussed in section §4.2 onwards.
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Figure 4.1: 2PPE spectra of Cu(111), 4 BL D,0/Cu(111) and 1 ML C4H5X/D5,0/Cu(111) shown
on a log-scale. Cu(111) is shown by the black line, D,O/Cu(111) by the blue line, CgH5F by the
green line, CgH5Cl by the red line and CgHsBr by the dark blue line. Er and Eg. correspond to the
Fermi edge and the secondary edge, respectively. SS, e; and d-band refer to surface state, solvated
electron and copper d-band spectral features, respectively.

Cu(111), the low energy cut-off Fy. shifts to lower energies and hence, ¢ (from
Eq. 3.8) decreases from 4.9eV to 3.9eV. Upon subsequent adsorption of BzX, ® now
increases for all the three Xs. In the 2PPE spectrum of amorphous ice, we see a
peak at 2.97 & 0.05e¢V which corresponds to the solvated electron e in ice [5,92].
The broader continuum at higher energy corresponds to the conduction band of ice
§2.3.4. The solvated electron state is found at 3.07 & 0.05eV after adsorption of the
organic molecules.

The decrease in workfunction on water adsorption has been explained in §2.3.4,
where the internal dipole of the water bilayer suppresses the Cu(111) surface dipole.
On adsorption of BzX, the workfunction is found to increase which can be explained
by the polarisation of the organic layer by the underlying ice layer. Interestingly, the
magnitude of the workfunction change increases down the periodic table, that is, it
increases from BzF to BzBr by 0.10 4+ 0.05¢eV, 0.30 £+ 0.05eV and 0.33 & 0.05¢eV,
respectively. There are two reasons for this: Firstly, the dipole moment of BzBr =
1.7 + 0.03 Debye [105] and of BzCl = 1.69 4 0.03 Debye are similar to each other,
but larger than that of BzF = 1.6 & 0.08 Debye. Despite the larger partial charge
at BzF, due to the larger length of the C-X bond in Cl and Br, the dipole moment
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of the later is larger. Secondly, as we go down the periodic table, the halogen’s
electronegativity decreases and the C-X bond strength weakens. Therefore, BzF has
a lower polarisability of 9.98 A3 than that of BzCl and BzBr with polarisation of
12.19 A% and 13.09 A3, respectively [104]. Hence, on adsorption BzF is polarised less
than BzBr and the consequent change in the surface dipole of the system is less
for BzF than for BzBr. Thus, a smaller workfunction change is seen as we go from
BzBr—BzCl—BzF.

To conclude: on adsorption of water on the Cu(111) surface, the workfunction
of the system decreases §2.3.6 [85]. On further adsorption of the halobenzenes, the
workfunction increases, more for BzBr than BzF.

4.2 Photoinduced Workfunction Change

We now discuss the evolution of workfunction with photoexposure time and the
corresponding chemical kinetics. An energy level diagram describing the photoexci-
tation process is shown in Fig. 4.2. The mechanism and transfer dynamics of electron
solvation in amorphous D20 ice on Cu(111) has been analysed extensively in fem-
tosecond time-resolved 2PPE [5]. We thus know that on photo-exposure, a metallic
electron is photo-excited into the ice conduction band (CB), where they are called
excess electrons and are attracted to preferential trapping sites. This is shown as
step 1 in the energy level diagram. At the trapping sites, the pre-solvated electrons
polarise the water molecule around them, getting localised and solvated, step 2, all
the time relaxing back to the metal substrate. Now, on adsorption of halobenzenes,
the delocalised photoexcited electrons can attach to the halobenzenes due to wave-
function overlap between the metal and the organic molecules, corresponding to step
3 in Fig.4.2. These two scenarios, localised electron solvation and delocalised elec-
tron attachment (EA) to the molecules, are also shown schematically in Fig. 1.1. We
are interested in the later where the delocalised excess electrons can ionise (green
dashed line CgH5X ") or dissociate (black solid line C¢gHs + X) the organic molecules,
depending on their energy and the position of the molecular LUMO level.

The formation of the ionised and dissociated species on the surface will result in
an accumulation of negative charge. The system can be treated as a parallel plate
capacitor with the water layer as the dielectric medium between the metal surface and
the negatively charged molecular layer. On ionization, the charging of the molecular
layer gives rise to an additional dipole moment pionie Which points in the direction
of the original surface dipole p, as illustrated in Fig.4.3. Thus, the dipole moment
after photoexposure p’ = p'+ Pionize 1S enhanced and by the simple dielectric model
§ 2.3.2 the workfunction increases on photoexcitation. Since the kinetic energy of the
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Figure 4.2: Energy level diagram showing 2PPE experiment on 1 ML CgH5X adsorbed on 4 BL D,O
covered Cu(111). The arrows show the occurring processes and are explained in the text. Eg is the
energy required to reach the canonical intersection Ic. The green curve represents the ionization
potential energy curve of the halobenzenes.

photoemitted electron depends upon the workfunction cut-off of the sample and the
workfunction of the system changes due to ionization of the organic layer, we exploit
this workfunction sensitivity in the following. By performing 2PPE spectroscopy, the
first electron causes a change in the workfunction, which is measured by the second
photon.

Hence, to study the excess electron induced surface changes as a function of
photoexposure time, the 2PPE spectrum was recorded every few minutes with unin-
terrupted photoexposure. Fig.4.4a) shows the lower Ey, part of the 2PPE spectra
recorded at different photoexposure times, as an example. We see a shift in Fy.
to higher kinetic energies with increasing photoexposure time, implying an increas-
ing workfunction (Eq.3.8) with photon dose. The photon dose is calculated as the
product of the incident photon flux and the photoexposure time.

Other than ionization/dissociation of the halobenzene, there could be various
causes for the increase in workfunction. Like: photodissociation of the amorphous
ice, sample ageing, surface diffusion of the organic molecule, change in their ori-
entation (example, tilting of the molecular film) or space-charge effects. To check
for photodissociation of the ice layer, a similar experiment was performed on bare
D,0/Cu(111), but, here no change in workfunction was observed (Fig. 4.4b)). We can
thus exclude changes in the water surface as the source of increasing ®. We work in a
regime of low photoemitted electron count and can exclude space-charge effect from



86 CHAPTER 4. e~ TRANSFER DYNAMICS IN C4H;X/D,0/Cu(111)

3' = 3+ 5i>onize
CgHsX

e 6
—. DO
p
Cu

Figure 4.3: Schematic sketch showing the enhancement of the surface dipole when the surface is
negatively charged. The left side shows the surface dipole p of the neutral system before photo-
illumination. The right side shows the origin of a new dipole moment pionize because of ionization
and charging of the organic layer. This results in an enhancement of the surface dipole according
to ﬁ = ﬁ"‘ ﬁ'ioniz@

causing an artificial shift in F.. and artificial workfunction changes. Further, the in-
creasing negative dipole at the surface is not a consequence of sample ageing, since the
same workfunction is recorded on different parts of the sample at different times after
sample preparation. Thus, since there is no change in workfunction without an initial
exposure to light, the increase in @ is indeed a photo-driven process. Therefore, the
possible causes for the increasing workfunction are DEA, photon dissociation, surface
diffusion, and orientation changes. Unfortunately, it is difficult to directly disentan-
gle these processes from each other experimentally, especially with our technique.
However, we get hints throughout this chapter which suggest that surface diffusion
and orientation changes are unlikely, based on the rate of change in workfunction of
the BzX series. Low temperature STM measurements by Betram and Morgenstern
(see Appendix C) further suggest that the change in workfunction is due to pho-
toinduced dissociation. They observed structural changes on photo-illumination of
submonolayer C¢HzBr/D,0/Cu(111) and CgH5Cl/DyO/Cu(111), where the haloben-
zenes molecules were found to be more strongly bound to the ice layer after photoex-
posure. Thus, implying chemical changes due to photoexposure and hinting at their
dissociation.

To better show the changes in workfunction, the evolution of ® with photoexpo-
sure time is plotted for all the three BzX’s in Fig.4.4b), where the time dependent
workfunction is plotted on the y-axis and the corresponding photo-illumination time
on the x-axis. We see that the workfunction of BzF saturates at longer time scales
compared to BzCl and BzBr, while the later reach saturation in similar time scales to
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Figure 4.4: Increase in workfunction of C¢gH;X/D,0/Cu(111) with photoexposure time, measured
with 3.79eV photon energy. a) Fg edge of the 2PPE spectrum which shifts to higher energies
on photo-exposure, implying an increase in workfunction. The measurement was performed with a
photon flux of ~6000 photons/s/molecule. b) Evolution of workfunction ® with photo-illumination
time and hence photon dose. Photon flux used here was ~3000 photons/s/molecule.

each other. The amplitude of workfunction change |A®| is a product of the number
of ionised/dissociated molecules (Eq. 4.8) and the individual workfunction contribu-
tion. That is, for the same |A®|, we can have a contribution from more molecules n
with lesser individual |A®;| or with fewer molecules m with larger |[A®,| as expressed
below:

|AD| = n|A®;| = m|AD;|,n > m and |AD;| < |AD,] (4.1)

Therefore, we do not discuss the changes in the amplitude of the workfunction,
but focus our analyses on the rate of change in workfunction, A¢. Here A® is
defined as: AP = ¢(t) — P(15s), where ®(155) is the workfunction of the first 2PPE
spectrum recorded for 15s and is taken as the reference spectrum. To discuss Ag of
the curves in Fig.4.4b), we plot it on a log-scale as shown in Fig.4.5. The curves
are first normalised, at maximum A® (see Fig.4.5 a)), that is to Ad,,,, and then
subtracted by 1. Please note that due to normalisation, information on |A®| is lost,
allowing us to qualitatively discuss Ag.
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Figure 4.5: a) Change in workfunction as a function of photoexposure for two examples to show
that A® is normalised to maximum workfunction change A®,,.«. The data is normalised, sub-
tracted by 1 and then plotted in b) on a logarithmic scale vs photoexposure time for all three
CgHsX/D,0/Cu(111) systems. The rate of change in A® is fitted with a multi exponential func-
tion, giving a large rate Apfast, a small rate Apgiow. ¢) Linear dependence of Aggiow on the halogen’s
electronegativity [104].

For all the three halogens, we observe linear curves suggesting that Ag is expo-
nential. In fact, the curves show two slopes implying that the workfunction changes
with two time constants giving a large rate constant Agps and a small rate con-
stant Aggiow. The first slope contains contribution from Agf.s; and Aggow, the former
saturates in the first few minutes, giving us the second slope which is nothing but
Aaslow- We don’t have a clear explanation for the origin Agf.s;, however, due to its fast
saturation and large rate, we speculate it to be photoelectron annealing of defects.
Aaslow Shows a clear dependence on the halogen and increases from BzF to BzBr.
We can extract these rates by fitting the data (solid lines) in Fig. 4.5b) with a multi
exponential function:

AD(t) = |, expf/\qmow-t +| P, | expfkmsft — |y expﬂ\@slowtc-t (4.2)

where, |®q], |®3] and |P3| are prefactors and Aggiowte 18 the rate of a decreas-
ing workfunction contribution better resolved at higher fluences and identified in
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§4.3, where we discuss high fluence measurements. At low photon flux (23000 pho-
tons/s/molecule), Agsiow for BzBr reduces by only 20% for BzCl, but as much as
70% for BzF, that is, as we go down the periodic table, A\g increases. We explain
this trend by the halogen’s electronegativity and hence the C-X bond strength. We
thus plot the measured Aggow as a function of the halogen’s electronegativity [104] in
the benzene ring, shown in Fig.4.5c). Here, one can clearly see a linear dependence
(solid line) of the reaction rate constant on the electronegativity, where with increas-
ing electronegativity A¢ decreases. This is because, the more electronegative halogen
has a stronger C-X bond which is more difficult to ionise (and break) and hence a
less efficient electron transfer process is expected. This in turn would result in a
slower change in workfunction. Thus, the dependence of \ggow On the halo-
gen’s electronegativity suggests that \ggow corresponds to photoinduced
ionization (and dissociation) of the C-X bond. This is really interesting, since
similar trends have also been seen in the gas-phase, for example, electron capture
cross section increases down the periodic table [23,24]. Despite the highly polar and
reactive ice surface, the gas-phase trend holds even in the condensed state. The
change in workfunction directly reflects the rate of ionization and dissociation of the
organic molecules, giving a direct signal from the transient ionic state. It means that
with 2PPE spectroscopy, we can excite an electron into a molecular state and at the
same time probe the transient ion state via workfunction dynamics. For example,
the energy alignment of the ionic state with respect to the metal’s Fermi level can
be determined by step-wise decreasing the incident photon energy, till no change in
workfunction is observed. This is very exciting, as we now have the means to study
these ionic states, whose observation with 2PPE has been debated in the past.

The above observations also hint that orientation changes or molecular diffusion
can be excluded as the main contributors to the workfunction change. This is because
if the workfunction change was associated with any sort of transport phenomenon
the rates would depend on molecular mass and size. For the bigger and heavier BzBr,
one would expect a slower rate than that of the smaller and lighter BzF (almost 50%
of BzBr), but we observe the opposite. This suggests that the mechanism involved
in workfunction change is primarily independent of the molecular mass and size, and
thus we can neglect diffusion.

The role of e~ traps

We have established that we see a direct signal of the ionization and dissociation of
the organic molecules due to photoinduced excitations. We would now like to discuss
the possible mechanisms responsible for ionization and show that e~ traps play an
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important role. We will therefore compare our observations with the theoretical
calculations of the ionization and dissociation energy levels.

The substituted benzene molecules can ionise into C6H5X*7 via excitation into the
metastable 7* state [112,113]. From here, the molecule can either relax back to the
ground state [25] or dissociate into the phenyl radical CgHys and the halogen anion X~
by entering the dissociative ¢* state via a canonical intersection, explained in detail
in section §2.3.5. The ionization and the subsequent dissociation can happen via
electron attachment (EA) [11,23,24] or via resonant molecular excitation by direct
photon absorption in the molecule [26,108,110].

Betram and Morgenstern found through STM measurements (Appendix C) that
the BzX molecules preferentially adsorb at the defect sites in the crystalline ice sur-
face. Further, Bockstedte and Auburger calculated the peak dissociation energy for
the molecules in the framework of DFT and many body perturbation theory. A
detailed description of their approach and the calculated values can be found in
Appendix C. They performed calculations for both the DEA and resonant photoex-
citation mechanisms for ionization/dissociation. They investigated three scenarios
for the BzX molecules: 1) in the gas phase, 2) adsorbed on pristine (defect free)
crystalline ice I;, and 3) adsorbed at trapping sites on Iy, ice (like defects, dangling
H-bonds and vacancies). The peak cross section energy for EA and the lowest photon
energy needed for resonant photoexcitation were calculated with respect to the ice
conduction band and are shown for all BzXs in Table4.1 (also see Fig.4.6, which
will be discussed soon). To compare, experimentally found electron energies for EA
at peak cross section and the lowest photon energies for photoexcitation in the gas
phase, are also given in Table4.1. They found that on adsorption, the 7* states are
ionised by the ice conduction band and are lowered in energy. At electron trapping
sites (like defects and dangling H-bonds) too there is a decrease in the ionization
potential of the molecules but it is significantly more by > x10, as can be seen
from Table4.1(last two columns). Additionally, the adsorption probability increases
at these trapping sites. These observations were also reported by D. Clary and L.
Wang in [155], where they see an increased adsorption and ionization of HCI due
to defect sites in ice. Along with the ionization potential, the dissociative energy
barrier Ep (see Fig.2.13) is also pulled down in energy. They also found that the
first antibonding triplet state for BzF is actually not dissociative. Thus, for BzF the
dissociation barrier is too high and low energy electron attachment to the 7* system
leads to only ionization of the molecules.

In Table4.1, we see that the experimentally found and theoretically calculated
photon energies for photodissociation are similar to each other, except for BzF, where
the experimental value is larger than the calculated one. For BzF, the theoretically
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Table 4.1: Experimentally measured dissociation energies for C4gHsX in the gas-phase and theoret-
ically calculated ionization energies Ega (leading to dissociation) for CgH5X in both gas phase and
condensed phase (on crystalline ice).

Photodissociation (eV) Ega at peak cross section (eV)
CeHsX Exp. Theory Exp. (DEA) Theory (EA)
gas gas | ice gas gas | ice | traps
F 6.42 [108] 4.99 | 4.92 - 1.06 | 0.81 | 0.22
Cl 4.66 [109,110] | 4.92 | 4.89 || 0.7 [23]-0.06 [24] | 0.95 | 0.66 | 0.08
Br 4.66 [111] 4.92 | 4.92 | 0.3 [23]-0.5 [24] | 0.89 | 0.59 | 0.05
I 4.46 [156] 4.85 | - ~0 [23] 0.78

determined value for photodissociation is determined for excitation to the first o*
LUMO level, which is non-dissociative. Thus, the experimentally determined value is
larger than the calculated value. The calculated values for gas phase and condensed
phase are almost the same at 4.92eV within a window of 70 meV. Experimentally,
the lowest energy for dissociation amongst all the three halobenzenes is 4.6 eV for
BzBr. We can thus safely assume that the maximum photon energy of 3.8 eV used in
our experiments is too low in energy to directly excite and ionise the BzX molecules.
With the CB minima of ice at £ — Er = 3.05 &£ 0.05eV and the photon energy
of 3.79eV, we have access to excess electrons with energy < 750 meV, sufficient for
electron attachment in BzX on the pristine ice surface and at trapping sites. This
is schematically shown in Fig. 4.6 where the EA threshold energies (pristine ice and
at electron traps) are compared to the excess electron energy in the ice CB. We see
that the ionization threshold energy in the BzF case is at a limit of excess electron
energy, but BzBr and BzCl can very clearly be ionised, at pristine ice surfaces.
At the traps, the EA energy is much below the excess electron energy for all the
halogens. Please note that in the figure, the EA energy at the traps has been offset
by +500meV so that it can be shown along with the pristine surface values. We
can thus conclude that on photoexposure, the workfunction increases due
to ionization of CgH;X via electron attachment of excess electrons in the
ice film.

