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Abstract

This thesis deals with the study of the electronic structure of sub-
stances relevant to molecular materials technology. Detailed in-
vestigations were carried out by means of core and valence pho-
toionization spectroscopy (Near-Edge X-ray Absorption Fine Struc-
ture, NEXAFS and PhotoEmission Spectroscopy, PES), supported
by Density Functional Theory (DFT) calculations. An approach
similar to the “bottom-up” strategy was adopted, starting from the
study of the simpler molecular building blocks as model systems
and increasing complexity to larger molecular systems and deposited
films.

In the first part, three simple organic system where character-
ized in detail. A systematic study of oligothiophenes was performed
as a function of the chain length. The evolution of the Cls NEX-
AFS spectral features is analyzed as a function of the number of
thiophene rings; a tendency to a stabilization for increasing chain
length is found. Theoretical computation assisted in the assignment
of PES core hole peaks to the different carbon sites on the basis of
both the inductive effects generated by the presence of the S atom,
as well as of the aromaticity. For biphenylene, a small antiaromatic
molecule proposed also as building block for novel 2D materials, the
characters of the non-equivalent carbons were separated in gas phase
core hole spectra. The growth on a metallic substrate [Cu(111)] was
also studied. The adsorbed biphenylene film is characterized by im-
portant intermolecular interactions but maintains, substantially, a
molecular character. The molecules choose an ordered arrangement
and switch their orientation from lying to standing on the surface
for increasing coverage. In the study of pyridines and fluorinated
derivatives the contributions of molecular vibrations was been added
in the analysis and simulation of the NEXAFS experiments at the
N K and at the C K edges. This study is particularly appealing
in view of its sufficient reliability and low computational cost of our
computational protocol that calculates band positions with Time-
Dependent DFT and Transition Potential DFT.
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Abstract

The second part is dedicated to Transition Metal Phthalocya-
nines (TM-Pc’s), which are systems of higher complexity than the
previous ones. They are widely studied for the possibility to deposit
them in molecular films suitable for a variety of technological ap-
plications. Fe- and Mn- Pc’s were chosen since the different metal
in the molecular center gives rise to Highest Occupied Molecular
orbitals (HOMO) with different atomic characters. Our analysis re-
veals that the electronic structure of the Pc molecules rises from
the combination of orbitals of all the atoms in the molecule - car-
bon, nitrogen and the metal in the molecular center - and that the
HOMO and HOMO-1 features depend on the hybridization between
the metal atom and mostly C 2p and N 2p orbitals.

In the third part, a parallel research activity towards the de-
velopment of novel light sources in view of their application for
time resolved photoionization studies of energy transfer processes
in novel materials. First the main features of CITIUS, a new light
source for ultrafast science is presented. CITIUS provides tunable,
intense, femtosecond pulses in the spectral range from infrared to
extreme ultraviolet (XUV). The generated pulses (about 10° — 108
photons/pulse in the range 14-80 eV) are produced by laser induced
high- order harmonic generation (HHG) in gas and then monochro-
matized by a time preserving monochromator. We present the re-
sults of two pump-probe experiments: one to characterize the tem-
poral duration of harmonic pulses; the second one to demonstrate
the capability for selective investigation of the ultrafast dynamics in
a magnetic compound. Secondarily, the Low Density Matter (LDM)
beamline is described. LDM has been built as part of the FERMI
free electron laser (FEL) facility to serve the atomic, molecular and
cluster physics community. The LDM beamline was designed for
experiments with supersonic beams of atoms, molecules or clusters
to explore nonlinear multiple ionization processes and energy re-
distribution processes after photoexcitation. The LDM beamline
is ideal for performing experiments over a broad range of topics
(e.g. photofragmentation or even ultrafast demagnetization) par-
ticularly because of its ability to take advantage of the full control
of the FEL pulse polarization. The design and characterization of
the LDM photon transport system is described, detailing the optical
components of the beamline.
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Chapter 1

Introduction: molecules in
material science

Brevis esse laboro, obscurus fio

(It is when | struggle to be brief that
| become obscure)

(Horace)

The word “molecule” dates back to the 18th century and comes
from the diminutive of Latin moles "mass, barrier”, in the sense of
"extremely minute particle”. It defines a group of atoms that form
the smallest identifiable unit into which a pure substance can be
divided. While the size of device components in modern technol-
ogy is gradually decreased, single molecules have been considered
as potential future systems in molecular technology, as pointed out
by R. Feynman [1]. In his lecture, Feynman envisaged the use of
single atoms or molecules in a totally new way of design, and in fact
recently a molecule transistor [2] and even a single atom transistor
[3] have been demonstrated.

However, the realization of single molecule industrial applications
is still a long way off, and in this prospect a key issue is the use
of molecules as building blocks for electronic devices because they
offer an almost infinite pool of geometries and functional groups.
The growth and characterization of novel materials based on the as-
sembly of molecular components on proper surfaces or substrates is
nowadays an extremely active and expanding field [4]. The possibil-
ity to manage the available length scales and structural complexities
via organic chemistry methodologies and the creative assembly of
the diverse components can thus lead to unique behaviors [5]. On
the other hand, by decreasing the size of devices new effects come
into play, whose study is essential to determine a higher degree of
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miniaturization.

A consequence of the complexity is the need for various tools
for materials characterization, and theoretical analysis. Some tech-
nologically useful properties may be derived by the properties of
the molecule or ion, or by a cooperative solid-state property, via
molecule-molecule or molecule-substrate interaction. Hence, char-
acterizing the properties of isolated molecules as well as their com-
petitive interactions in the solid state is essential to predict, control,
and manipulate such behaviors.

This thesis work presents the results of three “investigations”,
where the term refers to a group of experiments associated together
for their arguments. Even though these investigations may look het-
erogeneous, they blend together as the steps of a larger experimen-
tal project, which is to characterize molecules as isolated particles,
molecular monolayers or films adsorbed on surfaces. These films
constitute the foundation for a wide range of possible applications:
from model system studies to devices for sensing, catalysis, energy
conversion or optoelectronic components.

The original nucleus of this thesis was centered on the character-
ization of molecules in the gas phase - which is still a particularly
challenging study. The context of this research was calling for the
coupling of a state-of-the-art electron spectrometer with a well de-
veloped molecular vapors source, to a tunable photon source of high
flux and good energy resolution. The realization of this facility - the
assembly of ULLA and the coupling to the Gas Phase beamline -
was carried out at the very beginning of this work and is extensively
described in Chapter 2 together with all main experimental details.
It laid the ground for planned experiments exploiting its high per-
formances, whose description provide most of the motivation for this
thesis, and extends throughout all the other chapters.

X-ray spectroscopies are here applied for the experimental de-
termination of the electronic structure of substances important for
technology, with an emphasis on carbon based molecules. The in-
vestigations presented fall within the following fields of research: (1)
gas-phase molecular spectroscopy, (2) photoemission and absorption
study of molecular film, and (3) laser-induced reactions on molecules
in gas phase. The approach adopted is similar to the “bottom-up”
strategy. This strategy is one of the two general roads followed
to produce nanomaterials, that uses atoms or molecules as starting
building blocks and let them organize or assemble into higher order
structures, and is opposite to the so-called “top-down” approach.
In a similar way, this work deals first with the study of the very
first building blocks studied as isolated molecules (i.e. the model



system) and is carried on further with increasing complexity. The
scientific goal of the project is important in the context of research
on non bulk-like properties of nanostructures, which can provide
the inspiration for the development of new nanostructured materi-
als. This project, although oriented to basic research, responds to a
fundamental need in the science to create collections of reliable and
detailed data about the properties of their building blocks, i.e. the
molecules and the clusters.

Photons in the soft X-ray spectral region (50eV to 2.5keV) are
well matched for reaching core level resonances in most elements.
For lighter elements, such as carbon, nitrogen and oxygen, the in-
nermost energy level (1s) can be reached and for heavier elements
like 3d transition metals one could use the second or even the third
level, 2p and 3d. Core levels of different elements have specific ener-
gies and are well separated from each other. These core levels may
shift in energy depending on the chemical environment of the atoms.
But the largest effect is felt by the outermost electronic states (va-
lence electrons) in the atoms as they will rearrange upon chemical
bonding between atoms. Core and valence excitations are used to
investigate the bonding mechanism between atoms in molecules or
between molecules and other condensed materials, and they are in-
terpreted and modeled in terms of quantum mechanical models.