In contrast, despite many experimental efforts, DEA in gas phase BzF has not
yet been detected [41]. Theoretical modelling found the lowest ¢* state to be non-
dissociative [157]. Therefore, we do not expect dissociation for BzF, but only ioniza-
tion. Additionally, calculations predict 800 meV EA barrier on ice which is at a limit
of the excess electron energy of < 750 meV, thus limiting EA process on pristine ice
and its contribution to Aggow. Nonetheless, calculations show that at trapping sites,
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Figure 4.6: Schematic sketch of calculated threshold ionization energies at pristine ice surface and
on low energy electron traps for the different CgH5X in comparison with the excess electron energy
with respect to ice conduction band. The electron attachment energy at traps has been offset by
+500meV so that the trend at both the traps and on pristine ice surface can be seen in comparison.

the EA threshold energy for BzF drops significantly and can be as low as 220 meV,
providing an energetically possible EA channel. Thus, for BzF the ionization is me-
diated via the trapping sites. This further supports our theory that the trapping
sites play the central role in EA. Theory also predicts that the halogenated benzene
molecules preferably adsorb at trapping sites, further enhancing their role in the EA
process. In this context, \gps is assigned to ‘annealing’, that is, ionization of BzX
at very low energy traps (no EA threshold barrier defect sites) by photoelectrons in
the ice CB.

Comparing BzF, BzCl and BzBr in Table4.1, the EA threshold energies at traps
decrease from BzF to BzBr, lowering the threshold energy by 78% for BzBr compared
to BzF and 64% for BzCl compared to BzF. Since lower energy electrons can now
participate in the EA process, the ionization rate increases (see Eq.4.8) and a larger
Mg is expected. That is, we see that the reaction rate constant trend in Fig. 4.5¢)
follows the electron attachment threshold energy sequence in Fig.4.6, where with
lower threshold energy, there is larger gain and hence a larger reaction rate. In
addition to this, EA is possible on pristine ice surface for BzCl and BzBr, further
increasing the reaction sites and enhancing A\g. This explains why a smaller A\ is
observed for BzF compared to BzCl, and is largest for BzBr.

To summarise, BzX in C¢gH;X/D,0/Cu(111) is ionised or dissociated
via EA by excess electron which are photoexcited into the ice CB where
the trapping sites play a central role. The overall reaction rate depends
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on the halogen’s electronegativity and increases from BzF to BzBr. Fur-
thermore, we directly observe the transient ion state, excited by photo-
electrons, as a change in workfunction.

4.2.1 Reaction Dynamics in the Absence of Light
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Figure 4.7: The workfunction recovers by A®g(t) when the laser exposure Aty is blocked for a
certain time Atqa,x. This is shown schematically by a) dark-time and b) light-time experimental
representation. In dark-time experiment Atjign= 20 min is kept constant and Atgak is varied. In
light-time experiment, Atqa= 10min is kept constant andAty;gy is varied. ¢) Shows the measured
Adg(t) for dark-time measurements, normalised to AP measured just before blocking the laser. d)
Shows the observed A®g(¢) for light-time measurements, normalised to A®g(10). Each data point
corresponds to a new experiment on a fresh spot.

In order to better understand EA reaction mechanism, we further investigated if
the ionization/dissociation reactions are reversible or not. If a back reaction channel
was active, it would take place even in the absence of light, while the ionization
channel would proceed only in the presence of light. We thus performed ‘dark time’
and ‘light time’ measurements, shown in Fig.4.7, where we see the role of light
exposure and light blocking on workfunction recovery, by measuring a change in
workfunction after blocking the laser light.
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The dark time experiment is sketched in Fig. 4.7a), where we show how the work-
function would change as a function of blocking the light. Here, the light is exposed
for a fixed photoexposure time of 20 min resulting in an increase in workfunction
A®. The curve in the light off part of the figure represents the recovery of the work-
function in the absence of light. Blocking the light for some (variable) time Afqa
and then taking a 2PPE spectrum (highlighted points), allows us to measure the
recovered workfunction curve. If measurements for enough Atq. values are taken,
then we can determine the recovery rate. The light time experiment was performed
in a similar manner, but here the photoexposure time Atygp is varied, the light off
time is fixed to 10 min, and we measure the recovered workfunction (black curve) for
different exposure time (red curve). We show the expected change in workfunction
in Fig.4.7b). Here we check if for different light exposure time, the amount of work-
function recovered on blocking the light is the same or not. In both the experiments,
each ‘dark time’ and ‘light time’ data point after blocking the light is a new and
identical experiment on a fresh spot, but with different Aty and Atjgne, respec-
tively. In these experiments, we analyse the recovered workfunction A®g(t) which
is the change in workfunction after blocking the light, that is:

Ady(t) = Ad(light) — Ad(dark)

where, Ad(light) is the change in workfunction just before blocking the light and
A®d(dark) is the change just after unblocking the light.

The percentage of the recovered workfunction, Ad®g(t)/A® (%), is presented in
Fig.4.7¢c) as a function of Atgay. For all the three molecules, the amount of recovery
increases with increasing light blocking time, as expected from Fig.4.7a) and thus
suggesting that there is an active back relaxation process, for example relaxation of
the ionised species to the neutral state. A recovery in workfunction is also possible
if the workfunction contribution of the dissociated species is less than that of the
ionised species. Since, the amount of recovery depends upon the concentration of
the ionised species, we fitted it with an exponential function and found the same
recovery rate of 0.03 & 0.01 /min for all three, suggesting Aielax + Adissoc 18 similar.
Comparing the percentage of recovery in ~ 100 min, BzBr was found to recover the
most at 56 &+ 3%, followed by BzCl at 47 4= 4% and least for BzF at 36 4+ 2%.

In the light time measurement, Fig.4.7d) we show the percentage of A®g(t)
to the recovered workfunction after 10min of darkness (A®g(10)). Here we have
to normalise since A®(light) is governed by light exposure. One can clearly see
in the figure that the percentage of recovery decreases with longer photexposure
times. That is, with increased exposure, fewer molecules are able to relax back. This
suggests a stabilising process which limits the recovery.
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With the ‘dark’ time and ‘light’ time experiments we found that the ionised
species relax back to the neutral molecule and there is a stabilising forward process.
On the one hand, the back reaction channel results in a loss of negative charge at the
surface, which gives a decrease in workfunction. On the other hand, the dissociation
channel would limit the back reaction, reducing the recovery of workfunction. The
amount of recovery thus depends on how long the light is blocked (light off) and on
how long the sample is photoexposed for (light on) before blocking it.

Surface diffusion of the intermediate and/or the dissociated species could also re-
sult in the decrease of workfunction. Again, the recovery rate is one for all BzXs, but
due to larger mass and bigger size of BzBr molecule compared to the BzF molecule,
the surface diffusion of C6H5X*7 and X~ should decrease from Br to F. One could
argue that the radical benzene ring diffuses and causes this effect, but as mentioned
before, due to the highly polar ice surface, both the dissociated species are expected
to be stabilised quickly. Hence, diffusion is possible, but unlikely, corroborating our
earlier statement.

4.2.2 Reaction Rate Constants

We can now write a simple chemical reaction to describe the photoelectron induced
process as:

- )‘ion *_ )‘dissoc . —
CeHsX —— C4gH;X ———— C4H X 4.3
6775 te Arelax 6775 X:CI,BI" 6+o + ( )

where, Aion, Arelax and Agissoc are the rate constants for the ionization, relaxation
and dissociation reactions, respectively. We will discuss these rates and their rela-
tion to Ag here. This form of chemical reaction is a commonly occurring reaction
mechanism, where the reactants form the final products through an intermediate
species, while both the final and intermediate reaction products can relax back. Here
the organic molecule captures an electron to form the ionised halobenzene CGH5X*7
(crossing the EA energy barrier), which can either relax back to the neutral molecule
or dissociate into the halogen radical CgHs and the haloanion X (via intersystem
crossing). A recombination of the dissociated species is also possible, but because
this is a final product, Agissoc 18 simply the sum of the dissociation rate and recombi-
nation rate. Besides, due to the highly polar ice surface, the dissociated species will
be ‘stabilised” quickly and a recombination is unlikely. For BzF Agssoc 1S zero since
its dissociation energy is too high. In this simplified chemical equation, we neglect
secondary reactions between the ionised species, the dissociated species and other
molecular species on the surface.
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So far we have introduced two sets of rate constants: Ajon relax,dissoc and Ag. The
different \’s in Eq.4.3 are associated with the reaction at a molecular level and
hence we call them the microscopic rate constants. They are the direct rates of
the chemical reaction. The Ag’s give the rate of change in workfunction of the
whole system and hence gives the macroscopic build-up of the negative charge at
the surface. With 2PPE spectroscopy we cannot directly measure the individual
microscopic rates since we are sensitive only to the macroscopic build-up of the
workfunction, A\e. Since Ag is a function of the microscopic rates, we try to extract
them by modelling the dissociation curves according to the above Eq. 4.3 and discuss
it in §4.6. The microscopic and macroscopic rates are discussed in more details in
the following.

Microscopic Rates- Differential Rate Law In order to discuss the microscopic
>‘ion *_
rates, let us first look at the first part of Eq.4.3: CgHsX + ¢ =——— C¢H;X .

)‘rclax
Here the concentration of CGHE,X** can either depend on the concentration of only

CeHsX (first order) or on the concentrations of both C¢gH;X and e~ (second order).
This dependence has to be determined experimentally. From the fluence dependent
measurements (§4.3) of BzF, we find that the ionization process is a second order
process depending on the concentration of C4gH5X and e™. Since the dissociation
process depends on the concentration of the ionised species, we expect it to be a
first order process. We can thus write the differential rate equations for all the three
species as:

d[CeH;X]/dt = dN,/dt = —[CeHsX]Neion + [CoHsX | Aretax
d[C6H5X*7]/dt = [C6H5X]Ne)\ion - [C6H5X*7](/\relax + Adissoc) (44)
d[CeH;X]/dt = d[X])/dt = [CeHsX | Adissoc

where, N, is the density of electrons per molecule, [C4H;5X], [C6H5X*f], [CeHs5]
and [X'] are the concentrations of CgH;X, CeH:X"", CeHs and X, respectively.

The concentration of C¢gHsX and N, are depleted due to the forward ionization
reaction at a rate of \i,,, while at the same time, they increases due to the relaxation
of the ionised species C6H5X*7. [C6H5X*7] changes in exactly the opposite manner,
but has an additional depletion rate of Aa channel to the dissociated species.
Lastly, the concentration of the dissociated species is always increasing with a rate of
Adissoc- Since the dissociation process only depends on the concentration of the ionised
species, we expect it to be a first order process, linearly depending on [C6H5X*f]. As
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mentioned earlier, \gissoc is the sum of the forward dissociation rate and the relaxation
of the dissociated species, where the forward rate has to be larger than the backward
rate. From these equations one can see that the rate of any of the reaction paths
strongly depends on the concentration of each other. A simple implication of this is
that on doubling the concentration of the CgH5X, the rate of formation of C6H5X*7
would not simply double, but change by a factor depending on all the rates and
concentrations in Eq.4.4.

The microscopic rate constants Aion relax dissoc Can be described by the transition
state theory §2.1.3 as follows:

Eion,relax,dissoc

)\ion,relax,dissoc - Aion,relax,dissoc €Xp BT (45)

where, kp is the Boltzmann constant, Eiop relax dissoc are the threshold energies for
ionization, relaxation and dissociation processes and T is the reaction temperature.
All these terms are seen in the exponent and give the probability of the reaction.
Aion relax,dissoc 15 the attempt frequency for the different reactions and includes all
the partition functions for the internal degrees of freedom of the reactants and the
steric requirements. From this equation we see that on decreasing Ejiop relax dissocs
the reaction probability increases and hence the reaction rate constant will in turn
increase. This explains why for BzBr, which has a lower ionization threshold, the
reaction rate is faster than BzCl, with a comparatively larger Ej,, and can also be
seen by comparing Fig.4.5¢) and Fig. 4.6, where the decreasing EA threshold energy
gives a faster reaction rate constant. In fact on changing Fiop relax dissoc, DOt only the
reaction constant changes, but also the N,, as is discussed below.

Another important parameter is the electron density per molecule NV, in ice, since
the concentration of the ionised species depend on it. In the ice conduction band
the electrons have a distribution of energy due to a finite bandwidth of the pulse, a
continuous density of states in the metal below the Fermi level and preferential wave
function overlap with the conduction band (example trapping sites). We can thus
write:

hv—CB
N, = kN = / N.(E)dE (4.6)

Eion

where, Ny, is determined by the photon flux per molecule and x gives the quantum
efficiency of photoexcitation process, that is, the fraction of incident photons that
successfully excite the available excess electrons in ice. The lower limit of Fj,, ensures
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that only electrons with energies more than the ionization threshold are taken into
account. The upper limit is given by the maximum energy of the excess electrons in
the conduction band, which is given by hrv — CB, where CB is the conduction band
minimum = 3.05 £ 0.05eV. Thus the excess electron density per molecule is also a
function of energy, N.(E). To be vigorous, N, is also a function of femtosecond (fs)
time as the excess electrons are continuously relaxing back to the Cu(111) substrate.
But because we assume that EA takes place instantaneously on electron excitation,
we can ignore this loss. For BzBr, where the EA threshold energy is lower than that
BzCl, the acceptable energy bandwidth of N, will be larger for the same flux and
hence a faster reaction rate is expected for BzBr than BzCl.

To sum it up : A, is found to be a second order process depending on the con-
centrations of the neutral organic molecule and the photon flux. Agissoc i expected to
depend only on the concentrations of the ionised species. From the differential rate
equations (Eq.4.4), rate constant formalism (Eq.4.5) and the energy dependence of
N, (Eq.4.6), on decreasing the concentration of the reactants (example BzX cov-
erage), photon energy, photon flux, or by increasing the EA threshold energy, the
reaction rate will increase. We also see that the reaction rate is extremely sensitive
to the ionization threshold energy.

Macroscopic rates (Photostationary state)- Integrated rate law To study
the change in concentration as a function of the reaction time, we use the integrated
rate law which can be obtained by solving the differential rate equations in Eq. 4.4.
However, these equations need to be solved simultaneously and since they are in-
terdependent, they give a very complicated solution. As an example, we solve for
CﬁHg,X*f in Eq. 4.4, assuming no back reaction and no dissociation channel and show
it below in Eq.4.7:

% N,
- = — ) — - —([CeHsX]—Ne) At
[CﬁH5X } (t) Ne ([C6H5X] Ne) [CBH5X] exp (47)

Where, concentrations [CgH;X] and N, are the initial concentrations at t= 0 and
it is assumed that N, changes with the same rate constant as [CgH5X].

Now, going on to the slightly more complicated case of BzF where we have the
back reaction, but no dissociation process. The equation is similar to Eq.4.7, but
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with the additional back relaxation rate constants and is given by:

[CGH5X*7] (t) = prefactors(1 — exp~ HICeHsX]=Ne)Xion+Arerax
Ap = ([CeHsX] — No)Aion + Arelax

If, [CgHsX] >> N,,it can be simplified to
Ao = [CeHsX]Nion + Arclax

(4.8)

In the above equations, there is an exponential term depending on the difference
of the initial BzX and the excess electron concentration in Eq.4.7. However, we
work in a regime where [CgH5X] > 1000 x N,, which means changing N, by an
order of 10 will not change the exponential term much and this term can be ignored.
The prefactors are a function of the rate constants and initial concentrations. We
can relate the macroscopic rate constant Ag to the microscopic Aion relax,dissoc: A
gives the rate of change in workfunction of the whole system. For BzF, there is
only one negative species due to the ionization channel and therefore the change
in workfunction would correspond to the build-up of only C6H5F*7. This is given
by the integrated rate law in Eq.4.8 and hence \¢ = [CeHsX]Nion + Arelax, Where
[CeH5X] >> N..

The integral rate equation for BzBr and BzCl are very complicated due to the
additional dissociation channel. We therefore try to explain it phenomenologically
using the concept of a photostationary state, discussed as follows: Since we observe
a time dependent workfunction change, it suggests that there is a build-up of the
excited state, which is possible only if the ionised state is long living. This means that
before the intermediate state completely relaxes back to the initial state, the next
laser pulse arrives, exciting the system again and giving additional excited states, as
shown in Fig.4.8.

As a result, with each new laser pulse we get a build-up of the excited states.
Such a state is called a photostationary state [70,82] and the A® we observe is a
macroscopic effect of the build-up of the photostationary state. Ag hence gives the
time evolution of the photostationary state. In fact, since the adsorbed molecules are
excited only in the presence of light and continue to relax back slowly in its absence,
we can treat the system as if it were under continuous illumination and the integrated
rate laws can directly describe our observations and give Ag. Since we can solve it
for BzF, we see that \¢ simply is the sum of the forward and back reactions. In the
case of BzCl and BzBr, things get more complicated due to the dissociation process.
Here the reaction rate of the dissociation channel depends on the concentration
of C6H5X*77 which in turn depends on the fluence. With increasing fluence, the
rate of both [C¢H;X ] and [X~] will increase, but not linearly. Thus, the rate of
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Figure 4.8: Build-up of photostationary state due to the long lifetime of the excited molecules.
Before all the molecules can relax back, a new laser pulse (every 4 us) excites more molecules,
giving an accumulation of the excited state molecules.

accumulation of the dissociated species and consequently the ionised species becomes
fluence dependent, making A\g fluence dependent. Hence, while the individual rate
constants Aion relax dissoc are fluence independent, we observe a fluence dependent g
in §4.3. A\g can be defined for BzCl and BzBr as f(Aion, Arelaxs Adissocs Ve, [CeHsX]).
For BzF, [C6H5X*7] is fluence dependent, but its accumulation is given by Eq. 4.8,
which we show is fluence independent.

4.3 Fluence Dependent Experiment

Since the concentration of the ionised species will depend on the concentration of
the neutral species, we would like to see if it depends on the electron density as
well. Therefore, to verify if the current reaction is of the first order or second order,
as discussed in §4.2.2, we performed fluence dependent measurements. This can be
done by either changing the incident photon flux or by changing the photon energy
as Ne(F) is a function of electron energy. We did both, and performed measurements
with photon flux ranging from ~400 - 7500 photons/s/molecule at 3.78 eV and 3000
- 17,500 photons/s/molecule at 3.10eV, shown respectively in the left and right
panels of Fig.4.9. Here we plot the normalised workfunction change on a log scale
vs photoexposure time as a function of fluence. The top most panel (a and d) shows
BzF, in the middle (b and e) is BzCl and BzBr is shown at the bottom (¢ and
f). The 3.10eV photon beam was obtained by frequency doubling the compressed
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RegA output of 1.5eV. That is why we have a much higher photon flux range at
this energy as compared to 3.78 eV which is from the NOPA. Looking at the 3.78 eV
data for BzF, we see that the curves at different fluences lie on top of each other and
have the same slope, giving a fluence independent macroscopic rate constant. The
3.78 ¢V data for BzCl and BzBr show a clear and interesting dependence of Ag on
the photon flux. Firstly, both the slow and the fast rate constants get significantly
larger (slope gets steeper) with increasing photon flux. This is qualitatively shown in
Fig.4.11, where we plot the corresponding Aggow from fitting the curves in Fig. 4.9,
as a function of fluence for the three halobenzenes. We see that for both BzCl and
BzBr, Aasiow increases linearly but for BzF ¢ no significant fluence dependence is
observed. Returning to Fig.4.9, the second observation for BzBr and BzCl is that
at some critical photoexposure time t. there is a reverse in dynamics, that is, after
t. the increasing ® starts to decrease. BzBr also exhibits these trends, but £, is seen
at lower fluences and earlier times for BzBr compared to BzCl. It is to account for
this change in trend that we use a three exponential fit routine in Eq. 4.2.