An example of this approach is the study of short chain thiophene
molecules, discussed in Sec. 3.1. In the field of organic electronic de-
vices the thiophene based polymers and oligomers have been partic-
ularly investigated and frequently used for their unique electronic,
optical and redox properties [6]. The high polarizability of the sul-
phur atom in the rings stabilizes the conjugated chain conferring
excellent charge transport properties which are of fundamental im-
portance for applications in organic and molecular electronics. In
this sense, several works pointed out that in films of short chain thio-
phenes the chain length and morphology strongly influence the side
chain packing and interdigitation [7, 8]; thus they can influence the
supramolecular arrangement leading to high performance devices or,
on the contrary, to small domains and poor performances. In spite
of this findings, that are extremely important for the application
of polythiophene derivatives in organic and molecular electronics,
a systematic study of the electronic structure and charge dynamics
in short chain thiophenes - starting from the most simple build-
ing blocks and increasing the complexity by adding more and more
components - is still missing.

A similar approach, looking for the differences in the electronic
structure at the increasing complexity of the system, has been used
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in the study of biphenylene molecules and surfaces. Biphenylene
is a small anti-aromatic molecule similar to naphtalene that has
been suggested to be a building block for a possible new 2D ma-
terial [9, 10, 11]. It was first characterized in the isolated form in
a joint experimental and theoretical work that allowed to separate
the character of the different carbons (Sec. 3.2.2). In a second step,
the growth on a metallic substrate and the orientation as a function
of the film thickness were characterized (Sec. 3.2.3). Another step
of increasing complexity will include also a first attempt to analyze
the contributions of molecular vibrations in the experimental data
of pyridine, 2-fluoropyridine, and 2,6-difluoropyridine. This method
is accurate enough for a general description of the spectra, and is
illustrated in Sec. 3.3.

Chapter 4 is dedicated to phthalocyanines, larger molecular sys-
tems that are widely studied for the possibility to deposit them in
supramolecular architectures suitable for a variety of technological
applications. This chapter is in fact more dedicate to films. In
Section 4.1 the role of the central atom in phthalocyanines is inves-
tigated in detail in free molecules and also in films by studying the
low-energy region of their valence band. Metal phthalocyanines are
compared the metal-free one; their atomic orbital composition is an-
alyzed experimentally, by making use of the variation in photoioniza-
tion cross-sections with photon energy, and theoretically, by means
of density functional theory. The atomic character of the Highest
Occupied Molecular Orbital (HOMO), reflected on the energy region
of the outermost valence band, is different particularly for MnPc as
compared to the other two molecules. Section 4.2 shows an inves-
tigation of luthetium double-decker phthalocyanines deposited on
silicon. Silicon is one of the most widely studied materials due to its
use in technologically advanced areas. There have been numerous
studies, experimental as well as theoretical, carried out to charac-
terize the surfaces of Si [12, 13] and its interactions with different
types of adsorbates [14, 15, 16, 17]. These studies are of interest
due to the complex processes that happen at the interface between
the substrate and the adsorbate. The adsorption can induce dif-
ferent phenomena like charge redistribution, in both substrate and
adsorbate. The goal of this study is to investigate the adsorption
as well as the interaction of LuPcy on pristine silicon Si(100)—2 x 1
(pristine Si) as compared to passivated silicon and to identify the
changes in the molecular features and electronic structure induced
by the substrate.

As already mentioned, an important part of this work was de-
voted to the activity of instrument development. First of all the im-



provement in the techniques of photoemission and photoabsorption
have been very important for the collection of the data described
in the text, as it is illustrated in detail throughout chapter 2; the
obtained detection power has allowed to characterize the electronic
states under investigation. On the other hand the access to ultrafast
laser sources like FERMI and CITIUS-Lab (section 5.1 and 5.2) have
provided the experience in the techniques of temporal correlation
and made possible the development of pump-probe set-ups for the
study of the temporal evolution of the photoelectron signal. This
will represent a further improvement in the investigation of novel
materials, because it is a direct measure of the electronic energy
transfer, in the domain of picoseconds when coupled to synchrotron
radiation and in the ultrafast femtosecond domain radiation pho-
toemission in the Free Electron Laser (FEL).

Chapter 6 summarizes the achievements and draws the future
perspectives. The most important stimulus to this thesis work has
been the large collaboration, that has extended the initial project
- studying the molecular building blocks in gas phase - to the in-
vestigation of the electronic structure of films and to time resolved
pump-probe experiments. The results of this collaboration are re-
ported linearly and divided by arguments in the following chapters,
while actually they evolved in the years spontaneously and some-
times unexpectedly. An example is the aforementioned realization
of ULLA (Section 2.2.3, that was used successfully at Gas Phase for
state of the art experiments in gas phase (Chapters 3 and 4), but
served also as test end station for the characterization of CITIUS
light source (Section 5.1). In turns, the experience gained with the
characterization of CITIUS was extremely useful when testing the
performances of LDM beamline (Section 5.2).

At the end of the thesis the publications released during the doc-
toral activity are listed. The items from PAPER I to PAPER
VIII provide the material discussed here.






Chapter 2

Photoionization and
photoexcitation
experiments

2.0.1 Background

Photoionization and photoexcitation experiments are traditionally
used for investigating the energy distribution of electronic states
(electronic structure) in atoms, molecules, and solids. The tech-
niques are based on the interaction of photons with a well defined en-
ergy hv and the electrons surrounding the atoms, either by exciting
the system or by removing an electron from the system. The atom
(or molecule) A is provided with additional energy which causes the
transition from the ground state to an energetically higher state.

Photoionization involves the ejection of electrons from atoms
or molecules following bombardment by monochromatic photons
(Fig 2.1). If hv is higher than the ionization potential IP of the
electron (the minimum energy required to extract an electron from
its orbital) the latter gets excited into the continuum via the pho-
toelectric effect.

hw+A— A" +e (2.1)

The ejected electrons e, are called photoelectrons and a mini-
mum photon energy, known as ionization threshold, is required to
remove an electron from an atom or a molecule. As the photon
energy increases, the kinetic energy of the ejected electrons also in-
creases linearly.

Photons with energy below the ionization threshold can still be
absorbed, but in this case a bounded electron is moved to an empty
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Figure 2.1: Photoionization (left) and photoexcitation {right)

orbital and the atom or molecule is left in a neutral excited state
{Fig 2.1). This process is called resonant photoezcitation or resonant
photoabsorption.

hv+A— A (2.2)

In general, the probability per unit time of a transition between
an initial state |1} and a final state |f} is given by the Fermi Golden

Rule:

Lo = T l717)PS(E: — By + ho) (23)
where £; and E; are the electron energies in the initial and final
states, while the term of 8{ E; — Ef + hv) function derives from the
conservation of energy after the absorption of a photon Av. V is the
operator describing the interaction between radiation and matter
and it can be written as an infinite sum of increasingly complex
terms V = V] + V4 + ... accounting for processes with one photon,
two photons and soc on. In the following only one photon processes
will be taken intc account; two or more photon processes will be
mentioned only in Sections 5.1 and 5.2.

V can be further approximated if we assume that the transition
is driven by a harmonic time dependent perturbation of the form
(g twi=kr) 1 o=ilwitkr)y which corresponds to a monochromatic plane
wave with polarization unit vector of the photon electric field €. By
applying the time dependent perturbation theory and introducing

the dipole approximation, the resulting expression for the transition



Table 2.1: Excitation energies in eV of many important elements studied here;
core levels were taken from Ref. [18] while absorption edges were taken from
[19].

1s core levels K edges

B 189 193
C 285 284
N 398 (BN) 410 (gas)
O 531 (Al,O3) 536 (gas)
2p core levels L edges
S 164 - 165 163
Mn 639 -650 284
Fe 707 - 720 707
Co 778 - 793 536
probability is:
2T, 9
Linp = f|(z|e-r\f)| S(E; — Ef+ hv) (2.4)
From Eq. 2.4 the absorption cross section! o can be derived
o = drawhl|(ilé - r|f)|*6(E; — E; + hv) (2.5)

Photoionization and photoexcitation techniques are extremely
useful because they can point out important informations about the
material under investigation, like its chemical, physical and elec-
tronic state. Moreover they can also turn on atomic and molecular
processes and allow us to study their dynamics.

Many electronic core transitions of the most abundant elements,
like resonances and spectral edges of elements with low or interme-
diate atomic numbers Z have energies that fall in the soft X-rays
region (between 100 and 2000 eV). The 1s and 2p core level ex-
citations of many important elements lie below 1000 eV (see Ta-
ble 2.1). For an explanation of the labeling for absorption edges,
see Section 2.0.3. This implies that the energy range covered at the
synchrotron soft X-rays beamlines like the ones described further
on (see section 2.1.2) is useful to provide a sensitive instrument for
elemental characterization. On a less versatile level, they are also
available from anode sources that use Mg or Al K« emission lines
(1253.6eV and 1486.6eV, respectively).