Before moving onto the energy dependent measurements, we would like to in-
troduce Fig.4.10, where we show the absolute change in Eg. on a linear scale vs
photoexposure time for different fluences incident on the BzF layer. Here we can
compare the absolute changes in workfunction, since for BzF we expect only one
type of negative species C6H5F*7. We see in the figure that with increasing fluence,
the change in Fg.., which means |A®| at time ¢ increases. That is, with increasing
fluence the density of C6H5F*7 molecules increase. The fluence dependent curves for
BzBr and BzCl on a linear scale are shown in the Appendix B.

The same experiment was performed at 3.10eV, as shown in the right panel of
Fig.4.9. BzCl and BzBr are now fluence independent and behave similar to BzF
at 3.78eV. Both Apgow and Ao are observed to be slower with Aggow = 0.02 £
0.02eV /min, 0.06 + 0.01 eV /min and 0.07 £ 0.01 eV /min for BzF, BzCl and BzBr,
respectively for the highest fluence, which corresponds to x4 for BzF, x10 for BzCl
and x20 for BzBr slower than that at 3.78 eV.

Fluence dependence of rate constant : As shown in Fig.4.10, the [CGH5F*7]
increases with increasing fluence. However, from Fig.4.9 and Fig.4.11, we see that
Ao, which is a function of \i,, and A.eax rate constants, remains the same?”. These

6Note: for BzF a two exponential fit was used and negative component Aasiowtc 1S ignored since
there is no dissociation channel here. For BzCl, the best guess for ®3 was for the highest fluence
and was used for all other fluences.

7A fluence independent rate constant hints that the NN, is not constant through the experiment
even though N}, is constant. This can be explained by the ionization of the molecular layer which
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Figure 4.9: Normalised A® vs photo-exposure time is plotted for different photon fluences (markers)
on a logarithmic scale. The data is normalised to the maximum workfunction change A® ...
Measurements with 3.78eV are shown in the left panel and those with 3.10eV are shown in the
right panel for BzF (top), BzCl (middle) and BzBr (bottom).
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Figure 4.10: Photoinduced change in workfunction in CgHszF/D,0/Cu(111) for different fluences,
shown as a shift in secondary edge Fge. vs photoexposure time. The absolute change in workfunction
(or shift in Fg..) increases with increasing fluence.

two observations together suggest that the ionization process is a first order process
since the reaction rate (do not confuse with reaction rate constant) increases linearly
(because of change in concentration) with fluence and not exponentially (change in
A¢). BzCl and BzBr are not good examples to discuss the ionization process due to
the dominance of the third exponential factor at higher fluences which results in a
decrease in workfunction. This complication does not arise for BzF, since it has only
one negative species. Anyhow, since the ionization mechanism is the same for all the
three halogen’s, BzF observations can be extended to BzBr and BzCl.

A very weak fluence dependence is seen for BzF rate constant. This is justified by
the loss of a small percentage of the molecules to form some stable species (§4.2.1).
The reaction rate constant for BzCl and BzBr are found to depend on the fluence,
which is indeed expected because of its irreversible dissociation channel, as discussed
in §4.2.2. Here, the rate at which the dissociated species concentration builds up
is given by the macroscopic rate constant which is fluence dependent even for the
second order reactions.

Energy dependence : The energy dependent measurements provide the spectro-
scopic clue that the DEA process is not due to localised solvated electrons e, but

would have a different electron capture cross section that the neutral molecular layer.
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Figure 4.11: Agsiow vs photon flux for CgHsF (green triangle), CgHsCl (red circles) and CgHsBr
(blue squares) adsorbed on DyO/Cu(111) is shown on a log-scale.

due to the delocalised electrons in the ice conduction band. Considering the solvated
electrons, the solvated electron state lies at 2.97+0.05eV above the Fermi level which
can be populated by the 3.10eV photon energy used. However, we observe that at
this reduced photon energy, the reaction rates are considerably slower from x4 for
BzF to x20 for BzBr, compared to the 3.78 eV measurements. That we see such a
strong effect on the reaction dynamics at 3.10eV implies that e; are not the main
players in enhancing the DEA. In the case of excess electrons, photoexposure with
3.10eV photons means that the excess electron energy (photon energy- conduction
band energy) is drastically reduced by 680 meV compared to the 3.78 eV and hence
the available excess electron density for EA (hence, the high fluences used). Addi-
tionally, these excess electrons have energies in the thermal energy range, making
only the low energy traps accessible and switching off the EA channel at the pristine
ice surface. Thus, the DEA at the lowest energy traps is the main contribution to
A®. This would explain why we see lower saturation levels and slower rates for all
the BzXs. In the case of BzF which was already driven by the trapping sites, the
cross section is further reduced, giving a limited ionization probability.

Change in workfunction trend : A decrease in workfunction is associated with
an effective loss of negative dipole at the surface §2.3.2. This can happen either
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due to a loss of the negative charge from the surface via the dissociation channel®
or due to screening effects at the surface. These are discussed in the following three
scenarios:

1)

The first is that due to the negative nature of the halogen anions, one can ex-
pect them to be partially solvated in the ice layer. This would partially screen
the anionic charge resulting in a lower |A®| contribution from the dissociated
species than the ionised species. Due to the dissociation channel, the system
never comes into a true equilibrium. However, the intermediate species reach a
maximum concentration [C6H5X*7]max before being drained by the final prod-
uct, similar to the pre-equilibrium approximation? discussed in §2.1.5. Here,
the condition Aign > Arelaxs Adissoc holds and is verified from our numerical mod-
elling in §4.6. Therefore, the decrease in workfunction is argued to be due to
the loss of the intermediate species to the final species. With increasing fluence
or reaction rates, the intermediate species comes into quasi equilibrium sooner,
reaching a maximum earlier, and hence an earlier . is expected.

The second explanation is that secondary reactions can take between the disso-
ciated species at the surface producing final products with lower |[A®|. We can
not distinguish between these two processes and refer to them simply as the
final products. When all the neutral molecules are used up and the secondary
processes dominate, a decrease in workfunction will be seen. Like in the ear-
lier case, with increasing fluence or reaction rates, the intermediate species get
consumed faster and an earlier . is expected.

For the dissociable BzCl and BzBr, there is a large density of negative species at
the surface, comprising of the ionised and dissociated molecules. At high fluxes,
the concentrations of the reacted products increase and the negative charge
density at the surface is larger. These charges can have a screening effect,
effectively reducing the workfunction and giving a decrease in workfunction
trend after some photoexposure time. The high concentration of the negative
charge would be reached faster and an earlier ¢, would be observed.

8Though the back reaction relaxes the intermediate C6H5X* state to the ground state, from the
rate equations, it brings the ionization channel into equilibrium, see § 4.6

9The steady state approximation doesn’t work here, because it is valid only where Adissoc >> Aion
and the intermediate state reaches a constant concentration early on in the reaction. Hence, only
the final state concentration will change, giving an ever increasing workfunction (or saturation for
|Paissoc] << [Pion]).- When Adissoc > Aion, [CGHSX* ] is not in steady state but the final product
dominates and again only an increase in workfunction is seen.
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Since BzF doesn’t dissociate, a reversible trend is not expected and is not ob-
served. Additionally, this would also explain why BzCl and BzBr appear to saturate
faster than BzF. In all the three scenarios, at higher fluences or faster reaction rates,
t. is expected earlier.

Determining ¢, as a function of incident photon flux The above discussion
hints that the system would reach t. when a certain concentration of the molecules
are consumed. To verify this, we check if the total number of incident photons in %,
is the same for the different fluences.

Table 4.2: Total photons incident on CgHsBr and C4gHCl in time t., estimated for different photon
fluxes.

CeH5X Flux #1000 tc Total photons in time ¢,
(photons/s/molecule) | (min) | x10%(photons/molecule)
ColBr 6600 51 2.040.5
6500 5+2 1.6£0.8
5500 61 2.0£0.5
4100 1142 2.7+0.8
CgH5Cl 7600 1342 6.0+1.3
4600 16£2 4.4+1.1
4400 16£2 4.3+1.1

This is shown in Table4.2, where we tabulate the photon flux, ¢, and the total
number of incident photons at t. for BzBr and BzCl. We see that the total in-
cident photons are the same within error limits for the different fluences and can
be approximated to ~ 2.1 4 0.7 x 10 photons/molecule for BzBr and ~ 5.1 4+
1.2 x 10% photons/molecule for BzCl. This verifies that t. depends on the num-
ber of ionised molecules. On the basis of this observation, we should be able to
predict t. for lower fluences. For example, for ~2500 photons/s/molecule, we ex-
pect to see t. = 15 4+ 1 min, which we do see in Fig.4.9. Here we see that around
15 min, the data gets a little noisy but the workfunction starts to increase slowly. For
~1700 photons/s/molecule, we expect t. = 21 + 1 min and here too we see a loss of
exponential character around 15 min. Due to the short time scale of the experiment,
the effect is not as pronounced as for higher fluences. Nevertheless, we can predict
t. within error limits, ensuring that ¢. depends only on the number of the ionization
events.

From Table4.2 we notice that BzCl needs at least twice as many photons as
BzBr to reach t.. This can explained by higher ionization and dissociation threshold
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energies of BzCl compared to BzBr.

4.4 Coverage Dependent Workfunction Dynamics
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Figure 4.12: Normalised A® (to maximum workfunction change A®,,,x) vs photoexposure time is
plotted as a function of a) coverage and b) photon flux (0.5 ML coverage) on a semi-logarithmic
scale for CgH5Cl/D,0/Cu(111). A multi-exponential function is used to fit the data points and is
shown by the solid lines.

From Eq. 4.8, the ionization rate depends on the density of excess electron per
molecule. This means, reducing the coverage or increasing the fluence will have the
same ionization rate. That is, for the same photon flux, by decreasing the coverage
we have a larger photon density per molecule and hence a faster DEA process. Thus,
we performed coverage dependent measurements for 0.5 ML, 1 ML and 2 ML of BzCl,
and fluence dependent measurement for the 0.5 ML coverage. In Fig.4.12, both the
measurements are shown as a normalised change in workfunction on a log scale vs
photoexposure time.

The coverage dependent measurements are shown in Fig.4.12a), where a sim-
ilar fluence of 1 x 10'® photons/s/cm? was used for all the coverages. This cor-
responds to 6700, 3400 and 1700 photons/s/molecule for 0.5 ML, 1 ML and 2 ML,
respectively. We observe that with decreasing coverage, the slope gets steeper.
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On fitting the curves with a multi-exponential fit function, we find that Aggow in-
creases with decreasing coverage, that is, from 2 ML to 0.5 ML Aggow increases from
0.17+0.02eV/min to 0.2 £0.1eV/min to 0.51 £ 0.02eV/min (shown in Fig.4.13 in
blue). For the 0.5 ML coverage, we observe the inversion of A® at t, = 11 min. Here,
at a flux of 6700 photons/s/molecule, the total number of incident photons in 11 min
are 4.6+0.8 x 10° photons/molecule. Within error limits, this is in accordance with
our earlier observation for 1 ML coverage (Table4.2), where we expect to see a t. for
total 5.141.1 x 10° photons/molecule. For the other coverages, the effective photon
flux is not large enough to see t. within the experimental time scales.

We performed fluence dependence measurements to further confirm that the re-
verse in trend at t. is indeed in accordance to Table4.2. The corresponding flu-
ence dependent measurement for the 0.5 ML coverage at 6700 photons/s/molecule,
4400 photons/s/molecule and 3000 photons/s/molecule are shown in Fig.4.12b). We
see that with increasing fluence, the slope gets steeper, suggesting Agpgow increases
with fluence. The multi-exponential fits give Aggow = 0.24 £ 0.01eV/min, 0.36 +
0.02eV/min and 0.51 £ 0.02eV/min with increasing fluence. We thus see the same
fluence dependent trend as for the 1 ML coverage, where Aggoy increases with increas-
ing photon flux, shown in Fig.4.13 in red. Due to the increased photons/molecule at
lower coverages, t.. is observed at 27 min for the lower fluence, 3000 photons/s/molecule,
and at 17 min for 4400 photons/s/molecule. Both these cases along with ¢. at 11 min
for 6500 photons/s/molecule, correspond to a total incident photons of 4.6+0.8 X
10°® photons/molecule in .

Flux (105ph/min/molecule)

2 3 4
| | |
0.5 — 0.5 ML coverage
0.4 —
§0.4
30.3-
g
20.2
< at constant flux
0.1 (6 x 10 ph/min/cm’)
I I I
0.5 1.0 Z 2.0
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Figure 4.13: Agsiow as a function of different coverage at ~ 1 x 10'® photons/s/cm? (blue markers)
and as a function of flux for 0.5 ML of CgH5Cl/D,0O/Cu(111) (red markers).
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Aasiow corresponding to the different coverages (blue) and different fluences (red)
are shown in Fig.4.13. The coverage is shown on the bottom axis and the fluence
is on the top axis. Here, we can clearly see that with decreasing coverage Aggiow
becomes larger and with decreasing fluence, the rate decreases. The change in Aggiow
with flux for BzCl at 0.5 ML (Fig.4.13) and 1ML (Fig.4.11) is the same 1.3 +
0.1peV /photons/molecule. This is similar to the change in Aggow With coverage
equivalent to 1.5240.08 eV /photons/molecule, showing a dependence of the reaction
rate on the density of the incident photons.

From these measurements we see that the changes in workfunction (a decrease
in amplitude and increase in rate with decreasing coverage) directly depend on the
density of the halobenzenes. This supports our claim that these changes are due to
charging 1% of the adsorbate layer due to photoelectrons and that we see a signal from
the transient ionic state.

4.5 Workfunction Dynamics on Crystalline Ice Sur-
face

In order to compare our data with the STM measurements and the theoretical calcu-
lations, which were performed on crystalline ice, we repeated CgHszBr/D,O/Cu(111)
with the crystalline ice surface. Julia Stahler discussed the different ice structures
and their annealing condition in her PhD thesis [70]. On the basis of her work,
we annealed the amorphous ice surface at 148 K for 20 min which should give us
the crystallite ice structure. The proof of crystallisation can be seen in Fig.4.14
where we show the TDS spectra and the 2PPE spectra (inset) for the amorphous
and crystallite ice morphologies. The desorption of the amorphous ice starts at
146 K, which after annealing increases to 157 K. For the crystalline structure, due
to the long range order, additional energy is needed to break the ordered structure
and therefore a higher desorption temperature is expected. Thus, this increase in
temperature suggests that we have successfully crystallised the ice layer. However,
we can not say anything about the quality of crystallisation. One also notices that
the peak of the annealed ice surface plateaus at the maximum. This is a technical
mistake, where the detection range was set too low and the measurement went over
it, loosing information between 168 K and 173 K. Regardless, we can characterise
the ice layer as we are primarily interested in the onset of desorption. Looking at
the 2PPE spectra, we observe that the electron solvation peak e, and Ep remain

1%0ne would expect an increase in rate and amplitude of workfunction change for lower coverages
if it was due to diffusion.
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Figure 4.14: Thermal desorption spectra of 4 BL amorphous ice and of crystalline ice. The inset
shows the corresponding 2PPE spectra on a log-scale, where, e is the solvated electron state. The
crystalline ice surface desorbs at a higher temperature and has a larger workfunction compared to
amorphous ice.

unchanged, but ® increases by 40 meV. These changes were also reported in [5,82],
where 4 BLL of amorphous D,O were polycrystallised by flashing to 155 K, further
confirming crystallisation of our ice layer. Due to annealing, some water is lost from
the surface, and so we cannot comment on the thickness of the crystalline ice layer
or the size of the crystals.

We adsorbed 1 ML of BzBr on the crystalline ice surface and performed fluence de-
pendent measurements, shown in Fig.4.15, and compared our observations with that
on amorphous ice. In Fig. 4.15a) we show normalised A® on a log scale as a function
of photoexposure time for amorphous and crystalline ice. There are two main obser-
vations: Firstly, there is no change in A® trend, that is, A® continues to increase
even at high fluences. This can be seen clearly in Fig. 4.15¢), where we show Aggiow
as a function of fluence for both the ice surfaces. For crystalline ice, Apgow increases
at a rate of 0.16 £0.02ueV /(photons/molecule), which is very small compared to the
amorphous ice case, where it increases at a rate of 4.1 +0.5ueV /(photons/molecule).
Here we consider a linear fit because from Eq. 4.8, there is a linear dependence on
electron density. In Fig.4.15a) we also observe that the slow process is slower than
that on amorphous ice. For example, at a flux of ~4400 photons/s/molecule, Aggiow
for crystalline ice is 12% of amorphous ice. The second observation is that the fast
process saturates very fast (from the smaller amplitude at early times), while the
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Figure 4.15: Comparing reaction dynamics for crystalline ice (hollow markers) and amorphous ice
(solid markers) sublayer in CgHsBr/D,0/Cu(111). a) Shows the normalised change in workfunction
as a function of fluence on a log-scale. b) Compares the absolute change in workfunction at ~
2500 photons/s/molecule for both the ice surfaces. c¢) Shows the rate of change in workfunction,
Aapslow With incident photon flux.

slow process takes very long. This is obvious from Fig.4.15b) where we show A® on
a linear scale vs photoexposure time at a low fluence of 1.84J/cm? and 2.04.J /cm?
on amorphous ice and crystalline ice, respectively. While on amorphous ice, A®
saturates in the first 10 min of photoexposure, A® for crystalline ice continues to
increase even after 40 min of light. Another interesting observation is that the total
workfunction change is more.

The smaller Aggow, fluence independence and fast saturation of the fast process
can all be explained by the fact that on crystalline ice surface, there are less defects
and trapping sites §2.3.4. As shown in section §4.2, the trapping sites are the main
contributors to EA process. The longer saturation time can be explained by the
smaller Ao, which now takes longer to come into ‘equilibrium’.

The larger change in workfunction can be explained by a more ordered ice and
BzBr layer. Due to a flatter and smoother crystalline surface [158], we can expect
a more ordered BzBr layer. This will result in a more aligned BzBr dipoles at the
surface and hence a larger dipole moment owing to a larger additive component.
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Moreover, the crystalline ice surface has less dangling H-bonds and partial solvation
of the reaction products is less likely. Therefore, for the crystalline ice, the workfunc-
tion contribution from the individual species is more and so is the cumulative dipole
effect compared to the amorphous ice layer, thus showing a larger workfunction effect.