Since soft X-rays are strongly absorbed in many materials, ex-
periments need conditions of ultra high vacuum (UHV) to be per-
formed. At the synchrotron radiation laboratories plenty of soft

1The absorption cross section ¢ is a measure for the probability of an absorption process.
o has units of cm? molecule™!, see Eq. 2.9. In the older literature, the absorption coefficient
is sometimes given in base 10 and molar units, in which case it is given the symbol €
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x-rays spectroscopies have been developed, using synchrotron ra-
diation as excitation source. These techniques are employed on a
variety of specimens ranging from atoms and molecules in gas and
liquid phases, to solid materials like metals, semiconductors and
insulators, just to mention a few.

2.0.2 Photoelectron Spectroscopy

PhotoElectron Spectroscopy (often referred to as PES) is based on
the photoelectric effect sketched in Fig.2.1 (left), where an electron
is photoionized. During a PES experiment a diagram of the kinetic
energy distribution of the photoemitted electrons is collected, and
this is what we call a ‘PE spectrum’. In a schematic one-electron
picture, which means that the interaction of the photoelectron with
the remaining electrons of the system is neglected?, the process can
be described by the following relation that derives from the energy
conservation:

where Epg is the binding energy of the electron in the initial state,
hv is the photon energy, E is the kinetic energy of the photoemit-
ted electron, and ¢ is an energy reference that depends on the ex-
perimental conditions. In gas phase measurements the energy are
referred to the vacuum level and ¢ = 0. When measuring surfaces
the energies are referred to the Fermi edge of the system, ¢ is non
zero quantity called ‘work function’, and it is a property of the sam-
ple[21].

The photoemission technique is divided into subtechniques de-
pending on the energy range of the incident photons. For example,
XPS uses x-rays as the incident photons (typically hv about 1000
eV) and is useful to investigate at the strongly bound core elec-
trons for elemental analysis. Ultraviolet photoelectron spectroscopy
(UPS) utilizes UV light (typically from gas discharge lines hv <
50 eV) and is useful for investigating the valence and weakly bound
core electrons. The typical energy resolution of UPS is significantly
higher than XPS making it better suited to investigation of the VB
states.

With a good approximation, Eq. 2.6 gives the binding energy of
the emitted electron. This allows the XPS technique to be used

2This derives from Koopmans’ theorem[20], which makes possible the identification of
calculated orbital energies with ionization potentials but it does not take into account for
electronic relaxation.
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Figure 2.2: Nlustration of the site assignment with core level (left) and with
valence band (right) photoemission

as a probe to identify the chemical elements present in the sam-
ple by means of core levels analysis, in which case it is also called
ESCA (Electron Spectroscopy for Chemical Analysis). Core levels
- the atomic like levels that do not take part in chemical bond-
ing - can provide informations about the chemical environments of
each specific atomic site in a molecule. These deviations from a
pure “atomic” binding energy are known as chemical shifts, and
provide the XPS technique the ability to distinguish atoms of the
same species in different molecular environments, and constitutes
the property of atomic selectivity. This advantage is illustrated in
Fig. 2.2 and has been used to pinpoint the different carbon sites in
biphenylene and cligothicphenes molecules in sections 3.2.2 and 3.1
respectively.

The photoemission process of a core level leaves the system in
an excited state, which can be energetically de-energized by two
different processes. The first process is the flucrescence, in which
the core vacancy is filled by an electron from a higher shell or the
valence band. The energy released in this process is emitted in the
form of a photon. This process must satisfy the dipole selection rule
{AL = 41). The second process is the Auger process, in which an
electron from a higher shell or the valence band fills the core vacancy
but the excess energy is released to a second electron, which leaves
the material. The Auger final state is therefore a two-hole final
state. Both processes lead to a final state that is energetically more
favorable than the final state of the PES. The Auger decay due to
a hole in the C 1s level can be filled by an electron from the C 2s
level and the energy can be transferred to an electron in the C 2s or
C 2p level or be filled by an electron from the C 2p and the energy
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transferred to a C 2p electron. The resulting three Auger decay
channels are designated KL;L;, KL;Ly 3 and KLy 3Lo 3.

After photoemission, there is also a finite probability that the
atoms is left in an excited state. This results in the formation of
a satellite peak a few electron volts higher in binding energy than
the main peak. For example, in the carbon C 1s signal, molecules
with a pronounced 7 character often lead to wider peaks with higher
binding energies. These “shake-up” peaks are shifted up to 10 eV,
and they occur when the photoelectron induces during its emission
a (m — 7*) transition and thereby loses some of its energy. The dis-
placement quantitatively corresponds to an optical HOMO-LUMO
transition. More than one satellite of a principal photoelectron line
can also be observed. The displacements and relative intensities of
shake-up satellites can sometimes be useful in identifying the chem-
ical state of an element, as discussed in Section 3.2.3.

In photoionization detection, an important parameter is the pho-
toemission cross section oy, that represents the number of electrons
emitted in the unit of time and for each scattering center, divided
by the number of incident photons in the unit of time and unit of
area[22|. o,, can be calculated from the transition probability of
Eq. 2.5 promoting an electron from a bounded state to a contin-
uum state with a kinetic energy sufficiently high to be described by
a plane wave. The photoionization cross sections can therefore be
calculated and tabulated[23, 24].

The cross section oy, is a scalar that only quantifies the intrinsic
rate of the photoemission event. In contrast, the differential cross
section doy,/dQ2 is a function that quantifies the intrinsic rate at
which the emitted electrons can be detected at a given angle and is
even more important because it is the real quantity that we mea-
sure. For linearly polarized photons in the dipole approximation,
the photoelectron angular distribution can be written as [25]
do o
Sk [1 - §(3c0529 ~1) (2.7)
where 3 is the dipole asymmetry parameter and 6 is the angle be-
tween the polarization vector and the electron emission direction.
From Eq. 2.7 one can see that the detection is complicated further
by the anisotropic nature of the photoemission event, resulting in
an angular dependence of the number of photoelectrons emitted.
Accounting for these asymmetry effects implicate that the geome-
try of the experiment needs to be considered. The best geometry
that one can adopt is at a detection angle # = 54.7 deg, that cancels
off the second term of Eq. 2.7 and makes the photoemission signal
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independent of angular contributions.

2.0.3 X-ray Absorption Spectroscopy

While PES allows to perform a spectroscopic study of populated
electronic levels in atoms, molecules and solids (core and valence
states), XAS (X-ray Absorption Spectroscopy) is an experimental
technique that offers the possibility to study the unoccupied elec-
tronic structure. In XAS a core electron is excited into an empty
orbital | f) whose transition probability is given by Eq. 2.4 . Like for
XPS, the strongly localized nature of the core hole makes the XAS
spectroscopy very sensitive to the electronic structure and to the
local environment of the absorbing atom even when it is embedded
in a complex situation.

The absorption of radiation with energy hr and intensity Iy and
the associated loss through matter can be described by the Lambert-
Beer’s law:

I(hv) = Iye Hhd (2.8)

that takes into account the density of the sample material d and the
absorption coefficient p(hv). Generally, the absorption coefficient
is inversely dependent on photon energy (i.e. photons with higher
energies are more penetrating except at the absorption edges). The
absorption cross section o(hv) reported Eq. 2.5 is proportional to
p(hv) according to the formula

w(hv) = o(hv)le (2.9)

where [ is the path length, and c is the concentration.

By scanning the energy hrv around the ionization threshold, a res-
onant transition occurs when the energy of X-ray photons matches
exactly the energy difference between the initial orbital and the final
orbital. These transitions are superimposed on the step-like shape
corresponding to the onset of the ionization potential (see Fig. 2.3).

At these energies the material has a strong X-ray absorption re-
ferred to as atomic absorption edge. After this edge the absorption
probability decreases monotonically. The atomic absorption edge
depends on the electron binding energy (BE) which is the mini-
mum energy required to ionize the specific electron. As the BE is
related to atomic number (Z), each element absorbs X-rays at de-
termined energies, resulting in an element-specific, orbital-projected
technique. X-ray absorption edges are labeled after the initial core
electron states. For example K, Ly, Lo, L3, etc. correspond to
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Figure 2.3: Bottom: schematic potential of a diatomic molecule. Top: the
corresponding NEXAFS spectrum at the K edge (1s core level) which includes
Rydberg and unfilled molecular orbitals. unoccupied molecular orbitals are
called ¢* or ¥, depending on their symmetry.

the creation of electron holes in the 1s, 25, 2p; /2, 2ps3s» etc. atomic
subshells {n; notation).
Basically, Eq. 2.4 can be re-written [26, 27] as:

252 .2
omy = L

m* hc hw
where ({F) is the energy density of final state. The matrix elements
|{i]é-r|f}| in Eq. 2.10 is subject to the dipole selection rules accord-
ing to which only transitions that change the angular momentum
quantum number { by one, Al = 41, may occur in the XAS process.
While the spin is conserved, As = 0, the orbital momentum of the
z-component must change by zero or one, Am = +1,0. In partic-
ular, Am = —+1 for left circular polarized light and Am = —1 for
right circular polarized light. In a molecular orbital {MO) descrip-
tion of the electronic structure, the initial state |z} is substantially
represented by the atomic wave function of the excited atom, with
a well defined ! quantum number. The final state of a transition

B Gile - x| f*6(E: — By + ) (2.10)
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to a bound state can be represented by a LCAO wave function of
the corresponding final molecular orbital, provided that it is dipole
allowed. Therefore, the fine structures around the K-edge are essen-
tially formed by s — p dipole allowed transitions, while the L-edge
structures are p — d dipole allowed transitions. The dipole matrix
term is also the theoretical basis for the polarization-dependence of
NEXAFS measurements, discussed in the next Section.