4.6 The Microscopic Fit Model

From Eq. 4.2, we can only determine the total rate (macroscopic rate) of workfunction
change A\g. However, we would like to know the individual rates (microscopic rates)
Aions Arelax aNd Agissoc i Eq. 4.3. This form of chemical reaction is common, but rather
complicated to solve analytically due to the coupled differential equations. Therefore,
we extract these rates by simulating the workfunction dependence on photoexposure
time in Microsoft Excel. For each halogen, we take a high and low fluence case and
assume Apelax and Agissoe t0 be the same for both on account of Eq.4.8, where only
Aion 1s fluence dependent. Eq. 4.3 can be rewritten as :

w[OBH5X] =24 (O H,X ] —2=disoc . e 1T 4+ X

—A_relax

Aion-fast *
w[C6H5X] % z[CeH5X ]

(4.9)

where, [CgHsX],[CeHsX 1,[CeHs + X—] and [CgH5X ] are the respective concen-
trations with w, x, y and z their corresponding workfunction contributions or ampli-
tudes. In the model, we assume that the unexcited C4HsX molecule has no contribu-
tion to the workfunction change and hence w = 1. Since we expect the workfunction
contribution from CGH; + X is less than 06H5X*7, we can set the condition y<x.
Aion-fast 18 the fast reaction channel yielding excited (or even dissociated) C6H5X*
species. For the sake of simplicity, we set Ajon-fast Same for all fluxes and all halo-
gens. Since there are a limited number of low energy defect sites and the process
saturates, we set an arbitrary saturation limit of s = 0.5. The rest of the parameters
are determined without constraints. We used time steps of 0.051 min.

We also introduce the light on - light off feature and take the recovery of the
workfunction into account. That is, all the reaction processes take place continuously
when the light is on, but on blocking the light, the back reaction and the dissociation
channel are active and reduce the workfunction. Note: For simplicity, we assume that
the dissociation channel is the final product, the secondary reactions are limited by
the dissociation channel, and we don’t distinguish between the secondary reaction
products and the dissociation products.
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Figure 4.16: Shows the experimental data (markers) with modelled fits (lines) based on the proposed
reaction model for a) C4gHsBr b), CgHsCl and ¢) CgHsF. The model fit and data are normalised
in the vicinity of A®,,,. so that the two are normalised by the same factor. Since the normalised
data is subtracted by 1, it gives rise to a singularity and hence divergence at the maximum.

Table 4.3: Microscopic rates obtained by modelling the change in workfunction as a function (pho-
tons/s/molecule) of time according to Eq. 4.9. The modelling was done for a high and a low fluence
data set for the three halogens.

Variable CGH5F CGH5CI CﬁH5Br
Fluence (ph/s/molecule) || 369 | 6883 | 643 | 7646 | 713 | 6655
Aion (e€vents/min) 0.038 | 0.057 | 0.058 | 0.48 | 0.072 | 0.7

Arelax (events/min) | 0.035 | 0.035 | 0.057 | 0.057 | 0.19 | 0.19
Adissoc (€vents/min) - ~10.007 [ 0.007 | 0.035 | 0.035
Dion (V) 0.335 | 0.212 | 0209 | 0.1 | 0.28 | 0.082
Detisoe (€V) - ~ [0.165 | 0.058 | 0.06 | 0.008

Fig.4.16 shows the normalised workfunction change from the experimental data
points and the corresponding modelled curves for high and low flux values for all the
three halogens. Here we used the pre-equilibrium approximation where Agissoc is much
slower than A, §2.1.5. In the figure, we first normalised the data and the modelled
curve together to the maximum A®. Then this was subtracted by 1 and plotted on
the log scale. Normalising and subtracting by 1 means generating a singularity at
maximum workfunction change and the curves show an artificial divergence from the
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data. We see that our proposed model describes the data well and it agrees with our
conclusion that the ionization rate for BzF is much slower than the BzCl and BzBr.
However, we found that the amplitudes are not unique solutions. The extracted \'s
and amplitudes are shown in Table4.3. We see that the microscopic rates like the
macroscopic rates increases from BzF to BzBr, as expected.
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Figure 4.17: Mo*delled time evolution of the individual concentrations CqHsBr, CBH5Br*7, CGH; +
X" and CgHsBr for high fluence CgH5Br/D,0/Cu(111) case.

The evolution of the individual concentrations is shown for the high fluence BzBr
case, as an example, in Fig.4.17. The concentration of species CqHzX decreases
steadily as the reaction proceeds and the C6H5X* concentration saturates within a few
minutes. From the pre-equilibrium approximation, the concentration of C6H5X*7 also
increases fast and reaches a maximum quickly, while slowly leaking into CGH; + X
The concentration of the dissociated species increases steadily.

In Fig. 4.18 we show a simulation where rate Agissoc is much faster than A, (steady
state approximation). Here it is clear that this situation does not explain the dark
time dynamics. A larger Agissoc Will ensure that the population of B remains small
even in the presence of light. On blocking the light, only a small contribution to the
workfunction change is stopped, and only a small A®r would be seen. Additionally,
at lower fluences A, would be smaller, but Agissoc, Which is independent of fluence,
will be the same. As a result, t. would be expected sooner, which is not the case.

The role of the back relaxation - The back reaction depends upon the concen-
tration of the intermediate state. In a simpler equation, that is the absence of the
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Figure 4.18: Simulation of steady state approximation where the «,5 = 4+, in other words,
Aions Arelax = 4Adissoc- A very slow recovery is observed on blocking the light.

dissociation channel, the ionization species (now the final species) keep increasing
till the system comes into a chemical equilibrium, after which there is no change
in the concentration of the reaction species (basic chemical kinematics). A faster
back reaction would just result in a faster equilibrium and therefore, the back re-
action does not result in an overall decrease of the ionised species. The number of
molecules involved in the back relaxation channel depends on the concentration of
the intermediate species. Therefore, with the dissociation channel, the back reaction
is simply limited (because of the reduced intermediate species). Here the system
doesn’t come into equilibrium, but the intermediate species reaches a maximum.

Note: Water Coverage and Temperature Dependence

Water Coverage : In addition to the above, we also wanted to study the effect
of water coverage on the efficiency of electron transfer to the molecules. If electron
transfer from the metal substrate and the organic molecule is due to wavefunction
overlap between them, on increasing the thickness of the ice layer, the substrate-
molecular wavefunction overlap will be weakened and a smaller electron capture
cross section would be expected. If this is not the case and the excess electrons are
delocalised electron in the ice conduction band, a change in thickness should not
have a significant effect on the reaction rate constants. However, we found that at
~10 BL of water coverage, the water surface was unstable under light as we saw
an increase in photoemitted electron counts in the first few seconds. One could go
to lower coverages to avoid this problem, but below 3 BL, we do not have closed ice
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layers and the water coverages will not be homogeneous. We would therefore suggest,
performing this study in a coverage range from 3-5BL, where they are known to be
stable to photo-illumination [5]

1ML C4H5CI/D,O/Cu(111)
increase in temperature

2PPE-Intensity
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Figure 4.19: Shift of Fg. to lower energies (decrease in @) once substrate starts to warm up after
19 min.

Sample Heating : In the course of the experiments, we noticed that if the sam-
ple was heated slightly (for example, when the cooling is turned off), the increasing
workfunction due to photoexcitation starts to decrease, as shown in Fig.4.19 for
Ce¢H5Cl/Dy0O/Cu(111). Here we show the secondary edge of the 2PPE spectra mea-
sured at different photoexposure times and substrate temperature. In the first 9 min
of illumination at substrate T' = 103 K, Ej.. increases by &~ 100 meV. The cooling was
turned off after 9min of illumination, but it was only after 12 min that the substrate
temperature started to increase at a rough rate of 0.7 K/min. The coloured curves
correspond to the 2PPE spectra when the temperature was rising and show that Fg.
shifts to lower energy, clearly indicating a decrease in workfunction. After 30 min of
photo-illumination (18 min of warming), the temperature increases by 10K and the
workfunction decreases by ~ 80meV. A possible explanation for this is that the ice
structure is sensitive to the substrate temperature. From 85K to 120 K the porous
amorphous ice transitions to compact amorphous ice [87]. Since we are in this en-
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ergy window, the density of the amorphous ice may change with slight temperature
increases. This would imply that the ice layer is thermally active and is now more
mobile to better solvate the already charged species and screen them more efficiently.

4.7 Summary

Co-adsorbed halobenzenes (BzX) with water ice on a Cu(111) substrate was stud-
ied with 2PPE spectroscopy. It proved to be an elegant model system for studying
charge transfer dynamics in polar environment. Due to ionization of the BzX sur-
face by photoelectrons, a change in workfunction A® with photoexposure time was
observed, providing a direct signal of the electron transfer reaction dynamics. De-
tailed workfunction analysis showed that reaction dynamics like rate constants and
(dissociative) electron attachment EA (DEA) probabilities depend on the reactant’s
electronegativity and electron affinity. The rate of change in workfunction (A\g) was
found to be exponential and with three time constants, Aofast; Aosiow and Adsiowte-
Though the interpretation of the larger rate constant Ag.st is not clear, due to its sat-
uration in the first few minutes of photoexposure, we assigned it to photo-annealing
of or EA at very low energy traps. The smaller rate constant Aggow showed an inverse
dependence on the halogen’s electron negativity and decreased from BzBr to BzF.
It was therefore assigned to the ionization/dissociation of the BzX molecules. While
BzCl and BzBr are known to dissociate, BzF only ionises. The third rate constant
Aaslowte Was found only for the dissociating BzCl and BzBr molecules and account
for the decrease in workfunction with photoexposure

Due to the long lifetime of the excited state, A\e corresponds to a build-up of
the workfunction (photostationary state). A of BzF was found to be insensitive to
fluence changes, hinting at a fluence independent build-up of the photostationary
state. Here, the number of ionization events increase, but not the rate of build-up.
Thus suggesting that the ionization process is a second order reaction and depends
on the concentration of BzF molecules and excess electron density per molecule. For
BzCl and BzBr, due to the dissociation channel, \g is expected to show a dependence
on fluence since it is the macroscopic reaction rate constant. We observe that Aggow
shows a linear dependence on the photon flux, where by decreasing the BzX coverage
or increasing the fluence, A\ was found to be larger for BzCl and BzBr. Here, not
only a change in the reaction rates was observed, but also in the reaction trends.
That is, at a higher photon flux per molecule, A® first increases and then starts to
decrease at a critical time ¢.. This loss of exponential character was found to depend
on the total number of incident photons per molecule in time ¢, suggesting that after
a certain number of BzX molecules are consumed, a new reaction pathway dominates,



118 CHAPTER 4. e~ TRANSFER DYNAMICS IN C4H;X/D,0/Cu(111)

the ionised species concentration start to drop (pre-equilibrium approximation), or
screening between the negative species become non-negligible. Therefore, for higher
fluences, lower coverage or faster reaction rates, t. was observed earlier.

In order to compare our work with theory calculation and STM measurements,
which were conducted on crystalline ice surface, we annealed the amorphous ice
surface to form crystallite ice phase surface and repeated the experiments on it.
While here the dynamics were the same as on amorphous ice, the reaction rates
decreased considerably. This could be explained by the drastically decreased electron
trapping site on the crystalline surface.

The ionization and dissociation rates also depend on the energy distribution of
the excess electrons. Consequently, on tuning down the photon energy to the lower
edge of the ice CB, we were able to almost turn off the EA process. It strongly sug-
gests that the enhancement of DEA on polar surfaces is due to pre-existing electron
traps and not due to self trapping of electrons due to its solvation. This is because
3.10eV photon energy is sufficiently large to excite an electron to the solvated elec-
tron state and should not affect its density. Other experimental observation support
this conclusion, for example, for BzF we see a workfunction change comparable to
BzBr and BzCl even though it can be ionised only via the traps, hinting that the
traps play a significant role in ionization rate. Our observations are also supported
by collaborative theory calculations and STM measurements.

The work also has implications to transient anionic state that have not yet been
observed spectroscopically. In fact, it has been debated if they can be probed spec-
troscopically or not. Since we see workfunction changes due to ionization of the
molecules, it implies that we have a direct signal from the transient ionic state al-
lowing us to probe it.



Chapter 5

Electron Transfer Dynamic at
CgH:X/Cu(111) Interface

With the advent of molecular electronics, understanding organic-molecule adsorption
on coinage metals and charge transfer dynamics at metal-organic interface becomes
important. Amongst the many organic systems, substituted benzenes are ideal for
studying this because of their simplicity and because they serve as a model system for
larger planar organic molecules. In §2.3.5 we showed that the electronic properties
of gas-phase halogenated benzenes change as a function of the substitutional group.
A less electronegative substitution of the aromatic molecule results in lower LUMO
levels and hence can be ionised or dissociated with a lower photoexcitation or elec-
tron attachment energy, compared to a -more electronegative substitutions [40]. We
would like to check if this holds on a metal surface as well, if so, giving us a system-
atic tailorability of the energy level alignment. We therefore investigate the problem
spectroscopically and follow two approaches. The first approach is to compare the
energy level alignment of BzF with previously studied benzene (Bz) [3] and hexa-
fluorobenzene CgFg (BzFg) [4], which includes identifying the observed unoccupied
states in CgHgF /Cu(111). The second approach is similar to that in chapter 4, where
we studied the charge transfer efficiency qualitatively by studying the chemical kinet-
ics of the ionization/dissociation of the organic layer through workfunction analysis.
We also perform coverage dependent studies to investigate the role of screening on
charge transfer. The following measurements were performed at 95+5 K.

Since this topic is not the central aim of the thesis, we review here only the
preliminary measurements and analysis of CgH5X/Cu(111) and lay the seeds for
future experiments. In the following chapter, we discuss the first approach in section
§5.1 and the second approach in section §5.2.
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5.1 CgHz;F/Cu(111): Characterising/Probing the
Molecular State

In this section we discuss the role of the substitution functional groups on the molec-
ular energy level alignment at the metal-organic interface by comparing 2PPE mea-
surements of CgHsF/Cu(111) with those of Bz and BzFg. Ideally, we would like
to extend the study to BzCl and BzBr as well, however, we do not see any new
spectroscopic features on their adsorption.

Two-Photon Photoemission Spectroscopy

Let us first look at spectral changes on adsorption of 1.6 ML of BzF on Cu(111),
shown in Fig.5.1a) and measured with hv = 4.1eV. The 2PPE intensity is plotted
on a log scale and is presented as a function of binding energy on the intermediate
energy scale. We see that on adsorption, the secondary edge moves to lower energy
and the workfunction of the system decreases from 4.9eV (bare Cu(111)) to 4.4eV.
A more comprehensive workfunction dependence on coverage is shown in Fig.5.1b).
We see that for sub-monolayer coverages, the workfunction decreases with increasing
coverage and at 1 ML (within error limits), the workfunction saturates to 4.4 eV for
BzF'. This is similar to benzene [3] and hexafluorobenzene [4] growth on Cu(111) and
suggests that at 1 ML we have a mono ‘closed’ layer. Coming back to Fig. 5.1a), we
see two peaks very close in energy at £ — Er = 3.54£0.02¢eV and 3.6940.02 eV and
with similar intensities. The Cu 3d-band states at 2.04-2.25eV, being bulk states,
remain unaffected by the adsorbate and are seen at the same energy.

In order to identify the nature of these twin peaks, we performed photon energy
dependent measurements. By determining the slope of the peak’s kinetic energy
vs photon energy, we can determine whether the spectroscopic peak corresponds to
an unoccupied, an occupied or a final state §3.2.1. In Fig.5.2a) we plot the 2PPE
spectra of 1.6 ML CgH5F /Cu(111) measured with photon energies ranging from 3.9 eV
to 4.15eV and show only the higher energy part of the spectrum with the relevant
binding energies. We observe three peaks (peakl, peak2, and peak3) and a shoulder
labelled peak4!. To determine the energetic peak position, the peaks were fitted with
Lorentzian functions, shown by the solid lines. The individual Lorentzian functions
are illustrated for the spectrum at 4.1eV with the filled area curves.

We now plot the kinetic energy of the peaks as a function of photon energy, shown
in Fig.5.2b). On fitting these curves with a linear function, the slopes of peakl and
peak2 are found to be ~1 and of peak3 and peak4 =2. This implies that the twin

' To fit the Fermi edge and the twin peaks, it is important to consider the shoulder, peak 4
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Figure 5.1: a) Photoemission spectrum of 1.6 ML CgHzF/Cu(111) in comparison to bare Cu(111),
on a log intensity scale. The surface state (SS), Egc and Er are indicated and a decrease in
workfunction A® is observed upon adsorption. b) Decrease in workfunction ® with increasing
CgHsF coverage, which reaches a maximum workfunction change of 0.5eV at 1 ML coverage.

peaks are spectroscopic signals from an unoccupied state, while peak3 and peak4
are from an occupied state. Peak3 has a binding energy of £ — Fr = 4.0eV with
4.1eV photons, which is energetically very close to the Fermi edge binding energy of
E — Er =4.1eV. This suggests that it is a resonant excitation of Fr, which would
explain the shift in the peak energy. The resonance is expected to be with the first
image potential (IP) state of Cu(111) which is expected to be shifted to higher kinetic
energy on adsorption of the molecules. For a resonant excitation with Eg, the IP
state should have a binding energy of 4.07eV (verified shortly). The binding energy
of the shoulder corresponds to 3.84 eV, which corresponds to 0.2eV below the Fermi
and can be assigned to the surface state. A shift in the surface state is reasonable
due to polarisation of the surface dipole by the adsorbate [159]. A suppressed surface
state signal has been observed for Bz [3] and BzFg [4] as well for coverages up to
1ML and 3 ML, respectively. The binding energy of the surface state in the case
of BzFg was found to decrease by 50-100 meV, which is similar to what we observe.
These observations suggest a weak interaction between the surface state and the
benzene derivatives. For a photon energy of 3.88eV, we see only one peak since
there is a resonant excitation between the surface state and the unoccupied state at
E — Fr =3.7eV. This results in a broadening of the resonant peak and primarily one
peak is observed. With larger photon energies, we walk out of resonance and both the
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Figure 5.2: Spectral features of 1.6 ML C¢gHsF/Cu(111) are identified by performing photon energy
dependent measurements. a) Photoemission spectra of 1.6 ML CgHzF/Cu(111) for different photon
energies. Only the high energy part of the spectrum is shown where the new spectral features
are observed. b) Kinetic energy of the corresponding spectral features are shown as a function of
photon energy and are fitted with a linear fit function.

peaks are resolved. The twin unoccupied states could either correspond to modified
image potential state of the metal, a LUMO level of the molecule, or a molecular
derived state such as a hybrid of the image potential state and the molecular state.
The exact origin is difficult to determine here, and so we look at their evolution as
a function of coverage to get more information.