For the discussion of absorption transitions or intensities of res-
onances, instead of absorption cross-section, the optical oscillator
strength f is used. f is a dimensionless quantity is related to the
X-ray absorption cross-section by:

_ o4
- dE
where C' = 2r%2e?hi/mc = 1.1x10%> Mb eV. f is the energy integral

of the cross section and is a measure of the intensity of a resonance.
The expression for “f” is:

o(E) (2.11)

2
mhw

and can be converted to cross-section by using equation 2.12:

f= [(ile - xl£)” (2.12)

o(E) = fC(E) (2.13)

2.0.4 Interpretation of NEXAFS

More in detail, NEXAFS spectroscopy refers to the energy region
that extends between 30-50 eV after the absorption edge in X-ray
absorption spectrum and probes the absorption of X-ray radiation
for the excitation of core electrons into unoccupied molecular or-
bitals, Rydberg orbitals or the continuum. The region after 50 eV is
referred to as Extended X-ray Absorption Fine Structure (EXAFS)
spectroscopy and is usually used for studying samples in order to
determine the number, distance, and type of the ligand groups at-
tached to the absorbing atom, but it is not explored in this work.
A schematic X-ray absorption edge is represented in Fig. 2.4.
NEXAFS at the C-K edge is particularly useful for the analysis
of organic systems, offering the advantage - compared to the XPS
- to characterize the unoccupied molecular orbitals depending on
their character. For example, 7* orbitals are the lowest unoccupied
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EXAFS

. T

Absorption coefficient

lp Photon energy

Figure 2.4: Schematic representation of an X-ray absorption edge. The ab-
sorption coefficient is displayed as a function of the excitation energy (photon
energy). Ip is the ionization potential. The spectrum is divided into the NEX-
AFS and the EXAFS regions.

orbitals; their corresponding signal, also called ” 7* resonances”, are
pulled below the ionization potential by electron hole Coulomb; on
the contrary ¢* orbitals are found at higher energies, usually above
the ionization potential. Between the 7* and ¢* resonances few eV
below the ionization potential a further group of resonances rep-
resents the transitions to the Rydberg orbitals as sharp but weak
peaks. In condensed phase or strongly chemisorbed molecules, Ry-
dberg resonances are quenched by the delocalization of the orbitals
26].

Due to the strong directional character of the 7* and ¢* MOs,
it is possible to determine the orientation of the molecule on a sub-
strate by means of linearly polarized light using the so called “search
light effect” [26]. In fact for oriented molecules and polarized X-rays
the intensities of the 7* and ¢* NEXAFS features should exhibit a
pronounced angular dependence, a technique that works especially
well for molecules with planar symmetry, as shown in chapter 3.2.3.
Fig. 2.5 displays an example of the technique for two polarization ge-
ometries: in-plane polarization (IPL) and out-of-plane polarization
(OPL). The different geometries are realized rotating the sample
with respect to the incoming beam. The ¢* transitions are po-
larized in the x — y plane of the molecule and 7* transitions are
polarized along z direction. By these facts, it is possible to measure
a linear dichroism and to derive conclusions about the molecular ori-
entation. When, for example, the molecules are lying parallel to the
substrate 7* transitions have their maximum intensity at grazing
incidence compared to normal incidence; for ¢* transitions we have
the other way around. In a vertical orientation of the molecules, the
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Figure 2.5: Schematic illustration of the “search light” effect in polarization
dependent C K NEXAFS on a molecule lying flat on a surface (side view). a is
the angle between the propagation of the light and the normal to the surface.
Two geometries are represented: in-plane polarization (IPL, left) and out-of-
plane polarization (OPL, right). At the bottom the corresponding NEXAFS
spectra are represented. They are composed by a part having w character
{red) and a part with ¢* character {green).

two transitions behave exactly opposite to the previous example.

2.0.5 Experiments vs theory

[t is important to assist the interpretation of the experimental spec-
trum by means of theoretical calculations, in order to propose a ra-
tionalization and assignment of the experimental spectral features.
With the advances in computer technology it is possible nowadays
to simulate atoms, molecules and condensed matter with a reason-
able use of computational resources. The quantum mechanical so-
lution of the Schrodinger remains still a prohibitively complex task
for multiparticle systems and therefore methods based on different
types of approximations have been developed to sclve it in terms of
single-particle equations and an effective potential.

State-of-the-art electronic structure calculations such as using
Density Functional Theory {DFT), developed by Hohenberg and
Kohn [28], has been quite successful for the interpretation of the
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experimental data[29].

The Density Functional Theory is nowadays one of the most used
methods for calculating electronic structure of many body systems.
To point out why this approach is so commonly applied and so pow-
erful, some basic lines of the many body problem will be addressed.
At the quantum mechanical level, to obtain information about a N
particle system, one has to solve the Schrédinger Equation which
describes the problem

HY = EV (2.14)

The total wave function ¥ is a complicated function, as it de-
pends upon both the coordinates of the electrons and the nuclei of
the treated system. The nuclear motion problem can be treated
separately if the motion of the electrons is much faster than nu-
clei motion, this approximation is the so called Born-Oppenheimer
(B-O) approximation. At this level the problem is reduced to the
determination of the electronic wavefuction at fixed nuclear posi-
tions.

In DFT the physical quantity involved in the theory is the elec-
tron density which depends only on the three spatial coordinates.
DFT provides a variational principle which can be rigorously em-
ployed to describe the Ground State (GS) of electronic systems such
as atoms, molecules and solids. Once the electron density is known,
the external potential, and consequently the Hamiltonian of the sys-
tem are in principle uniquely determined. The knowledge of Hamil-
tonian in its turn determines the total electronic wave function.
Consequently, every quantum mechanical observable is a functional
of the ground state density. For a system without external pertur-
bations the cusps in the electronic density determine the positions
of the nuclei, the gradients of the density at the nuclei their nuclear
charges and the integrated density the total number of electrons in
the system.

The first step in the construction of a practical DFT is to consider
a fictitious system of non-interacting particles. Each particle in the
system moves independently in an effective local potential. This
non-realistic potential is called Kohn Sham (KS) Potential (Vkg).
In the KS approach, the density of such system is required to be
the same of the interacting particles in the real system. The Vig
consists of three parts:

1. An external potential V,,; which represents the Coulomb field
generated by the nuclei and an external field (if present)
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2. The Hartree potential form the Coulomb interaction with the
electron density

3. The exchange-correlation potential Vx¢

and therefore it can be written al follows:
,r,l
Vis = Vew (1) + / %dz”r’ + Vxelpl(r) (2.15)

The Vx¢ is a density function and in principle it contains all the
many-body exchange and correlation effects, due to the non-classical
electro-electron interaction. The effective field Vi g defines the KS
Hamiltonian and a correlation to the kinetic energy functional of
the non-interacting system

1
Hyg = _§v2 + Vks (2.16)
and the KS equations are so defined:

which consist of one-electron Schrédinger-type equations. Formally
they include electron correlation, and their solutions (eigenvalues
and eigenfunctions) are the KS energies and KS orbitals, respec-
tively.

The KS potential depends upon the electron density p(r). The
electron density is exactly obtained by summing the squares of the
KS orbitals and multiplying them by their occupation numbers n;
which leads to a function of r

p(r) = 3 nilen(r)P (2.18)

Since the KS potential Vkg(r) and the density p(r) are not inde-
pendent, the equation have to be solved in an SCF? scheme, meaning
that the effective potential Vig(r) is calculated from the density, it-
eratively. The density of the previous cycle is used to calculate
Vis(r) until convergence is reached. Convergence criteria are usu-
ally met when, for example, the difference in the energy or the den-
sity matrix between two subsequent SCF cycles goes below a fixed
threshold. At the end, the molecular orbitals ¢; are obtained and
the corresponding eigenvalues ¢; represent the orbital energies.

3The Self-Consistent Field (SCF) method is an iterative method: it selects an approximate
Hamiltonian, solves the Schrédinger equation to obtain a better (i.e. more accurate) set of
orbitals; the results are used to solve the Schrédinger equation again until the results converge.
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Figure 2.6: Synchrotron radiation emitted in a bending magnet at a distance
D from the orbit. The magnetic field B is perpendicular to the orbit (from
Ref [30]).