In Fig. 5.3 we show the 2PPE spectra of bare Cu(111) and of 0.8 ML and 1.6 ML
adsorbed BzF, on a linear scale. These measurements were performed with 4.1eV
photons, large enough to pump the Cu(111) IP state at £ — Fr =4.06 eV. Note that
the IP state is seen at the same binding energy with respect to the Fermi edge with
and without the BzF adsorption. A similar observation was made in the case of
BzFg in [4]. However, IP states are bound to the vacuum level and due to a decrease
in ® on adsorption, the IP states shift to lower binding energy in CgHsF/Cu(111).
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Figure 5.3: 2PPE spectra of different C¢gHszF/Cu(111) coverages. A molecular state is observed at
3.7eV above Er at 0.8 ML and an additional state is seen at 3.5eV above Ef for 1.6 ML. IP refers
to image potential state.

Comparing the 0.8 ML and 1.6 ML coverages, we see the higher energy unoccupied
peak for both the coverages. The lower energy unoccupied peak is well defined only
for 1.6 ML coverage and is seen as a shoulder for 0.8 ML coverage. Since the lower
energy peak is seen only for incomplete coverage here, and has been observed for
only incomplete coverages of Bz [3] and BzFg [4], suggests that its origin lies in the
differently oriented molecules in the incomplete coverage which would have a different
binding energy compared to those in the complete/closed layer. At 0.8 ML we don’t
have a closed monolayer coverage and all the molecules are expected to have the
same orientation, hence giving a single peak.

2PPE: CcH;C1/Cu(111) and C¢gH5Br/Cu(111) Though this section is dedi-
cated to BzF, we would like to discuss a few aspects about BzCl and BzBr, before
discussing BzF’s observations in detail. 2PPE was performed for different coverages
of CgHgCl/Cu with 6 eV photon energy and the corresponding workfunction is shown
in Fig. 5.4a) as a function of coverage. The direct photoemission spectra for the differ-
ent coverages can be seen in the Appendix B.1. We see that with increasing coverage
the workfunction decreases like for BzF and was found to be 4.37¢V for 1 ML, but
stabilised at 4.32eV at 1.5 ML. However, unlike CgH5F/Cu(111), no spectral feature
was observed (we measured up to 2.8 ML). This is shown in Fig. 5.4b) where we show
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the 2PPE spectrum for 1 ML BzCl adsorbed on Cu(111) on a log scale and measured
with 3.79eV photon energy. The data is noisy since it was recorded for a short time
due to the photoinduced workfunction change. While we see the Cu 3d-band state in
the 1.5eV-1.7eV energy range, the surface state £ — Fp = 3.63£0.05eV and a clear
Fermi cut-off, no spectral feature is seen at higher binding energy, where we would
expect a molecular state resonance. Like BzF, the surface state is shifted to higher
binding energy by ~0.23 eV, which is more than that in the case of BzF, suggesting
a stronger surface-molecule interaction. A possible reason for not observing an ad-
sorption induced new spectral feature is that the lowest antibonding molecular state
7, is dissociative for BzCl and it is found to be 0.4 eV below the vacuum energy [38].
With a workfunction of 4.3eV and a photon energy of 3.9eV this state should be
accessible, but because it is dissociative, one can not detect it. Another possibility
is that it is not spectroscopically accessible (due to the photoemission matrix ele-
ments). However, we have reason to believe that the state is being photoexcited
due to a change in workfunction with photoexposure, discussed in the next section
§5.2. A similar observation was made for BzBr, where no spectral feature was ob-
served. Here the workfunction was found to be the least compared to BzF and BzCl,
corresponding to 3.95eV for 3 ML.
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Figure 5.4: a) Change in workfunction on adsorption of CgH5Cl/Cu(111) as a function of C4H5Cl
coverage. b) 2PPE spectrum of 1 ML CgH5Cl/Cu(111) on a logarithmic intensity scale.
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Discussion: Comparison with CgHg and CgFg

In order to discuss the above observations in more detail, we compare our observa-
tions with those of Bz and BzFg adsorbed on Cu(111), shown in Fig. 5.5 for different
coverages. Here the 2PPE intensity is plotted as a function of final state energies
where Egna — Ep = Eyjn + @ — Ekin(Fermi)-
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Figure 5.5: Coverage dependent 2PPE spectra of a) CgFg/Cu(111) [4] and b) CgHg/Cu(111) [3],
taken from literature. The evolution of the molecule derived states, the modified IP state and SS
are shown. States A and B refer to molecular derived LUMO states in the case of CgFg and to
molecule-derived image potential states in the case of CgHg.

For both Bz and BzFg, the workfunction of the system decreases on adsorp-
tion and is 4.2eV for Bz and 4.5eV for BzFg for 1 ML coverage. The change in
workfunction due to adsorption of 1 ML of BzF lies in between these two values
and is =4.4eV. Benzene molecules adsorb on coinage metals with their 7 electrons
which results in a decrease in workfunction due to the push-back effect (or pillow
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effect) [30,74,101,102] §2.3.2. Therefore, a larger change in ® for Bz than BzFg is
justified by the larger m—character of Bz which polarises the surface dipole more.
In BzF the functional group substitution lies between Bz and BzFg in terms of elec-
tronegativity and hence the amount of w-character is also in between the two. This
can also be seen from the potential energy maps in Fig.2.11, where the negative
potential at the ring centre (corresponding to 7 electrons) is more than that of BzFg
but less than Bz. Thus, this explains the intermediate workfunction change in BzF.
A similar ® trend based on the electronegativity of the substitution is seen in the
mono-substituted halogens BzX, where the change in workfunction increases from
F—Cl—Br as 4.4eV—4.37eV—3.95¢eV, in the order of decreasing electronegative
substitution. Here too, the density of 7 electrons at the ring centre decreases more
with more electronegative substitution, that is from F to Br. The systematic de-
crease in workfunction change with increasing electronegative substitution already
shows that the gas-phase systematics holds even on adsorption on the metal surface.
It also supports the electrostatic potential model (§2.3.5) and verifies that the ben-
zene derived interactions can be explained qualitatively on its basis.

The twin peaks in 1.6 ML BzF are found at E,,. — F = 0.9¢V and 0.75eV below
the vacuum level. The two lowest antibonding states of BzF in the gas-phase are
found to be at 0.8-0.9¢V [2,40] (referred to as 7;) and 1.4eV [40] (referred to as w7)
above the vacuum level. On adsorption, the molecular LUMO levels are expected to
be polarised by the free electron gas of the metal due to Pauli’s repulsion between
the two and by the IP state [31,33,38,101,102]. We can estimate the shift of the
lower LUMO state by the metal’s electron cloud from Eq. 2.8, where z = 2.5 A is the
distance of flat lying benzene molecules from the metal surface (for flat lying Bz [103])
and ¢ is the vacuum permittivity. This explains a shift of 1.44 eV and we can expect
the 0.9eV 7 state to be at 0.53-0.43 eV below the vacuum and the 1.4eVr} state to
be at the vacuum level. The observed unoccupied state is in this vicinity, suggesting
that it is the lowest 7 molecular state. Alternatively, if the unoccupied state is
the polarised 7 state, then a shift of 1.65eV is expected for the higher bound state
(Eyae — E =0.75€V), corresponds to z = 2.18 A2, which is reasonable. However,
the permittivity should not be strictly considered as vacuum permittivity due to the
molecules permittivity. For both Bz and BzFg, we see that at coverages around 1 ML
new spectroscopic features appear which were identified as unoccupied states. In the

2There is some uncertainty as to the orientation of the molecules, where Koch et al. [103]
calculated submonolayer adsorption to be tilted by 45° and according to [117] it is found to be
initially flat. If a tilted geometry is considered then z = 2.2 A assuming the maximum radius of the
molecule = benzene radius of 5.5/2 A [3,160] + radius of chlorine atom 1.75 A.
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case of Bz, these features were identified to be modified IP states and the LUMO
state was observed as a final state [3]. For BzFg, the new peaks were assigned to the
o* molecular resonance state [159], which was considerably lowered compared to its
gas-phase due to ionization by copper’s IP state.

For Bz [3] and BzFg [4], two peaks are reported in literature for the intermediate
coverages and a single peak for complete coverage. With the help of TDS measure-
ments and angle resolved spectroscopy, authors of references [3] and [4] were able to
determine that Bz and BzFg grow in complete layers. The molecules form islands
before forming a closed film and for the intermediate/incomplete coverages, some of
these islands have a higher coverage [3,29]. The second peak arises due to a different
binding energy of the bilayer islands in the incomplete layer (due to various reasons
like distance from the substrate and polarisation effects). In the case of BzFg, with
increasing coverage (including the intermediate layer peak), the molecular state bind-
ing energy shifts to lower energies (F — Fr). This was explained by the broadening
of the potential well at the metal surface (formed due to high electron affinity of
BzFg) due to larger coverage thickness. This causes the molecular states to shift to
the bottom of the well, resulting in a lower binding energy. A similar lowering of the
molecular state with increasing coverage was observed for C¢H;Cl1/Ag(111) [33]. We
too observed that the second peak in intermediate coverage has a smaller binding
energy, thus hinting that the second peak arises from bilayer island growths and is
a molecular state. For Bz, the intermediate layer peak is seen at a higher binding
energy (referenced to Fermi energy) compared to the closed monolayer peak, since
they are IP states. This is because IP states are polarised to higher energies on
adsorption of electronegative adsorbate [161] and for higher coverages, the polarisa-
tion is stronger due to a larger adsorbate concentration. This supports our earlier
assumption that the second peak is a molecular derived state and not an IP state.
Another supporting fact is that the twin peaks in our case are too close in energy
(150meV) to be consecutive IP states. Further, neither can it be a modified IP
state of Cu(111) which is at 0.85eV [71] below vacuum for bare Cu(111). This is
because, on adsorption the IP state will be polarised towards the vacuum level by
the molecules and an upward shift in the IP state is expected [161]. Therefore, we
assign both the unoccupied states to the 7} molecular resonance state.

To conclude: The LUMO states for Bz, BzF and BzFg are thus 4.6eV, 3.7e¢V
and 3.5eV above the Fermi, respectively. Like for the workfunction, this shows clear
systematics that with the decreasing 7 character of the benzene ring, less charge
transfer between the metal and the molecule takes place which reduces the lowering of
the LUMO level, thus following the same systematics as in the gas-phase [2,26,38,40]
and is in agreement with the theoretical models [1,35,99,162], also discussed in § 2.3.5.
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Static Angle Resolved 2PPE

To study the degree of localisation of an electron in the molecular derived LUMO
state, we performed static angle-resolved 2PPE measurements and calculated the
dispersion of the surface parallel momentum k| of the state £ (l;”). We recorded the
2PPE spectra for different angles, 6 between copper’s surface normal and the ToF
spectrometer tip by rotating the sample about the vertical axis, shown in Fig. 5.6a).
The measurements were performed on the 1.6 ML BzF layer with 4.1eV OPA pulses
and the £ — Fr = 3.53eV molecular state was investigated. The peak position was
determined by fitting them with a Lorentzian function. With the help of Eq. 3.4, we
can calculate the surface parallel momentum component l_f” corresponding to the 6
and plot the binding energy of the state as a function of l_c”, as shown in Fig. 5.6Db).
We see that the momentum has a positive dispersion and to obtain the effective mass,
meg of electrons in this state, we fit the curve with the parabolic function given in
Eq.3.5. This was found to be 0.840.3 m., which is less than the free electron mass.
Conversely for 1 ML BzFg, the electron in the molecular derived state has a larger
effective mass of meg = 1.9 & 0.2m, and is more localised, which decreases with
increasing coverage [4].

The difference in mqg between the BzF and BzFg is tentatively assigned to the
asymmetry in BzF, where BzF molecules have 2-fold (Cay) symmetry [100] while
BzFg have 6-fold symmetry (Dgy,) [100]. Looking at the potential energy surface of
BzF¢ in Fig.2.11, a strong negative potential is on the ring backbone which would
result in potential maxima and minima in the plane of the flat lying molecules,
localising the electrons in the potential well [4]. However, in the case of BzF, the
potential energy surface from the centre of the ring to F is smoother, due to the
pull of the 7 electron cloud by the strong electronegativity of the fluorine atom.
In a layer of flat lying BzF, the potential field is thus less corrugated than that in
BzFg, where the electrons can get trapped in well defined potential wells. A less
corrugated potential surface will result in a more free electron like character. We
also performed time- and angle- resolved 2PPE measurements to study the temporal
evolution of the momentum dispersion of the molecular state. These are discussed
in the Appendix A.2

Time resolved measurements with the optimised NOPA (60fs cross correlation
and 40 nm NOPA fundamental bandwidth) were performed for 1 ML coverage. Here
we see a tail from the IP state which makes it difficult to discuss the molecular state
features. Nevertheless, the data is discussed in the Appendix A.1. The tail of the IP
state can also be partially due to a broader bandwidth of the NOPA fundamental
beam and hence the NOPA pulses should be further improved.
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Figure 5.6: Static angle-resolved 2PPE measurement of 1.6 ML CcH5sF/Cu(111), measured with the
ToF. a) 2PPE spectra recorded at different sample rotation angle. The binding energy of peak2
corresponds to the molecular derived state in the bilayer and is b) plotted as a function of parallel
momentum, which corresponds to the rotation angle. The solid line is a parabolic fit function giving
the effective mass of this state.

5.2 CgH;X/Cu(111): Chemical Kinetics

We now study the chemical kinetics of the photoinduced ionization/dissociation of
Ce¢HsX/Cu(111) in a similar way as was done on the polar ice surface in chapter 4.
We measure the corresponding change in workfunction on continuous photo illumina-
tion of the sample by performing monochromatic 2PPE spectroscopy and determine
the reaction rates. Comparing the trend of workfunction change for the different
halobenzenes and their coverage, we can study the role of halogen substitution on
interface dynamics from a macroscopic point of view. We report here the first ex-
periments performed towards this aim.

In Fig. 5.7 we show the change in workfunction as a function of total photoexpo-
sure time for the different halobenzenes adsorbed at 1 ML and 3 ML coverages. BzF
was measured with 3.8 eV photon energy and is shown in Fig.5.7a). We find that for
1 ML coverage, the workfunction of the system does not change. However for higher
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Figure 5.7: Change in workfunction of CgH5;X/Cu(111) as a function of photoexposure time, for
monolayer and multilayer coverages.

BzF coverages, like 3 ML, we see that the workfunction increases with increasing
photon dose. This hints at an accumulation of negative charge at the surface as a
consequence of formation of long living ionised states or due to electron trapping at
the surface.

A change in workfunction for BzCl is also observed and is shown in Fig.5.7b).
The measurements were performed with 3.7eV for both the monolayer and the
multilayer coverages. Interestingly, the workfunction of the monolayer coverage
first increases and then decreases, similar to high fluence measurements of BzCl,
BzBr/D,O/Cu(111). For the multilayer coverage a single exponential increase in
workfunction is seen. We also see a workfunction increase for BzBr, however here we
have measurements only for 3 ML coverage, shown in Fig.5.7c). The measurements
were performed with 3.54 eV photon energy and at two different fluences of 14J /cm?
and 5uJ/cm?,

Discussion:

The observation of a workfunction change for the multilayer coverage but an absence
for the monolayer coverage for BzF is explained by a decreased metal-adsorbate
wavefunction overlap for the higher coverages. Being spatially further away from the
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metal substrate, molecules in the multilayer have a weaker wavefunction overlap with
it. Further due to the screening of the multilayer coverages from the metal substrate
by the monolayer coverage, wavefunction overlap between the two further decreases.
As a result, electrons excited into the BzF multilayer are expected to have a longer
lifetime (observed in the 1.6 ML tr-2PPE measurements in Fig. A.1). However, since
we don’t see any workfunction change on photoexposure of 1 ML, where we excite
into the non-dissociative 7; molecular state, we argue that the workfunction changes
in the multilayer is not due to a build-up of the ionised molecular state, but due to
electron trapping in the film. Another possible mechanism is that since we are in
the multilayer regime, partial solvation of the electrons in the polar BzF coverage is
possible. If the electron lifetime in the 3 ML coverage is sufficiently large?, a build-up
of the negative charge will be observed as an increase in workfunction. On fitting the
workfunction dependence on time, we find that the data can be described by a single
exponential function with a time constant Ap = 0.25 £ 0.05eV/min and saturates
within 20 min which is much faster when compared to CgH;X/D,0O/Cu(111).

The change in workfunction for both BzCl and BzBr molecules can be explained
by photoinduced excitation of their antibonding 7* state. On adsorption, the molec-
ular LUMO levels are expected to be redshifted due to the IP state, as was in the
case of BzF. The 7* state for BzCl and BzBr lie at 0.73¢V and 0.67 ¢V [2] above the
vacuum in the gas-phase and are roughly expected to shift to 0.86eV and 0.92eV
below the vacuum. Please note that this is only a rough estimate and many factors
like size, angle and polarisation of the molecules will play a major role. With a
workfunction of 4.36eV for 1 ML BzCl, 4.32¢eV for > 1.5 ML BzCl and 3.95¢eV for
3 ML BzBr, the binding energies are £ — Er = 3.45eV and 3.4eV, respectively. In
fact, inverse photoemission spectroscopy of multilayer C¢gHsCl/Cu(111) by Dudde,
et al. [38]found the 7* state to be at 0.4+0.35eV below the vacuum. Due to inter-
system crossing of the 7* and dissociative ¢* states, the molecules can dissociate as
well by excitation into the 7* state. Thus, these states can be populated by pho-
toelectrons with the photon energies used, ionising and dissociating the BzCl and
BzBr molecules. For BzBr, the o* state overlaps with the 7* states energetically?,
further enhancing the dissociation cross-section. In the case of BzCl, the o* state
is &~ 1.8 eV higher and cannot be populated. A resonant excitation from the molec-
ular ground state to an antibonding state via photon absorption in the molecule

3The requirement is that not all excited electrons or excited molecules relax back before the
next laser pulse, within 4 us

4Do not confuse with the C4gH5X/D,0/Cu case, where the o* channel is ignored. Here the
electron energy is referenced to ice conduction band and is less than 1eV, much lower than electron
energies involved in direct excitation from Cu to C¢gHsBr in CgHzBr/Cu.
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is also possible®. For CgH;Cl/Ag(111), the low energy cut-off for this process was
found to be at 350 nm (3.54eV) by Zhou and White [33]. This cut-off is much lower
than the gas-phase limit of 266 nm (4.66eV) [109]. The redshift of the dissociation
limit is explained by charge transfer between the metal and molecule, resulting in
a repulsive interaction (Pauli’s repulsion), which lowers the LUMO level [33,102].
The neutral molecule can also be ionised by thermal electrons [24] like hot electrons
and the anionic state can then be readily dissociated [33], giving a redshift of the
gas-phase dissociation energy. Since gas-phase BzBr LUMO levels are lower than
BzCl (by 60meV), photoexcitation of the molecular resonance is expected. This
implies that the ionization/dissociation of BzCl and BzBr is highly probable via
electron attachment and resonant photoexcitation of the molecule. Thus, the change
in workfunction in BzCl and BzBr coverage is due to a build-up of negative charge
of the ionised and dissociated BzX species and the rate at which this build-up takes
place reflects the macroscopic charge transfer rate from copper to BzX.