2.1 Synchrotron based photoionization studies

2.1.1 Synchrotron radiation

A synchrotron radiation source consists of a storage ring where
charged particles {usually electrons) are accelerated and forced on a
well-defined orbit by means of an array of magnetic fields When the
charged particle is moving at relativistic speed {i.e. v = ¢}, part
of their kinetic energy is transformed into electromagnetic radiation
known as synchrotron radiation and is emitted intc a cone that is
tangential to the orbit of the electrons {see Fig.2.6)

The opening angle & of the cone of emitted radiaticn is inversely
proportional to the energy of the electrons £,

mocz

E

Combined with the fact that the power of the emitted radiation by
a single electron is proportional to the fourth power of the electron’s

energy,
2ec E \? 1

P=—-—— 2.20

3 R? (mocz) (47rfo) ( )

it is obvicus that the higher the electrons energy in a storage ring
is, the more powerful and more collimated the emitted radiation
will be. According to Eq. {2.20) the rest masses of the accelerated
particles should be as small as possible to increase the radiation
power, and therefore electrons are widely used in storage rings. The
bending magnets installed in the arc sectors of the storage rings are
the simplest radiation sources, with a continuous emission spectrum

6= (2.19)
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Figure 2.7: Radiation emission in an undulator {from Ref [31]).

that extends over a very broad energy range. However pericdic
magnetic arrays like undulators are insertion devices designed for
very intense but not necessarily continuous emission.

The operation principle of an undulator is illustrated in Fig.2.7.
The charged particles are forced intc an oscillating motion across
the axial direction that - usually - follows a sinuscidal trajectory.
Depending on the parameters of the insertion device, constructive
interference shapes the spectrum into a series of intense and narrow
peaks. The synchrotron radiation is led to a beamline, whose main
purpose is to monochromatize the radiation so that it could be used
for experiments. The following section will give a more detailed
description of the storage rings and the beamlines relevant to this
thesis.

2.1.2 Beamline (GGas Phase at ELETTRA

ELETTRA is a third generation synchrotron radiation facility op-
erational since October 1993 in Trieste, Italy and provides light
with photon energies in the range from 10 eV to 30 keV, and with
a spectral brilliance up to 10'® photons/s/ mm?/mrad?/0.1%bw.
Electrons are periodically injected in the storage ring in the top-up
mode and are accelerated to 2-2.4 GeV.

The Gas Phase Photoemission beamline of ELETTRA is based
on a 36- period undulator which produces high intensity synchrotron
radiation in the energy range of 15 - 850 eV; reduced intensity is still
available well above 850 eV.

The pericd of the magnetic array is 125 mm, yielding a total
length of 4.5 m. In addition, the undulator is divided into three
independently controlled parts of 12 periods, whose gaps can be
varied separately. This enables a so- called ‘tapered’ mode of the
undulator, in which the three gaps have slightly different widths,
resulting in undulator peaks much wider than in the normal mode
{all gaps have equal values).
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The beamline has been designed primarily for studies of gases
and vapors involving high resclution photocemission and coincidence
detection. A variable angle spherical grating monochromator is used
to disperse the light coming from the undulator. A toroidal mirror
focuses the light vertically onto the entrance slit and horizontally
onto the exit slit of the monochromator. Between the slits a plane
mirror and spherical grating monochromatize the light. One of five
gratings is selected according to the energy range required. The
following two mirrers focus the beam both horizontally and verti-
cally to the source region of the spectrometers. The resclving power
has been measured in photoabsorption to be equal to or above 10
000 up to H00 eV photon energy and well above 7000 even af a
photon energy of about 850 eV. The optical layout of the beamline
is presented in Fig. 2.8. A detailed description of the beamline is
presented in Refs. [32, 33]

Undulator double-slit

Switching mirror

Spherical grating
Pre-focusing mirror :

Entrance slit

Plane mirror
Exit slit

Vertical re-focusing mirror

Honzonial re-locusing mirror
Experiment

Figure 2.8: Schematic diagram of the optical layout of the gas-phase beamline.

The end station used for this work comes from a cellaberation
between CNR-IOM and the University of Uppsala, and is equipped
with an hemispherical electron energy analyzer {Scienta SES-200)
and facilities to detect total or partial electron and ion yield. The
gaseous samples can be inserted through a gas inlet {gas or vapor
form a liquid), or can be produced as a diffused beam from an heated
OVen.

2.1.3 Beamline 1311 and D1011 at MAX-II

The third generation storage ring MAX-IT {the name derives from
the first accelerator of the lab: Microtron Accelerator for X-rays)
in Lund, Sweden was one of the three storage rings in MAX-lab.
MAX-1l was operated at 1.5 GeV electron energy, and the ring was
injected once a day using a 500 MeV linear accelerator and 500 MeV
MAX-I ring. The MAX-II ring provided radiation from about 10 eV
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to 20 keV. The brightness of the undulator sources was about 10'®
photons/s/mm?/mrad?/0.1%bw i.e. about one order of magnitude
lower than ELETTRA.

| TOP VIEW

s . . ; —— :
G500 0 10200 13780- 15000 13650 21650- 25000 25500 26685
14860 22600

DISTANCE FROM SOURCE (mm)

Figure 2.9: Optical layout of the 1311 at MAX-II storage ring.

Beamline 1311 was an undulator based soft X-ray beamline at the
MAX II storage ring of MAX-lab. It was operational between 1999
and 2015. It provided linear polarized light, in the energy range 42.5
to 1500 eV (for the Spectroscopy endstation). The original design
of the beamline, is described in Ref.[34], though the original mag-
netic lattice of the undulator described in the article was replaced
in July 2010 with a new one that had 45 periods with length equal
two 54.4 mm. The Layout of the beamline is described schemati-
cally in Fig.2.9. The light from the undulator is focused horizontally
by means of a cylindrical pre-mirror (M1) toward the monochroma-
tor, a modified version of the SX-700 plane grating monochromator
consisting of the original plane mirror (M2) - plane grating (G)
combination plus a spherical focusing mirror (M3). The refocusing
system consisted of two spherical mirrors mounted in a Kirkpatrick
Baez arrangement. The vertically deflecting mirror (M4) focuses
the exit slit onto the sample while the horizontally deflecting mirror
(M5) images the focus of M1 onto the sample position. With a fixed
radius of M4 the vertical focusing is optimal only for a specific exit
slit position which was chosen to correspond to a css (fixed-focus
constant) value of 4.5 (moderate high resolution and suppression of
the higher orders). The spot size on the sample at the spectroscopy
station was then about 0.5 mm horizontally and 0.1 mm vertically.
The first station was used for high resolution XPS and XAS. It
consisted of separate analyzer and preparation chambers accessible
via a long-travel manipulator. The preparation chamber included
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the usual equipment for preparation and characterization of surfaces
(ion sputtering gun, LEED optics etc.). A hemispherical electron
energy analyzer (Scienta SES-200) was used for photoelectron spec-
troscopy.

D1011 was also a beamline dedicated to surface physics experi-

ments. Photons were provided by a bending magnet and the monochro-

mator was a version of the SX-700 design, with a 1220 1/mm grating
and a plane-elliptical focusing mirror [35] modified to incorporate a
premirror to collect a large horizontal angle of radiation..

2.2 Detectors and spectrometers

2.2.1 Total ion or electron yield

The measurement of the absorption coefficient through the direct
application of the Labert-Beer law (Eq. 2.8 ) is rather unconve-
nient in the soft-ray region. The most common way to produce a
spectrum corresponding to an absorption measurement then is to
collect the current caused by ions or electrons generated during the
excitation and ionization processes. As mentioned above the pho-
toabsorption process taking place when the incident photons hit the
sample results in the creation of an excited state that can decay
either radiatively by the emission of a fluorescent photon, or non-
radiatively by the emission of an Auger electron (and consequently
an ion). Both fluorescence and Auger channels are a direct result of
the core hole created in the X-ray photoabsorption process and thus
provide a basis to determine the absorption cross section. For low-Z
elements (C, N, O) the Auger channel is much more efficient than
the fluorescence one, making it better suited for low-Z molecules.
With Total Ion Yield (TTY) or Total Electron Yield (TEY) one pro-
vides a field in the source region such that all the ions or electrons
generated by the Auger decay are attracted to a detector of charged
particles (usually a channeltron or multi channel plate detector).
The disadvantage of these detection techniques is that although
the signal recorded will exhibits all resonances present in the X-ray
absorption coefficient, it will typically not follow the X-ray absorp-
tion coefficient quantitatively. It can still be used for the identifica-
tion of the spectral structures of NEXAFS[26]. In addition, electron
detection provides the higher surface sensitivity and in the majority
of studies published in the literature this so-called electron yield de-
tection scheme has been employed. The reason for the higher surface
sensitivity is the relatively low kinetic energy of the electrons and the
corresponding mean free path in solid matter, which is typically less
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than 1 nm for energies between 250eV and 600eV. The inelastic scat-
tering process leads to an electron current consisting only of those
electrons whose energy is sufficient to overcome the work function of
the material. The resulting effective escape depth and, therefore, the
information depth of electron yield, has been estimated to be of the
order of 5 to 10 nm [26]. A further option is Auger electron yield
(AEY) detection where only elastically scattered Auger electrons
are recorded. For its “elastic” character, AEY surface sensitivity
is comparable to PES and provides the best surface sensitivity of
the different detection modes for NEXAFS, but requires an electron
energy analyzer in order to detect the Auger peaks. This is the set
up adopted during the measurements at beamline 1311 at MAX-II
for the experiments shown in section 3.2.3

The TTY mode is very efficient for gas phase measurements, were
the yield of ion after Auger process is very high. The TTY measure-
ments shown in this dissertation were recorded with a Microsphere
Plate (MSP) detector. It consists of small glass beads (typically
their diameter is between 20 and 100 mm) sintered to form a thin
porous plate. The surface of the glass beads is covered with partially
conductive material that serves also for the emission of secondary
electrons. The two faces of the plate are coated with conductive
electrodes. A voltage of several thousand volts between the two elec-
trodes establishes an electric field with an average direction normal
to the faces of the plate and enables secondary electron multiplica-
tion and passages between the glass beads (see Fig. 2.10).

For the gas phase measurements with samples requiring high tem-
peratures of vaporization (i.e. some TM-phthalocyanines), the high
flux of electrons generated by the surfaces of the Knudsen cell* were
interfering with the ion detection. In order to complete the exper-
iments, an in-house built ion yield detector was designed to repel
the thermally generated electrons with a grid. Fig. 2.11 shows the
design for such partial ion yield (PIY) detector; it is assembled using
two high transmission metal grids for retardation and a channeltron
assembly for electron multiplication. The first grid is operated at
retardation voltage —Vy and the second grid is usually grounded.
Most electrons cannot pass through these two grids, while positive
ions are accelerated towards the channeltron. The ion signal is am-
plified by the application of a voltage (V,;, &~ -4000 eV) on the chan-
neltron and the current is collected by a current to voltage amplifier

4An effusion cell developed by Martin Knudsen (1871-1949), designed to deliver molecular
beams with highly constant evaporation rates by indirect resistive heating.
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Figure 2.10: Schematics of an MSP design and of the multiplication chain (from
[36]).

v computer

Figure 2.11: Schematics of the PEY detector with corresponding electronics.
1 and G2 are the two grids, ch is the channeltron, I/V the current converter;
— Vg the retarding voltage, V.5 the voltage on the channeltron.
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2.2.2 Electron energy analyzer

The aim of an electron spectrometer is to analyze kinetic energy of
the electrons in an electron cloud. The working principle to separate
their energy is based on the use of either electric or magnetic fields
according to the deflection applied by the Lorentz force

F=¢-E+q-(vxB) (2.21)

where E and B are the electric and the magnetic field, respec-
tively. In this way electrons can separated spatially and their num-
ber recorded as a function of their kinetic energy. Most of electron
energy analyzers use electrostatic fields to deflect electron trajecto-
ries. By varying the field it is possible to create conditions so that
only the electrons with desired incoming angle 6 4+ 66 and kinetic
energy Fx = E, = AE will pass through the deflecting field and
hit the detector. The goal of energy analysis is to combine high
energy resolving power Ef/E, with a high collection, though na-
ture will oppose that. The latter can be achieved by using proper
electrostatic lenses that can focus the electrons in the analyzer with
the largest collection angle; the former is dependent on parameters
of the analyzer that are fixed, like its dimensions and design and
directly proportional to the kinetic energy. For this reason it is de-
sirable to retard the electrons before they are deflected so that E,, is
constant. This operation can be done using an additional lens and
provides a constant resolution. E), is the ‘pass energy’. The energy
resolution for an hemispherical analyzer is given by equation
E,S
AE = SR (2.22)
where S is the entrance slit and R is the mean radius of the analyzer.
The photoelectron spectra shown here were recorded using SES-
200 hemispherical analyzers (mean radius R = 200 mm) by Sci-
enta [37, 38]. The electron detection is based on a combination of
a multichannel plate and a fluorescent screen, where the intensity
is recorded indirectly by monitoring the fluorescence using a CCD
camera. The efficiency of this multichannel detection system can be
further increased by using a gas cell that increases remarkably the
sample density in the interaction region. SES-200 analyzer is shown
in Fig. 2.12; both Gas Phase beamline at ELETTRA and the sur-
face science end stations of beamlines 1311 and D1011 at MAX-II
were provided with analyzers of this class.
This type of analyzer represented a break in the 90s in the field
of high resolution photoemission [39]. The electron-optical system
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Figure 2.12: Hemispherical SES-200 electron energy analyzer

consists of a classic hemispherical analyzer with Herzog-plate termi-
nation and an electrostatic focusing lens system. It is a development
and a reduced version of the older Scienta ESCA-300 instrument[40],
with a main radius of the hemispheres of 200 mm. The acquisition
software and power supplies were also changed, in order to achieve a
better control of the focusing system with the electrostatic lenses. It
is possible to choose either an imaging mode, where the magnifica-
tion can be optimized with regard to the size of the excitation area,
or an angle resolving mode, where electrons emitted in different di-
rections are refocused to different points on the detector. The high
performance of such spectrometers is related to the high efficiency
of the photoelectron detection, that makes use of a two dimensional
detector MCP- CCD (charge-coupled device) that allows a simulta-
neous measurement of photoelectrons with different kinetic energies
and angle or coming from different spatial points in the interaction
region (either the vapor beam or the sample surface). SES-200 de-
tector can also be run in two modes: Pulse Counting mode, in which
individual pulses are counted, and the analog to digital converter
mode (ADC) in which integrated CCD charge is recorded. The lens
voltages are continuously varied during the recording of a spectrum.
The voltages are defined by a set of tables, which for each pass en-
ergy give the correct voltages for a discreet number of calibration
kinetic energies. The appropriate voltages are then calculated by a
cubic spline interpolation of the calibration energies. The first lens
acts also as a deflection stage, which is extremely useful because it
can be used to correct misalignments in the experimental set up.
Typically such misalignments at a synchrotron occur from an ex-
periment to the following one due to tiny changes in the position of
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the end station or even during a single experiment due to problems
connected with the running of the storage ring.

2.2.3 ULLA, and end station for high resolution measure-
ments at GasPhase

For the high-resolution spectra at the Gas Phase beamline at Elet-
tra, another SES-200 was upgraded to allow photoemission studies
of vapors. The SES-200 used is the first prototype built at the
Department of Physics in Uppsala described in [38] and had been
originally dedicated to surface science research. The analyzer was
mounted on its original UHV chamber - also manufactured by Sci-
enta - and positioned at the beamline on a support that allowed the
detection of photoelectrons in the dipole plane at the magic angle
(see Eq. 2.7) with respect to the electric vector of the incident light.
In order to bring the samples to the interaction region, the chamber
was provided with a sample stage with a needle for the introduction
of gases in vacuum and also with an in-house built Knudsen effusion
cell for the vaporization of solid samples in situ. The position of the
sample stage could be adjusted with the use of an xyz-manipulator,
and made the end station very flexible for the study of gaseous,
liquid and solid samples. Some measurements could also be done
with diffused gases, whereby a sample gas was let in the chamber
via a leak valve, without a needle and far away from the interac-
tion region (commonly for calibration purposes). The resulting end
station ULLA (ULtrafast Laser Assisted photoemission) was used
for testing the performances of CITIUS laboratory (section 5.1.3)
and then used at Gas Phase as a permanent facility. The assembled
chamber is shown in Fig. 2.13.

Tests of resolution and intensity

The Scienta SES-200 analyzer can be operated with the prese-
lected pass energies and the analyzer slits listed in Table 2.2 to-
gether with the theoretical resolution. Since the real resolution and
transmission depend strongly on the position and shape of the light
source, we have performed a complete set of test measurements on
the analyzer real performances. The resolution tests were made
with the Ar 3p and 2p photoelectron lines, whose linewidth are well
known[41, 42]. The 3p line, which has an IP of 15.760 eV and the
spin orbit splitting of 0.1775 eV[41], was used at the photon en-
ergies of 25.5 and 140 eV. At the lower photon energy, the pass
energies 5-50 eV were tested. Fig. 2.15 shows the Ar 2p photo-
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Figure 2.13: The assembled end station ULLA.