In the multilayer BzCl and BzBr case, like for multilayer BzF, a decreased cou-
pling of the higher coverage molecules from the surface is expected, causing the
ionised /dissociated species to have a longer lifetime and ensuring their build-up.
Since both electron attachment and photoexcitation of the molecular resonance are
probable, one would expect to see two exponential rate constants to describe both
these processes. However, we see a single exponential build-up of the workfunction,
suggesting either that the two processes cannot be distinguished from each other
kinetically and both the processes have a similar rate constant (the two mechanisms
are equally probable), or that one is more dominant that the other and we don’t see
a signal from the second process.

The mechanism for the decreasing workfunction trend in 1 ML BzCl is not clear,
however, a possible reason can be a dominant secondary reaction between the dis-
sociated species, similarly to CgHzBr/D,O/Cu(111) in chapter4. For example, the
ionised species can bind to the metal substrate and get dissociated by the metals hot
electrons [30,33,103,163| giving a benzene radical and an halogen anion which binds
to the metal to form a halogen-metal complex [30,163]. While the ionised /dissociated
species result in an increase in workfunction, the secondary reaction products may
decrease the workfunction. Since our monolayer is not compact, surface diffusion is
possible. STM measurements [117] found that the BzX molecules are physisorbed
on Cu(111) surface and are mobile even at 11 K. Therefore, it is reasonable to expect
the dissociated species to recombine and form secondary products with an overall
decrease in surface dipole. A good test for this hypothesis will be to measure the

®On adsorption, the molecules interact with each other and are hybridised by the metal which
results in band formation of the molecular states
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Figure 5.8: The change in workfunction of the multilayer coverage is plotted on a log-scale. The
CgHsF curve lies on top of CgHsBr curve at earlier times and is thus offset by - 5min. CgHzBr is
described by two exponential functions, while CgHsF/Cl are described by a single exponent.

monolayer workfunction response of BzBr. Another speculation is the strong metal-
molecule interaction, where the negative charge of the ionised halobenzene is screened
by the metal’s free electron gas.

We replot the multilayer curves for the three halogens on a log-scale after nor-
malisation to the maximum workfunction change A®,., in Fig.5.8. For BzBr,
the high and low fluence curves have an initial steep slope followed by a grad-
ual slope and need two exponential functions to describe it. On fitting the curves
with a double exponential fit function, we found Agp;gsiow = 0.04 £ 0.03 eV /min and
AoBr-fast = 0.2 £ 0.1eV/min for the low fluence and Agp;siow = 0.049 +0.005 eV /min
and Agprfast = 0.77 = 0.03eV/min for the high fluence. For BzCl and BzF, a sin-
gle slope is seen, suggesting a single exponential function which on fitting gives,
Apc1 = 0.013 £ 0.001eV/min and Agr = 0.25 £ 0.05e¢V/min rate constants for
BzCl and BzF, respectively. The order of magnitude difference between BzF and
BzCl is explained by the different mechanisms responsible for the change in work-
function. That is, for BzCl we expect the increase in workfunction due to ioniza-
tion/dissociation of the molecule due to excitation into a molecular state. However,
for BzF the change in workfunction is expected to be due to electron trapping in
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the molecular layer (for example by defect sites)®. In the case of BzBr, the fast
rate constant is of the same order of magnitude as the rate constant of BzF, hint-
ing that the fast rate constant is due to electron trapping by the molecular film.
However, this leaves us with an obvious question as to why we don’t see a fast com-
ponent for BzCl, for which we don’t have any clear explanation. The slower rate
constant of BzBr is similar to that of BzCl and can be assigned to the build-up
of the ionised/dissociated species via molecular excitation (electron attachment and
photoexcitation), since this mechanism is highly probable for both BzCl and BzBr.
The larger (slow) rate constant of BzBr compared to BzCl is justified by its lower
LUMO level and the additional direct excitation channel into the o* state. In BzBr,
we also observe that the fast and slow rate constants are larger for the high fluence
measurements compared to the lower fluence one which is explained by an increased
number of events due to increased photon density per molecule. This is similar
to that observed in CgH5X/D,0/Cu(111), where we see a linear dependence of the
reaction rate constants on the fluence.

Conclusion: Charge transfer dynamics can be studied as a function of workfunc-
tion change. Screening plays an important role in charge transfer which is clearly
seen in the case BzF and BzCl. Substitution based dependence of the charge transfer
dynamics is observed in the case of BzCl and BzBr, which supports the comparative
LUMO level alignment study of Bz, BzF and BzF6 in the previous section. An ad-
vantage of studying charge transfer dynamics through the macroscopic workfunction
change is that we don’t have to know the exact positioning of the energy levels to
qualitatively discuss the efficiency of the process. Determination of the energy states
can be difficult due to the strong metal molecule interaction which gives rise to new
hybrid energy levels like the metal-molecule interface states [102]. We speculate a
different mechanism for charging of the multilayer organic film for BzF from that of
BzCl and BzBr.

5.3 Summary

On adsorption of CgH5X on Cu(111), we observe a decrease in workfunction which
changes the most for BzBr at 4.0eV (3ML) followed by BzCl at 4.3eV and least
for BzF at 4.4eV. A similar trend is observed on comparing BzF to literature values
of Bz [3] and BzFg [4], where the change in workfunction decreases with increasing
electronegative substitution, that is, from 4.2 eV for Bz [3], 4.4 eV for BzF and 4.5eV

6This is similar to that in the CgH5X/D,0/Cu(111) case, where the observed fast rate constant
was assigned to electron attachment at preferential trapping sites.
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for BzFg [4]. This is explained with the help of potential energy maps where a more
electronegative substitution decreases the 7 character of the molecule and hence
results in a weaker push back effect between the metal’s electron cloud and the 7
electrons of the molecule.

With 2PPE spectroscopy, we observed a molecular derived spectroscopic feature
for CgHsF/Cu(111) with a binding energy of 3.7eV above the Fermi level, which we
assign to the lowest LUMO state of the molecule with 7-character and referred to as
7 state in literature [2,40,100,164]. This modified molecular state lies in between
the LUMO derived state observed for Bz and BzFg on adsorption on Cu(111), which
were observed at 4.6 eV [3] and 3.5eV [4] above the Fermi level, respectively. This too
reflects a direct dependence of the polarizability of the molecular states by the free
electron gas in the metal on the electronegativity of the functional group. This is very
interesting since it reflects the gas-phase systematics and verifies the many models
that describe 7 molecule adsorption on metal surfaces [1,2,26,35,38,40,99,162]. We
also showed that the molecules grow in closed layers and with increasing coverage
the binding energy of the LUMO state decreases. We observed no new spectroscopic
features for CgH5Cl/Cu(111) and CgHsBr/Cu(111) up to 3 ML of coverage. Angle-
resolved 2PPE measurements showed that the molecular state at 3.53eV above the
Fermi, has mqg = 0.8m,, which is speculated to be due to the asymmetric potential
energy surface of the BzF molecule.

We also studied the charge dynamics by determining the macroscopic photoin-
duced reaction rate constant, observed indirectly via workfunction measurements,
similar to that in chapter4. We were able to determine the macroscopic workfunc-
tion change rate constants which for multilayer coverage were Agprsow = 0.04 +
0.03eV/min and Agppfast = 0.2 & 0.1eV/min for the low fluence and Aepgow =
0.049 + 0.005eV /min and Agp;_fasy = 0.77 +0.03 eV /min for the high fluence, Apc) =
0.013 £ 0.001 and Aer = 0.25 £+ 0.05. For BzBr, a double exponential workfunction
change trend is observed with a fast and slow rate constant. The slow rate constant
was found to be similar to BzCl and is tentatively assigned to photoinduced excita-
tion of the molecule, while the faster rate constant was found to be similar to that of
BzF and was assigned to electron trapping by the molecular film. For BzCl and BzBr,
both resonant photoexcitation of the organic molecule and electron attachment are
expected to be equally responsible for the workfunction change, since only a single
exponential rate constant is observed for BzCl. A larger rate constant for BzBr com-
pared to BzCl was explained by the lower 7* and ¢* LUMO levels. We hence showed
that the m system interaction with other reactants/bodies depends primarily on the
substituent group. This was further supported by comparative analysis of Bz, BzF
and BzFg series.
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We observe that screening (from the molecular layer and the free electron gas
in the metal) plays a crucial role in determining the charge transfer rates. For
BzF, we see no change in workfunction on photoexposure for 1 ML coverage, but
an exponential increase for the multilayer coverage, justified by the screening of
electrons in the multilayer by the molecular monolayer. In the case of BzCl, the
monolayer coverage shows initially an increase in workfunction which quickly starts
to decrease with photoexposure time, while the multilayer coverage shows a single
exponential continuous workfunction increase. This is expected to be due screening
by the metal’s free electron gas and due to diffusion of the dissociated species.



Chapter 6

Time- and Angle- Resolved 2PPE
of D,O/Cu(111) and Decay
Dynamics of CcH:F/D,0/Cu(111)

When an electron is exited from the metal into the ice conduction band (CB), it
can either get trapped and solvated at pre-existing e~ traps, or attach to the or-
ganic molecule. Solvated electrons are the smallest anion that can be realised in
nature. Because of their small spatial extent and high reactivity, they have gained
widespread interest [10]. Water is a universal solvent and the environment for many
vital reactions and processes, making it an important medium for DEA. As a result,
solvated electrons in amorphous ice (D,O/Cu(111)) have been studied with 2PPE
spectroscopy where their lifetime [5,93], energetic and momentum localisation [6,87]
and relative position [92] in the ice layer were investigated. An interesting observa-
tion was that the meg of solvated electrons at larger delays was found to be negative.
These measurements were performed with the ToF spectrometer. In order to verify
this observation and as a comparison between the ToF and pToF, we performed tr-
angle resolved measurements of 4 BL D,O/Cu(111) with the pToF. We compare our
results with those in [5,6], where they discuss their observations. We also studied the
binding energy stabilisation and changes in its lifetime on coadsorption of CgHsF.
We discuss these observations in this brief chapter below.

137
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6.1 Time resolved 2PPE of D,O/Cu(111) and

In this section we investigate the time resolved dynamics of solvated electrons be-
fore and after the adsorption of the BzF. We performed tr-2PPE measurements
with 1.95eV and 3.79eV photon energies and 55fs pump-probe cross correlation
on D,O/Cu(111) and CgHsF/DyO/Cu(111). We used the position sensitive pToF
for these measurements to be sensitive to the dispersion (discussed in the next sec-
tion § 6.2) as well. The respective 2PPE spectra are shown in Fig. 6.1 in the left panel
as a false colour plot with the binding energy as a function of pump-probe delay and
the photoemission intensity on the false colour scale. In both these cases, we see a
short living state at higher binding energies £ — Fr > 3.05 & 0.05eV corresponding
to the ice conduction band! and a long living state at 2.97£0.05eV corresponding
to the solvated electron e, state. Another clear feature of the spectrum is that the
binding energy of the e, decreases with increasing probe delay, suggesting localisa-
tion of the state. The tr-2PPE image of bare water are similar to those by Gahl,
et al. [5], shown in §2.3.4 and by Stdhler [87], which were measured by the ToF
spectrometer.

On adsorption of CgHsF, there are some differences observed in the 2PPE spec-
trum. Firstly, the secondary edge shifts to higher energy, giving an increase in work-
function, which is also shown in the one colour 2PPE spectrum in Fig.4.1. Secondly,
the lifetime of the solvated state was found to decrease on coadsorption as shown in
Fig.6.1b). In the figure, the time evolution of the solvated state is extracted from
the image plot by taking an energy cut in the range of 2.74eV - 3.15eV for water and
2.73eV - 3.3eV for BzF and plotting the 2PPE intensity as a function of pump-probe
delay A7 (constant energy range). The data was fitted with an exponential function
convoluted with the Gaussian of the pump-probe cross-correlation (XC). We thus
measured the lifetime of the solvated state for the two cases equivalent to 90 + 8 fs
for only water and 60 £ 7fs for coadsorbed CgH5X, showing a faster relaxation on
adsorption. This implies that there is some wavefunction overlap between the sol-
vated electron and the molecular overlayer. This is reasonable as it has been found
that the solvated electron complexes are formed at the ice-vacuum interface [87,92]
and a weak interaction between the early localised electrons and BzF is still possi-
ble. However, a large overlap is not expected since the wavefunction of the electrons
gets confined with solvation and theoretically (Appendix C), we do not expect an

'We cannot determine a clear higher energy cut-off since our photon energy is not large enough.
We use a photon energy of 3.79eV which is the expected CB upper limit [165]
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Figure 6.1: a) False colour plot showing the time resolved dynamics of solvated electrons in water
with and without coadsorbed C¢HyzF. Binding energy (UV pump) as a function of pump-probe
delay is shown on the x-y plane and the 2PPE intensity is shown on the false colour scale. CB
refers to the conduction band of ice and e refers the solvated electron state. b) 2PPE intensity of
e, vs pump-probe delay, showing a shorter lifetime after adsorption of CgHsF. ¢) Binding energy
as a function of pump-probe delay, showing the same rate of relaxation in e, binding energy with
time.

electron attachment below the ice CB, where the solvated electrons are energetically
localised.

Lastly, we see that the CgHzF/D,0O/Cu(111) data is noisy compared to the
D,0/Cu(111). This is due to experimental constraints, where ionization of the or-
ganic layer results in a workfunction change (see chapter 4), the measurements were
performed at a much lower incident flux than those used for DoO/Cu(111).
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We also compared the rate of localisation of the solvated state for the two cases
and show it in Fig.6.1c). The change in binding energy of the solvated electron as a
function of time is the same with and without BzF, which is 0.87+0.12meV /fs. This
means that the solvation shell is unaffected by BzF, similar to how it is impervious
to the metal substrate, shown in [87].

At this point, we would like to point out that there are discrepancy’s between
our decay lifetime and energetic stabilisation of the solvated electron on pure ice and
those measured by Stdhler et al. [70,87]. We can describe the solvated electron’s
decay dynamics with a single exponential. However, they found that the electrons
initially decay with a time constant of 140fs and after 150fs with a slower 316 fs
time constant. They also measured a much slower stabilisation rate of 0.27 meV /fs.
We can explain the discrepancies by the lack of data points at later delays. Since
the motivation behind these measurements was to perform excellent quality angle-
resolved measurements, we measured fewer delay points at later times. Hence we used
larger steps between the subsequent delays after 150 fs because of which the decay
dynamics cannot be resolved well at later delay steps. Thus we do not have full
information after 150 fs and the information on the slow decay channel and binding
energy relaxation at larger delays is lost. It has been shown that the early time
delays are more sensitive to changes in substrate or ice structure [87]. Therefore,
because we are interested in the qualitative effect of BzF on the solvated electron, it
is reasonable to look into only the early time delays of the relaxation dynamics.

To sum up: we see that on adsorption of BzF, the lifetime of the solvated state
decreases but its stabilisation rate remains unchanged. This suggests that while BzF
does not influence the solvated shell in anyway, it weakly interacts with the electron
itself.

6.2 Tr- and Angle Resolved- 2PPE of D,0O/Cu(111)

In Fig. 6.1, we see a spectroscopic signal of electron solvation in amorphous ice which
is its decreasing binding energy with delay. Another way to determine the localisation
is to measure its band dispersion as a function of pump-probe delay.

We used the position sensitive pToF spectrometer for these measurements, be-
cause of its sensitivity to the electron’s photoemission angle. One thus gains in-
formation on the band dispersion as well as the kinetic energy distribution (2PPE
spectrum). The tr-2PPE spectrum is shown above in Fig. 6.1a). The corresponding
dispersion cone of the in plane momentum (momentum component parallel to the
surface axis) along the Eux direction is shown in Fig.6.2. Here the y-axis gives the
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kinetic energy, the x- axis gives the momentum and the false colour scale gives the
intensity. Similar dispersion cones are obtained for the measured time delays and for
the Ey direction. We only show the image for EH% direction and 7 = 0Ofs.

One finds that the e, peak at Ey;, = 3.1eV kinetic energy has some dispersion.
In order to quantify this, the corresponding energy spectra at different momentum
and different delay steps are extracted and the peak position is determined by fitting
them with the Lorentzian function. As an example, the energy spectra for some of
the momentum steps at 0 fs delay are shown in Fig. 6.3a). Here we can see the shift of
the binding energy to higher-lower-higher values for momentum from left to right (or
vice-versa). The corresponding dispersion curves for the different delays are shown
to its right in panel b). We see that with increasing delay, the momentum dispersion
curve gets flatter and the meg increase. This suggests that the electrons get heavier
and hence more localised with time. At the 300 fs delay point, a negative dispersion
is seen. This compares well with the past studies by Gahl, et al. [5,6] which were
performed with the ToF, shown in panel ¢). Here too a decreasing effective mass with
increasing delay was observed and at delays larger than 100 fs a negative dispersion
was seen. The broad energy peaks (solvated state and the conduction band), which
need to be decoupled from each other to determine the dispersion of the solvated
peak, and the finite bandwidth of the solvated electrons in the momentum space,
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Figure 6.3: Time- and angle- resolved 2PPE of 4 BL D,0O/Cu(111) measured with pToF spectrom-
eter. a) 2PPE spectra for different parallel momenta (ka) values at 0 delay, corresponding to

Fig. 6.2 and measured with 1.95eV+3.79eV. b) Binding energy as a function of E”l. and showing
momentum dispersion curves at different delays. The curves are fitted with a parabolic function to
determine the effective mass meg. ¢) meg at different delays measured by Gahl, et al. [5,6] with
ToF spectrometer.

gives rise to an apparent negative dispersion. A more detailed explanation can be
found in [6]. Therefore, the similarities between our measurements and those by
Gabhl, et al. [6], verify that the negative dispersion in not a spectrometer artefact and
that the pToF spectrometer is capable of reproducing ToF measurements.

6.3 Summary

To summarise, we studied electron solvation in 4 BL amorphous water ice adsorbed
on Cu(111) with tr-2PPE and tr- and angle resolved- 2PPE. We identified the elec-
tron solvated state at £ — Ep = 2.97 £0.05eV and the ice conduction band spectral
feature, which were found to match the literature values [5,87]. The lifetime of the
solvated state was found to be 90 + 8 fs, lower than literature value of a few picosec-
onds. The solvated state shows energy stabilisation, which is observed as decreasing
binding energy of the solvated state with increasing probe delay. The rate of lo-
calisation was found to be 0.87meV /fs in our measurements, which is faster than
the literature value of 0.27meV /fs. The difference in our measured lifetime and lo-
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calisation rate of the solvated state from literature values is explained by the large
delay steps after 150 fs. It was found that on adsorption of 1 ML BzF, the lifetime of
the solvated electron decreases to 60 4 7 fs, while the solvated state localisation rate
remains the same. This suggests that though on adsorption the organic molecules
interact with the metal substrate and the solvated electron, the solvation shell re-
mains unaffected. We also performed tr-angle resolved measurements in the 2PPE
configuration and used the pToF as an electron spectrometer. We compared our
momentum dispersion measurements of the solvated electrons with those by Gahl,
et al. [6] which were measured by the ToF. We thus verify their observation with a
different electron spectrometer. We were able to reproduce their measurements and
show that with increasing probe delay the band gets flatter, suggesting a localising
electron with time. At higher delays, for example, 300fs, the dispersion becomes
negative. The apparent negative dispersion is observed due to the wide overlapping
energy bandwidth of the solvated electrons and conduction band electrons spectral
features and due to the finite bandwidth of the solvated electrons in the momentum
space.






Chapter 7

Conclusion and Outlook

The present thesis investigated electron transfer probability and dynamics on a po-
lar surface (C¢H5X/D,O/Cu(111)) and at a metal-organic interface. Studying charge
transfer dynamics spectroscopically through workfunction measurements has many
advantages. Not only does the photoemission technique provide flexibility in access-
ing the energy levels, one doesn’t need to know the position of the resonant molecular
state to qualitatively study the charge transfer efficiency. Literature shows that on
polar surfaces, the DEA cross section of organic molecules is enhanced. Though a
model has been proposed based on electron solvation and localisation due to self
trapping of electrons in the polar environment [11], it has not been explicitly proven.
With the aim to verify this model, this works shows that the enhancement on polar
surface cannot be due to the pre-localised solvated electrons due to energetic con-
straints. Though ice indeed enhances DEA, it is found that the pre-existing electron
traps are the main player in the enhancement and that the delocalised electrons
are responsible for DEA of the organic molecules. The above work was done in
collaboration with theory and STM groups.

CeH;X/D,0/Cu(111) Workfunction studies of coadsorbed halobenzenes on D,O
and Cu(111) were performed with the help of 2PPE spectroscopy, where the charging
of the organic layer by photoelectrons results in an increase in workfunction. There-
fore, by studying the rate of change in workfunction, the efficiency of DEA for the
different molecules were determined and was found to increases from BzF to BzBr, re-
flecting the C-X bond strength and providing evidence for ionization/dissociation of
the organic layer. The experiments were repeated under different experimental con-
ditions like coverage, photon dose, excitation energy, and water structure. Through
comparative analysis of all these studies, it was found that the catalysis of the DEA
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on ice was unlikely due to solvated electrons, but instead due to delocalised electrons
exited from the metal substrate. An important observation in support of this was
that on using lower photon energies, a significant decrease in the reaction rate con-
stants was seen, even though the photon energy was sufficiently large to photoexcite
electrons into the pre-solvated state in ice. In addition, collaborative work with the-
ory and STM showed that at pre-existing electron traps, the organic molecules are
polarised and have a lower ionization threshold energy, hence suggesting that the
enhancement is due to electron traps in ice.

Another important aspect of this study is that a direct signature from the tran-
sient ionic state in a complex environment is observed, since the transient ionic state
results in a workfunction change. A spectroscopic signal from such states has not
been seen in the past.

CgHzX/Cu(111) Fundamental processes like charge transfer, localisation, ener-
getic stabilisation and electron back transfer at the metal-molecule interface is of
great interest, in particular to the molecular organic industry. With this moti-
vation, studies were also performed on bare Cu(111) surface. With two photon-
photoemission spectroscopy, a molecular derived state of CgHszF/Cu(111) could be
identified. It was found to have an energy of 3.7¢eV above the Fermi and could be as-
signed to the lowest 7* LUMO level of BzF. In comparison to the literature values of
the LUMO state of benzene (4.6 eV above the Fermi) [3] and hexafluorobenzene CgFg
(3.5eV above the Fermi) [4] adsorbed on Cu(111), the LUMO of BzF lies in between.
Thus a systematic dependence of metal-organic molecule interaction (polarisation)
on the extent of electronegative substitution of the benzene molecule, similar to that
in the gas-phase [40], is shown. Angle resolved 2PPE measurements further showed
this molecular-derived state has an effective mass of 0.8m.. A molecular derived
spectral feature was not seen in the case of BzCl and BzBr and could be explained
by their dissociative nature.

Reaction kinetics of photoinduced ionization/dissociation of the halobenzenes
were studied through rate of change in workfunction. It was observed that while the
workfunction of monolayer BzF was constant on photoexposure, it increased for a
multilayer coverage. The LUMO level is being populated for both the monolayer and
multilayer coverages. This suggests that the build-up of the negative charge, which
leads to the workfunction increase, is due to electrons trapped in the molecular
layer. In addition to BzF coverage observations, monolayer BzCl showed a decrease
in workfunction on photoexposure, while multilayer showed an increase. In the case
of co-adsorbed ice layers also a photoexposure dependent workfunction increase is
observed. These observations together highlight the role of screening by the metals
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electron gas, the molecular layers and the ice bilayers, that is, a dominant signal of the
increasing workfunction with photoexposure time is seen only when there is screening
between the metal and the BzX molecules. Workfunction changes are also observed
for multilayer BzBr and had a larger rate constant compared to BzCl, reflecting a
dependence on the substitution group. Here, the change in workfunction is due to the
ionised /dissociated species which can happen via electron attachment to the resonant
molecular LUMO level. The ionization can also happen via direct photon excitation
of the molecule (HOMO to LUMO excitation), unlike adsorption on ice, because
of the strong metal-molecule interaction. Hence, the charge transfer mechanism
at CgHsF/Cu(111) interface and the CgH5Cl/Cu(111) interface are different. For
BzBr, a double exponential increase in workfunction is observed, where the fast rate
constant is due to electron trapping by the molecular film (similar to BzF) and the
slower rate constant is due to ionization/dissociation of the molecules (similar to
BzCl).

We thus showed that as in the gas-phase, halogenated benzenes can be char-
acterised by the extent of the electronegativity of the substituted group, where a
more electronegative substitution is weakly reacting compared to a less electronega-
tive substitution and can be explained by potential energy surfaces of the molecules.
Not only the halogen, but also the number of halogens (as in the case of CgFg from
literature) and the thickness of the adsorbed layers effect the molecular level align-
ment and hence the charge transfer probability. Since these are first measurements
of C¢H5X/Cu which already show rich dynamics, it is worth exploring this system in
more details.

Outlook

In the course of the detailed study of DEA of BzX on ice, many questions were an-
swered, but many more arose. For one, it is curious to know if for fluences even higher
than those used in this study the reaction rate constants X increases or saturates. A
saturation would suggest that there exist an optimal ratio of photons per molecule
which has been reached and any more photons will not have an effect. Alternatively,
one could enter a non linear regime and observe a more interesting behaviour. An-
other interesting study would be changing the amorphous ice thickness to determine
if the DEA is via conduction band electrons or via 'direct’ excitation of photoexcited
electrons from the metal. That is, to see if the role of water in electron transfer
is simply to decouple the organic layer from the metal or it it plays an active role.
However, one would have to be careful with the coverage range they use, since cover-
ages less than 3 BL are incomplete layers and higher coverages show photo reaction.
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It is worthwhile to investigate how heating or annealing of the amorphous ice after
photoillumination will effect the reaction rate constants. This would mean supplying
activation energy to the dissociated species and the ice molecules allowing them to
either diffuse faster or solvate better.

Since molecular energy level alignment is an important industrial question,
Ce¢HsX/Dy0/Cu(111) 2PPE measurements may be repeated with systematically de-
creasing the photon energy. The cut-off energy where no more (or drastically de-
creased) workfunction change is observed will give the experimentally determined
ionization energy level of the molecule. This is also a good check for the theoret-
ical calculations of our collaborators. The same can be done on bare Cu(111) to
determine the position of the LUMO of the molecules, especially for BzCl and BzBr,
where we don’t see a direct spectroscopic molecular feature. CgH5zX/Cu(111) mea-
surements were preliminary, but they gave a glimpse of the rich dynamics at the
metal substrate. It would therefore be interesting to learn the effect of submonolayer
coverages in CgHzX/Cu(111) on the workfunction change rate constants and if the
interesting behaviour we see for 1 MLL BzCl also hold for 1 ML BzBr. It is suggested
that the future experiments also investigate the high fluence behaviour of BzBr and
compare it to BzCl.

While we were able to identify the nature of the unoccupied state that appears up
in BzF /Cu(111), time resolved measurements with better energy and time resolution
pulses are suggested to be repeated and be performed for different coverages. This
would help to confirm if the molecular derived state is indeed a LUMO level or
a hybridised image potential state. Time- and angle- resolved measurements with
the pToF show that the effective mass of the molecular-derived state is 0.8m,. and
decreases with pump-probe delay. Since these are first measurements, the experiment
should be repeated with the ToF spectrometer to confirm this trend. A possible
explanation for this observation is that momentum dispersion of this state is polarised
by the photons pulses and hence depends on the intensity. A suggested experiment to
verify this hypothesis is fluence dependent time- and angle- resolved measurements,
where a stronger response of the effective mass is expected for higher fluences.



Appendix A

Time Resolved and Angle
Resolved 2PPE of CgH-F/Cu(111)
using the NOPA

A.1 Time Resolved 2PPE of 1 ML CgH;F /Cu(111)

The tr-dynamics of 1 ML BzF/Cu(111) was studied with the optimised NOPA (with
wedges and BK7 prism compressor) with 4.1eV+ 2.05eV photons, 60 fs pump-probe
cross correlation (XC) and measured with the pToF spectrometer. The corresponding
false colour map, the 2PPE spectrum with the decay lifetimes, and the molecular
state decay curve with the XC are shown in Fig. A.1. Firstly we notice that the time
resolution in the false colour map is quite good due to the short NOPA pulse duration
giving a narrower XC. Secondly, due to the closed molecular layer, we see only the
single molecular state at 3.7eV energy. Thirdly, near Er, there seems to be a state
decaying in the blue pump-red probe region with a seemingly long lifetime. The
lifetime of these states were determined by fitting the decay curve with a negative
exponent and a positive exponent, as shown in the left panel. We show here the
XC of the pump-probe pulse (decay curve of surface state on bare Cu(111)) and the
population decay curves for the molecular state. We find that one needs both the
exponential components to describe the data and a 20fs minimum positive decay
constant is seen for all the states, increasing as we go lower in energy. This is shown
in the right panel where we plot the negative and positive decay components for
various parts of the spectrum. This suggests that the positive decay component is
from hot electron states lying near the Fermi edge which are red pumped (hence
positive exponential decay) and energetically overlap with states lying the vacuum
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edge which are blue pumped (hence negative exponential decay).
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Figure A.1: Tr-photoemission of 1 ML C¢HsF/Cu(111). a) False colour map showing binding energy
on the y-axis as a function of pump-probe delay. The false colour scale gives the 2PPE intensity.
The measured exponential decay constants are shown in the left panel along with the photoemission
spectrum at zero delay. The blue markers correspond to negative decay constant and is referred to
the blue pump energy scale. The red markers correspond to positive decay constant and refer to
pump energy scale. b) Decay curve of the molecular state along with the cross correlation (XC).
The negative pump-probe delay corresponds to blue-pump and red probe and vice-verse for positive
pump-probe delay.

The IP state is expected to be at a lower kinetic energy (higher binding energy
with respect to the vacuum) for 1 ML compared to 1.6 ML BzF adsorbed on Cu(111).
This is because of a stronger polarisation by more adsorbate molecules in the later
case. Therefore, the state at F — Fp = 4.07 £ 0.03 eV is assigned to an IP state of
Cu(111) (same distance from the Fermi as on bare Cu(111), similar to C¢Fg/Cu(111))
and has a negative decay component of 40 fs. The molecular unoccupied state decays
faster with a time constant of 27fs for 1 ML coverage. Interestingly, the occupied
surface state also shows a negative decay component of comparable value. In fact, if
we look at the negative decay component in the right panel, we see that below the
IP state all states have this lifetime. This suggests that the 27 fs lifetime we observe
is not the lifetime of the unoccupied state but a tail of a higher lying state like the
IP state. However, it sets the upper limit of the lifetime of the electrons which is
27 1s.
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A.2 Tr- and Angle Resolved- 2PPE of CigH;F/Cu(111)

In order to study the localisation of electrons in the 7* LUMO state dynamically,
we preformed preliminary time- and angle- resolved 2PPE measurements of 1 ML

CeHsF/Cu(111), shown in Fig. A.2.
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Figure A.2: Time- and angle- resolved 2PPE measurement of 1 ML CgHsF/Cu(111) measured with
the pToF spectrometer. a) The desperation cone along the kx as a function of kinetic energy and
2PPE intensity. b) Different 2PPE spectra corresponding to different momenta in a). c¢) Binding
energy of the molecular derived state as a function of momentum, determined from fits in b).
Parabolic fit of these curves give the effective mass meg of electron in that state. d) Effective mass

as a function of pump-probe delay for the ng and Ey parallel momentum, determined by in c).

The optimised NOPA (with the wedge and BK7 prism compressors) was used
to generate pump and probe pulses of 4.1eV and 2.05eV and a XC of 60fs. We
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used the pToF spectrometer which has an electron acceptance angle of +11° [132],
measuring the surface in-plane dispersion along the x- and y- axis. In Fig. A.2a) we
show the dispersion at 7 = 0 along the sample’s x-axis (horizontal to the detector)
as a false colour map showing the kinetic energy as a function of /;x and the intensity
is plotted on the colour scale. Here Ey = 0 is at I" point of the Brillioun zone.
A similar dispersion cone is also obtained as a function of Ey (Ex at T'), but we
only show and discuss the lgx case in this work. In the figure, at Ey;, < 1eV,
the observed intensity corresponds to the hot electrons, while at ~1.6eV a band is
observed corresponding to the molecular unoccupied state. The band appears to
have a positive dispersion and to determine this more accurately, energy cuts are
taken for different momenta, shown in Fig. A.2b). Here we plot the 2PPE spectra
corresponding to different momentum as a function of kinetic energy. One sees that
at higher and lower momentum, there is a shift in the kinetic energy which can be
quantised by plotting the peak binding energy (determined by Lorentzian peak fit
function) as a function of the momentum, depicted in Fig. A.2¢). The dispersion for
different delays can be clearly seen here. The black markers shows the dispersion
at 7 = 0fs, but we see at certain momentum values, the curve gets noisy. These
momentum values correspond to the vertical stripes seen in Fig. A.2a), which are
due to a technical problem with one set of pToF wires 2. We therefore analyse the
data without these point and label it as ‘clean’, shown in Fig. A.2¢) as 7 fScjean. For
comparison, the ‘clean’ curves for 7 = 25 fs and 7 = —50 fs delays are also shown. The
corresponding effective mass is determined from Eq. 3.5 and by fitting the dispersion
curves. The respective meg at different delays for the l;x, Ey and /;xdean are shown in
Fig. A.2d). At 7 = 0, we measure an effective mass of 0.88+0.06 m. along the x-axis
and 0.7£0.1m, along the y-axis, which is similar to that measured with the ToF
spectrometer and OPA pulses in Fig.5.6. For all the three cases, IZI, /Zy and Exclean,
we see a similar trend, that is at zero delay, the meg is maximum but decreases
with pump-probe delay. This suggests that with increasing pulse intensity (the two
pulses overlap at 7 = 0 and have maximum intensity), the electron is getting more
localised. Since these are just the first analysis, we refrain from making definitive
statements about the mechanism behind these observations. However, we speculate
that the state has a fast response to the laser field and gets polarised with the laser
intensity, as a result, the electron localisation follows the laser intensity. We therefore
show, the band dispersion has interesting time dependent response which is worth

Tt arises due to a possible impedance mismatch of wires 1 and 2, because of which the discrim-
inator is set very high.

2The position of the electrons on the MCP plate and hence the momentum can be determined
with two sets of wires alone and thus the signal from wires 1 and 2 can be ignored.
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investigating in detail.






Appendix B

Additional Figures

Here we include some additional figures, which may be of relevance for future exper-
iments.
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Figure B.1: Coverage dependent photoemission of CgHsCl/Cu(111) measured with 6eV photon
energy. The direct photoemission curves show that with increasing coverage, the surface state (SS)
is suppressed and the workfunction decreases, but no new spectral feature is observed. The surface
state is also found to shift to higher binding energy by 70 meV.

In Fig. B.1, we show coverage dependent direct photoemission spectra of CgH5Cl/Cu(111)
measured with hv = 6eV and the ToF spectrometer. We see that the surface state
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is suppressed on adsorption of molecules, it shifts to higher binding energy from
E — FEr = 0.394£0.05eV to 0.284£0.05eV and the workfunction decreases.
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Figure B.2: A shift in the secondary edge as a function of photoexposure time for a) C¢gH5Cl and
b) Ce¢HsBr are shown for different incident photon fluences.

In Fig. B.2, we show the change in secondary edge, which corresponds to a change
in workfunction, with photoexposure time, for different incident fluences. The mea-
surements were taken with the ToF spectrometer and the NOPA was used to generate
the 3.78 eV photon pulses. We see that at lower fluences the absolute changes increase
with fluence. At higher fluences, when the third exponential contribution becomes
stronger at earlier times (Table4.2), a decrease in |[A®| is seen with increasing flu-
ence. This can be associated with the reverse in workfunction trends which become
prominent at higher fluences. This does not suggest that the rate of the ionization
process is decreasing with increasing fluence, but simply that the total workfunction
contribution (from two different charged species) decreases with fluence.