Irfmrady |

Figure 2.14: The Ar 3p photoelectron spectrum (dots) measured at the photon
energy of 25.5 eV. The pass energy of 5 €V and analyzer slit of 0.3 mm were used.
The red solid curve displays the fit of two Gaussian lines whose parameters are
given in the insert. The measuring time was 1 Sweep['ﬁ frames (=0.071 = at each
energy point). The small ripple is mostly due to the readout noise of the CCD

Callera.
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Table 2.3: The kinetic energy resolutions in meV extracted with Eq. 2.23. They
were tested at different pass energies and analyzer slit widths. Empty cells indi-
cate combinations where the Ar 3p spin-orbit splitting was no longer resolved.
The photon energy used in the experiment was 25.5 eV.

Slit tested Pass Energies [eV]

(mm) | 5eV 10eV 20eV 50 eV

0.3 5.75 7.35 15.8 62.1

0.5 6.96 9.00 16.8 60.0

0.8 7.16 10.7 20.9 64.0

1.0 7.87 15.2 32.4 90.7

1.5 11.4 21.0 39.7 114

1.9 18.0 36.1 80.3

2.5 25.7 57.6 113

4.0 34.4 70.7

electron line taken with 5-eV pass energy and 0.3-mm analyzer slit,
which gave the narrowest observed peaks. The fit results obtained
with Gaussian fit using the Igor program are included in the figure.
The FWHM of the Ar 3ps/s line, 8.67 meV, deviates slightly from
the FWMH of 8.55 meV given by the Scienta measuring program
during the measurement. The small asymmetry on the bottom-left
flanks of the peaks may have been caused by charging of the needle,
which was clearly observed in other measurements.

The widths and areas of the photoelectron lines given by the
acquisition program are used in the following analysis. The analyzer
resolution, I'4, was calculated from the measured FWHM values
= I'p using the equation

I =0%+13%+T1% (2.23)

where I'; is the photon band width and I'p is the Doppler broad-
ening.

With the chosen monochromator slit of 10/10um we got I'3,=1.6
meV at the photon energy of 25.5 eV. I'p was calculated to be
6.125 meV for the Ar 3pz/, photoelectron line, see e.g. [43]. The
results for the kinetic energy resolution and photoelectron intensity
are reported in Tables 1 and 2 as well as in the graphical form in
Fig. 2.

The pass energies of 100 and 200 eV, that are more suited for core
level spectroscopy, were tested by measuring the Ar 2p photoelectron
spectrum (BE= 248.4 and 250.6 eV) at the photon energy of 400 eV.
The spectra were also taken with 50 eV pass energy for comparison.
The photon energy resolution with 30/30 pm slits is estimated to
be 60 meV (see [44]), whereas the Doppler broadening is about 24
meV. Since the Ar 2p states have a significant lifetime broadening
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Table 2.4: The intensity (area) of the Ar 3ps/, photoelectron line at different
pass energies and analyzer slit widths. The peak intensity given by the Scienta
measuring program was multiplied by the step size. Empty cells indicate combi-
nations where the Ar 3p spin-orbit splitting was no longer resolved. The photon
energy used in the experiment was 25.5 eV.
Slit tested Pass Energies [eV]
(mm) | 5eV  10eV 20eV 50eV
0.3 63.5 157.8 302.4 673
0.5 107 247 520.8 1011
0.8 182.3  436.8 868 1757
1.0 310.2 791 1486.4 2842
1.5 430.6 1074 1992.8 3678
1.9 743.5  1913.8 3495.2
2.5 | 1110.9 2704 4884
4.0 1376 3238

', = 118 £4 meV[43], in order to extract the analyzer contribution
the following approximation ® was used

7 =T7 +I7 (2.24)

where the exponent n(1 < n < 2) depends on the ratio 'y, /I'r. The
obtained kinetic energy resolutions and normalized intensities are
given in Fig. 2.16.

The results of Fig. 2.16 are useful to deduce the order of magni-
tude and relative behavior. We note, for instance, that the kinetic
energy resolution with Ep=>50 eV and small slit sizes are about twice
bigger in Fig. 3 than in Fig. 2, the results of which are more
accurate. The accuracy of the analyzer resolution values given in
Fig. 2.16 improves, when the lifetime broadening is not the predom-
inant factor in the observed total linewidths.

The O 1s photoelectron spectrum of CO,

In order to test the SES-200 analyzer in core photoelectron spec-
troscopy, the O 1s photoelectron line was measured at the photon
energy of 628 eV. The beamline slits were set at 20/20 pm, resulting
in the photon energy resolution of approximately 120 meV[44]. The
results in two different counting modes, ADC and pulse counting,
are shown in Fig. 2.17. The pass energy of 20 eV and the analyzer
slit of 1.5 mm were used in the electron analyzer, which according
to Table 2.3 corresponds to about 40 meV kinetic energy resolution.
Vibrational resolution was achieved, which is not too difficult in this
case because the vibrational structure is dominated by the large en-
ergy (~0.3 eV) of the asymmetric stretching mode. It appears from

5Dr. Antti Kiviméiki, private communication.
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Figure 2.15: Kinetic energy resolution {(upper panel} and the relative collection
efficiency (lower panel) of the SES-200 analyzer at different pass energies and
analyzer slit widths. The data are from the Ar 3p photoelectron spectra were
measured at the photon energy of 25.5 eV,

these spectra that it does not matter which measuring mode is used
at this count rate. The order of magnitude of the counts in the ADC
mode is, however, inflated. Fig. 2.17 is useful for an approximate
conversion factor between the two modes.

The same spectrum measured with diffused gas at the pressure
of 7.2x107% mbar is shown in Fig. 2.18. The measuring time of the
spectrum was the same as for the spectra of Fig. 2.17, but a higher
pass energy {50 eV) and a larger slit size of the monochromator
{30/50 pm slits) were used. The pressure, in contrast, was slightly
lower. The measuring conditions were thus very different in the two
measurements, but an order of magnitude estimate gives that the
use of the needle increased the photoelectron intensity {(taken as the
area of the peak) by a factor of 25 as compared to the diffused gas.
The needle in the measurement of the spectrum of Fig. 2.17 was
just above the photon beam, sc that low-energy electrons, which
originated when the beam hits the needle, were no longer observed.

The F 1s shake-up spectrum of the CzFz molecule
As an example of still more difficult measurements, we recorded
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Figure 2.16: Kinetic energy resolution {(upper panel)} and the relative collection
efficiency (lower panel) of the SES-200 analyzer for the pass energies 50, 100
and 200 eV with different analyzer slit widths. The data were extracted from
the Ar 2p photoelectron spectra measured at the photon energy of 400 eV.

the F' 1s shake-up spectrum of the hexafluorobenzene molecule {CgFg)
at the photon energy of 783 eV. Due to the low intensity, the pass
energy was increased to 100 eV and the beamline slits were set 50/50
um, which corresponds te 0.5 eV photon resclution. The spectrum
of Fig. 2.19 was collected for a total measuring time of almost 2
hours. Weak shake-up structures, for instance at 74 and 78 eV ki-
netic energy, barely rise up from the noise. The FWHM value of
the F' 1s main line in Fig. 2.19 is about 1.1 eV. This proves the high
transmission of the apparatus.

Transmission of the SES-200 analyzer: the Nys00 Auger
spectrum of xenon

The measurement of the Ny 500 Auger spectrum of xenon pro-
vides with a quick method to check approximately the transmission
of the electron analyzer in the kinetic energy range of 8-35 eV, be-
cause the transmission corrected Auger spectra have been published
in the literature[45). We performed the measurement at the photon
energy of 130 eV using the pass energies of 10 and 20 eV. The mea-
surement with Ep=20 eV is shown in Fig. 2.20 in comparison with
the transmission corrected spectrum from Ref. [45]. The intensity
ratios of the Auger peaks in the two spectra are similar, which indi-
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CO,0 1s
=628 eV

Figure 2.17: The O 1s photoelectron spectrum of the CO; molecule measured
with 20 eV pass energy and 1.5 mm slit of the analyzer. The gas was inserted
in vecuum with a needle. The two spectra were collected in different counting
modes (pulse counting and ADC) during identical times.
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Figure 2.18: The O 1s photoelectron spectrum of the CO; molecule measured
from the diffused gas with H0-eV pass energy and 1.5-mm slit of the analyzer.
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Figure 2.19: The F 1s shake-up spectrum of the CgFg molecule measured in the
pulse counting mode at the 783 eV photon energy, i.e. almost 90 eV above the
F 1s ionization energy of 684.2 V. The black curve shows the shake-up part of
the spectrum magnified by the factor of 10.
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Figure 2.20: The upper panel shows the Ny 00 Auger spectrum of xenon
measured in this work with 20 eV pass energy and 130 €V photon energy. The

lower panel shows the transmission-corrected Auger spectrum that was taken
at 133 €V photon energy|45].

cates that the transmission of the SES-200 analyzer is fairly flat in
this kinetic energy range.