Appendix C

Current Paper

We are currently writing a joined paper with our collaborators. A copy of the current
version of the manuscript can be found here. See next page!
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How does ice mediate photochemistry in the atmosphere?
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Photochemistry in the earth's atmosphere is decisive for life, but has not yet been understood on
a fundamental level. A variety of photochemical reactions were shown to be enhanced in the
vicinity of naturally abundant ice-covered dust particles, in particular halogen dissociation from
carbohydrates initiated by photo-excited electrons. Chlorine and bromine involving reactions
impact concentration ratios of hydrocarbons, ozone and cloud concentrations. We establish the
molecular-scale picture of enhanced reactivity on ice by combining local and spectroscopic
probes with ab initio theory. Our complementary approach reveals a combined action of electron
attachment to molecular orbitals and electron solvation at pre-existing adsorption sites on the ice
particles. The picture is corroborated by a clear dependence of reaction rate on halogen electron
affinity. On a broader range, our results shed light on the influence of solvation on the propensity
for dissociation.
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Fig. 1. Model system for atmospheric chemistry: Electron attachment via two pathways to
dissociative orbital of chlorobenzene resulting from ab initio calculations superimposed on STM
image of chlorobenzene colored in green on amorphous ice in blue (3D representation, color
scale on right-hand side, 100 mV, 7.3 pA). (A) represents the model invoked so far; (B)
represents the model developed here.

Photo-induced dissociation of gas phase molecules’ is substantially enhanced on water-
ice particles®, a process which is highly relevant for atmospheric chemistry®* and to snow
photochemistry®® as first observed on snow packs’. Despite its importance, no molecular scale
picture exists that describes the interaction of adsorbed molecules with photo-excited excess
electrons at the ice surface. A process has been proposed where the excited electrons in ice are
solvated at specific sites at the ice surface via polarization of the surrounding water molecules
and attach to the adsorbed molecules to induce their dissociation (see Fig. 1, path A). These
electrons originate either from an impact of high energy particles with ice’ or from photo-
excitation of in-gap states in doped ice®®. Though this model is largely accepted™, it has never
been challenged, in particular with respect to the interaction of the solvated electron with the
adsorbate. Thus, the current understanding of the physical mechanisms at work remains rather
incomplete. We here develop and proof a different model (see Fig. 1, path B), which generally
sheds light on the active role of polar solvents in chemical reactions, as these represent a unique
class of catalysts because of their ability to solvate charge carriers and excess electrons*.

In the context of photochemistry, the dissociation of halocarbons is of large environmental
relevance® as the released radicals impact atmospheric chemistry™?. Such organic compounds
have been shown to adsorb on ice via their interaction with dangling OH groups that are not
engaged in ice related hydrogen bonding at the ice surface'**. Such an adsorption leads to a
measurable shift of the absorption spectrum for a variety of organic pollutants®. In this class of
molecules, dissociation in the gas phase involves creation of a transient ion via electron
attachment to an anti-bonding molecular orbital'. However, a similar attachment mechanism for
these molecules on ice particles is incompatible with the bound solvated electrons*>*® invoked in



the model discussed above unless the energy of the molecular orbitals changes drastically upon
adsorption. To solve this issue, we here investigate adsorption and dissociation of halobenzenes
on ice surfaces by the complementary methods of scanning tunneling microscopy, photoelectron
spectroscopy, and ab initio theory. Our result will not only impact the understanding of the
named issues, but also of the interplay between the electronic structure of solvated ionic
molecules and their propensity for dissociation. This topic is thus related to the general area of
photo-induced reaction in polar solvents'” and the solvated electron.
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Fig. 2: Modelling of halobenzene (C¢HsX, X=Br, Cl, F): (a) Potential energy surface of
orbitals relevant for dissociation vs. C-X distance (b) adsorption geometry at orientational
defects (as marked by arrows; top view) (c) LDOS for CgHsCl in gas phase and adsorbed on ice
with orbital shape as insets (d) activation energies Ex for different halobenzenes in gas phase and
adsorbed on ice.

Results and discussion
First, ab initio theory is used to develop the microscopic mechanism of the reaction
C,HX+e «<>CHX "—C.H,- + X atthe ice surface (X = F, Cl, Br) based on the dominant

dissociation channel for chloro- and bromobenzene in the gas phase®. Subsequently, we
substantiate this model by scanning tunneling microscopy (STM) and two-photon photoemission
(2PPE).



In gas phase, the dissociation pathway is initiated by the formation of a meta-stable transient
anion C,H. X" via occupation of an anti-bonding electronic state, a symmetric or an anti-

symmetric m*-state or a o*-state (Fig. 2a). Note that the transient ion might either dissociate or
the attached electron might spontaneously detach leaving the molecule intact. The dissociation of
the halogen bond is facilitated by the position of a node of the o*-orbital between the C-X bond
(Fig. 2c, inset). As this dissociative c*-orbital is quite high in energy, a low-energy pathway for
dissociation proceeds via occupation of one of the n*-orbitals and subsequent transition to the
o*-orbital at the conical intersection between the c*- and m*-potential energy surfaces after
some bond elongation (Fig. 2a).

We model the halobenzenes in gas phase, on idealized ice surfaces and on defective ice
surfaces using DFT-PBEO and many-body perturbation theory within the GW approach.
Prototypical adsorption sites are the so-called Fletcher stripe bilayer terminated surface for the
idealized ice surface, in which neighboring rows of surface water molecules with dangling
protons (OH groups) and flat-lying water molecules alternate’®?° and orientation defects for the
defective ice surface, e.g. with a cluster of four additional dangling OH groups (Fig. 2b).
Vacancy formation?* and point defects?® on crystalline ice surfaces were characterized by ab
initio methods before. Here, we calculate the propensity of such defects to solvate electrons.
Indeed, these defects are strong electron traps that solvate electrons with energies up to 0.4 eV
because of an attractive interaction with the positive partial charges of the dangling OH groups.

Upon adsorption of halobenzenes on such ice surfaces, anti-bonding orbitals are situated in
the region of the ice conduction band, well above the solvated electron states (Fig. 2c¢). Solvated
electrons are thus unable to initiate dissociation, at odds with the model of path A in Fig. 1.
While the character of the anti-bonding orbitals is essentially unchanged upon adsorption, their
energy depends largely on the exact adsorption site as evidenced by the local-density of states
(LDOS). They are red-shifted in energy by adsorption on the idealized ice surface and even to a
larger extent at orientation defects due to the attractive interaction of the polar molecule with the
positive partial charges of the dangling OH groups. This red shift is expected to facilitate
electron attachment and thus dissociation rates. Moreover, along the halogenated molecules
series (Ce¢HsX, X=F, Cl, Br), the red-shift of the anti-bonding orbitals increases (cf.
supplementary material), that is the halogen of larger mass and with lower electron affinity
possesses orbitals at lower energy. Moreover, the activation energy to the crossing point is
reduced upon adsorption, again even more for halogens of lower electron affinity (Fig. 2d). We
expect that this reduction in energy translates into halogen-specific dissociation rates being larger
for heavier halogens. Our model calculations propose that the halobenzene molecules are trapped
at those defect sites with an abundance of dangling OH bonds which also solvate electrons.
However, dissociation is initiated in this case from delocalized electrons travelling through the
conduction band of ice as sketched in Fig. 1, path B and not from the solvated electron.

In order to verify this theoretical picture experimentally, we adsorb halobenzenes on ice
nanoparticles supported on Cu(111). The copper electrode serves as an electron source, which
allows transferring delocalized electrons into the conduction band of ice?. Electrons created via
illumination by UV light in such a system were shown to solvate at the surface of both
amorphous®* and crystalline ice? in particular at low temperature®®. Here we excite this system
by a photon energy that is too low to photo-excite and dissociate the molecules in gas phase and,



according to our calculation, also at the ice surface (see supplementary material) ensuring that no
direct photodissociation falsifies our measurements and all processes reported below originate
from electrons transferred to the conduction band of ice.

In order to confirm the selective adsorption of halobenzene at defects and the subsequent
possibility of photoinduced dissociation experimentally, we adsorb chloro- and bromobenzenes
on crystalline ice that has been prepared to exhibit a substantial number of intrinsic, but well
separated dangling OH-bonds in the form of defects (cf.>"). The high thermal and electronic
stability of our STM gives direct information about the fate of individual molecules by imaging
exactly the same spot of the ice surface before and after adsorption of the molecules (Fig. 3a-c)
and before and after illumination with laser light (Fig. 3d,e), for details see supplementary
material.

Fig. 3: Identification of individual adsorption and reaction events on crystalline ice by
STM measured at 7.5 K with -100 mV and 1 pA: (a-c) adsorption of chlorobenzene (0.05
molecules/nm? at 11 K): STM image of crystalline ice (a) before and (c) after deposition of
chlorobenzene molecules (b) difference in green enlarged by a factor of 4. (d,e) photo-reaction
(photon dose 2.0-10° photons/molecule, 330 nm) of bromobenzene: STM (d) before illumination
and (e) after illumination. Circles mark two of the photo-induced changes.



Before co-adsorption of the halobenzene, each protrusion corresponds to a single water
molecule?® As exemplified for adsorption of chlorobenzene in Fig. 3a-c, halobenzenes, imaged
as slightly larger protrusions, adsorb exclusively either at defects on the ice surface or at the
borders of the ice nanoclusters. This observation implies that the halobenzenes are mobile on top
of defective ice surfaces during the adsorption process even at 11 K. It also confirms that
molecules are trapped at energetically more favorable sites as predicted by theory (cf. Fig. 2b).
The halobenzene mobility is expected to increase its dissociation yield since the defects shift the
anti-bonding orbitals towards the bottom of the conduction band (cf. Figs. 2c,d).

Illumination of both adsorbed halobenzenes causes substantial changes to the imaging of the
adsorbates, as demonstrated for bromobenzene in Fig. 3d,e. While the halobenzenes before
adsorption are easily moved by the tip, this is no longer the case after illumination. In addition,
this more tightly bonded species interacts characteristically with the tip in dependence on tip-
sample distance. Such species are observed after illumination with both 400 nm and 326/330 nm
wavelengths on both crystalline (Fig. 3d,e) and amorphous ice (Fig. 4a). They are neither
observed before illumination nor after illumination of the native ice without halobenzene. The
STM experiments thus imply that halobenzene molecules were dissociated upon illumination.
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Fig. 4: Halogen specific reactivity on amorphous ice nanoclusters: (a) chlorobenzene after
illumination at 326 nm with a photon dose of 5.2*10° photons/molecule (100 mV, 5 pA), circles
mark photo-induced changes. (b) low energy cut-off of two-photon photoemission spectra using
327 nm illumination for indicated photon dose; lines are fits of an error function for
determination of the work function ¢ (c) relative change of the work function vs. illumination
time on logarithmic scale obtained from low energy cut-off (see panel b) for different photon
fluxes and halobenzenes; A¢ = ¢(t) - ¢(t=0); lines are multi-exponential fits to determine the rates



of change A in A¢ (d) slow rate of change As vs. flux for the series of halobenzenes; dashed lines
guide the eye.

In order to prove that this modification is related to dissociation, we now measure the work
function change induced by illumination of halobenzenes adsorbed on amorphous ice structures,
shown in real space in Fig. 4a. The work function, measured as the low energy cut-off of the
2PPE spectrum, is a good indicator for the amount of halogen ions after dissociation, because it
is determined by the charge distribution along the surface normal. Here, the low energy cut-off
shifts to higher kinetic energy with photo-exposure time (Fig. 4b) giving a work function
increase. As expected from our model (cf. Fig. 2), there are significant differences in work
function change along the halogen series (Fig. 4c). While for the fluorinated benzene a
biexponential increase in work function with illumination time does not change with flux, we
observe flux-dependent variations for chlorinated and brominated benzenes. For the two heavier
halogens, their initial work function change is accelerated with increasing photon fluxes and the
direction of change inverses at later times.

Flux-independent photo-induced work function changes in time indicate in general a built-up
of a photo-stationary state, in which for instance attachment and detachment of electrons to the
adsorbate lead to an equilibrium density of transient ions (CsHsX ) without dissociation. For
CeHsF, the fluence dependence of the slow rate of work function change As is weak. This
observation for CgHsF indicates the formation of such transient ions. In contrast, a flux
dependence suggests a permanent change of the surface due to the formation of CgHs- and X', as
observed for the two heavier halogens. The inversion of work function change at later times is
related to the consumption of the available native halobenzenes by dissociation leading to a
smaller amount of transient ions.

The multi-exponential fit of the time-dependent work function gives a slow molecule-
dependent rate after an initial fast molecule-independent rate; the slow rate is plotted in Fig. 4d.
The smaller dissociation rate of chlorobenzene as compared to bromobenzene is consistent with
the calculated trend in activation energy (Fig. 2c). For fluorobenzene the activation energy is
much larger than the thermal energy provided in the experiment, here 90 K, such that
dissociation should not take place, as observed. All our experimental results thus confirm the
molecular scale picture developed above.

Conclusion

Ice mediates photodissociation by lowering the energy barrier for at the conical intersection
between anti-bonding orbitals in particular at defective regions with a large abundance of OH-
bonds. We emphasize that electrons injected into the ice conduction band mediate the
dissociation and not the electrons solvated at the ice surface (cf. Fig. 1, path B). However, the
importance of electron solvation sites lies in their property to also trap adsorbates and alter the
molecular orbitals to enhance the dissociation rate. Such a cooperative effect of adsorption,
surrounding water molecules, and electron solvation onto a reaction probability should be a
universal property of polar molecules and emphasizes the active role of polar solvents in
chemical reactions. The proposed mechanism has further implications in fields as diverse as
atmospheric chemistry, electrochemistry, astrophysics and biology. Moreover, our results might
be of potential relevance to air purifiers, were a large number of trapping sites could improve
their performance.



Methods: GEURZT sollte 800 WORTE, war 1100 Worte, jetzt 940; Kann in der Theorie
noch etwas weg?

The STM experiments are performed in a STM with direct optical access to the tip-sample
region, operated in ultra-high vacuum at 7.5 K. Cu(111) is cleaned by repeated cycles of
sputtering with neon ions (1.3 keV, 45 min, 1pA at 3- 10 mbar) and annealing at 900 K for 10-
20 min. Around 0.9-1.0 BL (bilayers) of ice are deposited at a flux of 0.1 BL/min onto the
sample at either 88 K for preparation of amorphous ice or at 77 K and subsequently annealed at
115 K for 10 min for crystalline ice?”, the same procedure as used for the 2PPE experiments. For
identification of the adsorption site, 0.025 ML (monolayer) chlorobenzene is adsorbed in situ the
STM at a rate of 0.024 ML/min. During deposition the sample temperature rises to a maximum
of 11 K. For the photo-dissociation experiments, 0.4 ML halobenzene are adsorbed ex situ the
STM at a rate of 1.5 ML/min at a deposition temperature of 77 K or 88 K.

The sample is illuminated for 10 h by a frequency-doubled super-continuum laser (NKT
Photonics, v = 77.8 MHz, 10 ps, p-polarised) focussed from outside the vacuum chamber into the
tunneling junction at two wave lengths. At the lower wavelength, the fluence is 2.3 pJ/cm? for
the halobenzenes adsorbed on amorphous ice at 326 nm and 20 pJ/cm? for those adsorbed on
crystalline ice at 330 nm. At 400 nm, the same fluence of 230 pJ/cm? is used for halobenzenes
adsorbed on both types of ice.

The tip is retracted from the tip by several 100 nm in order to avoid tip-induced near field effects
during illumination. Control experiments ensure that the observed changes are due to
illumination including temperature control at the position of the tip by a silicon diode and in-situ
heating without laser illumination. In this case, no photodissociation is observed.

Large-scale images ensure that the images before and after deposition and before and after
illumination correspond to exactly the same spot of the sample.

The photo-emission experiments are performed in a separate UHV chamber with the same
facilities for sample preparation to ensure a similar sample preparation in both experiments. For
sputtering, argon ions are used for 15 min followed by annealing at 750 K for 25-30 min. The
amorphous ice layer is prepared by depositing D,O at 90 K. Approximately 4 BL of ice are
adsorbed at a flux of 4 BL/min. A coverage corresponding to 1 ML of halobenzenes on bare
Cu(111) is adsorbed on D,O/Cu(111) at a flux of 3 ML/min, 4 ML/min and 6 ML/min for
CeHsF, CsHsCl and CgHsBr, respectively. The photo-emission experiments are performed using
a Ti:Sa laser (Coherent RegA9040, central wavelength: 800 nm, repetition rate: 250 kHz). A
non-collinear optical parametric amplifier (NOPA) generates the wavelength of 327 nm (3.79
eV). A fluence range from 0.5-10pJ/cm? is used for the fluence dependent measurements. The
two photon photoelectron spectrum is analysed by an electron time of flight spectrometer with an
energy resolution of 25 meV.

The different fluences for the two different laser set-ups in STM and photo-emission experiments
are compensated by adapting the illumination times. This is a reliable procedure because all
photo-induced processes are linear in fluence.

Theoretical modelling employs density functional theory with gradient corrected (PBE) and
hybrid (PBEOQ) functionals and many body perturbation theory within the GW and BSE
approaches to address structural, electronic and photo-physical properties of the adsorbate-ice
system. The hexagonal ice surface is represented by a slab model consisting of three bilayers in a
4x4 unit cell yielding converged electronic properties. Antiferroelectric proton order between the



bilayers reduces the complexity while protons within the bilayer are arranged for yielding a
vanishing dipole moment. Electronic wave functions are represented by a projector augmented
plane-wave basis set (energy cut-off of 400eV) as implemented in the VASP-package (cf.
2930and references therein). This approach enables a well-converged description of both extended
states and localized orbitals. The geometry of the Fletcher-stripe bilayer-terminated ice surface
and the orientation defect with an intact water bond network (cf. >') are optimized at the PBE-
level without semi-empirical dispersion corrections (cf. Fehlert Textmarke nicht definierty = Tpo
optimization of the adsorbate geometry includes an additional relaxation of the adorbate
coordinates alone using D2-dispersion corrections. GOWO calculations start from the PBEO-level
electronic structure including virtual states up to 125 eV. The PBEO-level is superior to the PBE-
level for the description of the transient ion, because of its better self-interaction cancelation. For
the molecules in gas phase a large cubic super cell (side length 1.5 nm) is employed. Tests show
that including self-consistency at the GW-level yields only minor corrections in the description
of the relevant states. Photo excitations were treated at the BSE approachfeert Textmarke nicht
definiert. ' The dissociation of the transient ion is investigated by elongating the halogen-carbon
bond by up to 50%, while keeping the halogen at its position. Note that the broad energy range of
o* orbitals found at the equilibrium distance collapses into one sharp ¢* orbital in the region of
the crossing point and beyond. Thus, the activation energies are well defined.

Data availability;

All data is available upon request from the corresponding authors; U.B. for photoemission data,
K.M. for STM data, M.B. for theoretical data.
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