Chapter 3

Electronic structure of
organic molecules

We are still a long way from realizing the vision of a bottom-up nan-
otechnology exploiting the surface-confined self-assembly of func-
tionalized molecular building blocks and their interaction with ap-
propriate surfaces as sketched in chapter 1. However, researchers
are busily laying the basis for forthcoming nanoscale engineering:
for example with the development of optoelectronic devices based on
semiconducting m-conjugated materials, as alternative to inorganic
semiconductors, for advantages that include low cost manufacture,
simple processing, mechanical flexibility.

Detailed investigations are reported in this chapter, by means of
core and valence photoionization spectroscopy supported by Density
Functional Theory (DFT) calculations. The adopted approach is
similar to the “bottom-up” strategy, starting from the study of the
simpler molecular building blocks as model systems and increasing
complexity to larger molecular systems and deposited films.

In Section 3.1 a systematic study of oligothiophenes in the gas
phase was performed as a function of the chain length, where the
comparison of experimental and calculated spectra provides a com-
plete description of the main experimental features and allows their
attribution. The evolution of the spectral features as a function of
the number of thiophene rings confirms a tendency to a stabilization
for increasing chain length.

In Section 3.2.2 detailed insights in biphenylene molecule were
collected and the characters of the non-equivalent carbons were sep-
arated in gas phase core hole spectra. The growth on a metallic
substrate [Cu(111)] was also studied.

In the study of pyridines and fluorinated derivatives shown in
Section 3.3 the contributions of molecular vibrations has been added
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in the analysis and simulation of the experiments.

3.1 Oligothiophenes

3.1.1 Introduction

The thiophene-based oligomers (shown in Fig. 3.1) consist of cova-
lently linked thiophene rings (which has the formula C4H4S) con-
nected via the ‘a-carbon’ atoms, adjacent to the sulphur atom.
The high polarizability of the S atom in the rings stabilizes the
conjugated chain conferring excellent charge transport properties
which are of fundamental importance for applications in organic
and molecular electronics[46, 47].

Thiophene Bithiophene Tenhio_phene
(T (2T) (3T)

SN N V%

\ / : \ /

Figure 3.1: Upper panel: schematic illustration of thiophene (T), bithiophene
(2T) and terthiophene (3T). The nonequivalent carbon atoms are labeled. Lower
panel: Structures with the evidence of the double bonds. The molecular plane
corresponds to the xy-plane.

Several works (see for example Ref. [7] and [8]) pointed out that
in films of short chain thiophenes the chain length and morphology
strongly influence the side chain packing and interdigitation; thus
they can influence the supramolecular arrangement leading to high
performance devices or, on the contrary, to small domains and poor
performances. In spite of this findings, that are extremely impor-
tant for the application of polythiophene derivatives in organic and
molecular electronics, a systematic study of the electronic structure
and charge dynamics in short chain thiophenes - starting from the
most simple building blocks and increasing the complexity by adding
more and more components - was still missing.

In this section, we report our investigation of the electronic prop-
erties of thiophene, 2,2’-bithiophene and 2,2":5’2”-terthiophene (re-



3.1 Oligothiophenes

41

spectively, 1T, 2T and 3T) (Fig. 3.1) that are among the simplest
building blocks of this class of compounds. They were studied as
isolated molecule in the gas phase by core level photoemission and
absorption spectroscopies. Since these techniques are sensitive to
the local core hole on each specific atomic site, they appear very
appealing to study the effect of the increasing complexity of our
systems. The XPS and NEXAFS experimental results collected at
the Gas Phase beamline of Elettra have been interpreted with the
support of Density Functional Theory (DFT) calculations performed
in the group of Prof. G. Fronzoni at the Department of Chemical
and Pharmaceutical Sciences at the University of Trieste. The Tran-
sition Potential approach of the DFT (see Sec. 2.0.5) was used to
deconvolve the spectral features into contribution of each atomic
site and to interpret it in terms of their orbital character.

The commercially available Sigma-Aldrich high purity samples
(with purities higher than 97%) have been used for the analysis. 1T
and 2T are liquid at room temperature. They were inserted in vac-
uum after several freeze-pump-thaw cycles of purification and dosed
via a stainless steel variable leak valve. 3T sample is solid at room
temperature. It was sublimated in vacuum using a custom built re-
sistively heated furnace set at T=66° after a purification treatment
at 30 degrees for 12 hours. Preliminary PES of the valence region
recorded at low photon energies confirmed the purity of the vapor-
ized samples (see Section 3.2). Measurements were performed at the
Gas Phase beamline of Elettra, using the SES200 electron analyzer
introduced in Section 2.2.2 and the ion detector of Section 2.2.

3.1.2 Photoemission

Photoemission at the Cls core levels was recorded at a photon en-
ergy of 332 eV with an overall resolution of 150 meV. The peak
positions were calibrated with respect to the Cls binding energy of
CO4 (297.6 eV [48]). The spectra are shown in Fig. 3.3 together
with an analysis of the experimental line shapes by fitting proce-
dures. The Cls peaks were fitted using an in-house written proce-
dure running for IGOR PRO™ analysis program that was inspired
by the work of Giertz et al. (see Ref. [49]). In the cited work, the
C1s photoemission spectrum of thiophene was found to be affected
by a pronounced vibrational envelope and was analyzed by means
of the theoretically calculated vibrational profile. In this work re-
produce that, we have fitted each spectral feature using a main peak
followed by a progression of smaller peaks at higher binding energies
(dashed lines in Fig. 3.3). In this way we have built a function that
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Figure 3.2: Valence band spectra of 1T, 2T and 3T after sample purification.
The overall resolution for 2T and 3T was 170 meV, while 1T was recorded with
higher resolution (25meV).

accounts for an adiabatic peak accompanied by a vibrational "tail”,
and the function has been repeated for each different carbon sites
Ci (thin solid lines in Fig. 3.3). The line shape for all Ci’s of one
molecule was kept fixed, i.e. the widths of all sub-peaks were the
same and their relative intensities were also fixed. This choice, that
is reasonable for 1T but can be considered arbitrary for the larger
molecules, turns out to work quite well as shown in Fig. 3.3.

One should also consider that the overall energy resolution dur-
ing the measurements was almost twice as the resolution of Giertz
et al. [49], therefore a detailed vibrational analysis by fitting meth-
ods is not possible. Moreover, this approach allows better to study
the evolution of the line shape when the size of the molecule in-
creases. Remarkably, while the vibrational tail is very intense for
1T, it decreases remarkably for 2T and is very low for 3T, though it
is still necessary to perform an acceptable fitting. The intensity of
the vibrational tails is about 40% for 1T, 27% for 2T and only 8%
for 3T.

For a more detailed analysis of the spectral shapes we compare
them to the calculated AKS binding energies BE, which are dis-
played as vertical bars. In Table 3.1 they are listed together with
the results of the fit. It would be too difficult to calculate the ab-
solute intensity of the XPS lines since the unbound photoelectron
wave function should be employed in the dipole transition moment.
Therefore we simply assumed that the intensity of each Cls line
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Figure 3.3: C 1s XPS spectra of 1T, 2T and 3T: experimental data (circles) are
shown together with the results of the peak fitting procedure described in the
text. The solid thick lines are the total fitted line shape, while the thin black
solid lines are the line shapes for each carbon site, which are decomposed in a
series of Voigt functions. The vertical colored lines are the BE calculated at the
AKS level (Sec. 2.0.5); the line intensity is proportional to the multiplicity of
the carbon atoms and the energy scale for thiophene and bithiophene has been
shifted respectively by -0.2 and -0.1 eV.
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Table 3.1: Calculated BE with corresponding carbon site (second column). Ex-
perimental BE extracted with the fitting procedure described in the text (last
column).

BE (eV)

Thiophene | computed EXP (fit)
C1 290.662 290.60

C2 290.383 290.35
Bithiophene | computed EXP (fit)
C1 290.787 290.70

C2 290.204 290.19

C3 290.130 290.07

C4 289.878 289.89
Terthiophene | computed EXP (fit)
C1 290.781 290.697

C2 290.633 290.685

C3 290.167 290.20

C4 290.166 290.19

Ch 290.929 290.91

C6 290.828 290.85

is proportional to the number of equivalent carbon atoms (in each
molecule of the series all the carbon atoms have the same site mul-
tiplicity of 2). Note that the calculated energies of thiophene and
bithiophene are shifted in energy (-0.2eV and -0.1eV respectively) to
facilitate the comparison. Following the calculated BE, it is possible
to define two different groups of carbon atoms: the first one at lower
binding energies corresponds to the carbon atoms not bonded to a
sulfur atom, while the second group at higher energies identifies the
carbons adjacent to the sulfur. We can also note that in bithiophene
and terthiophene the highest BE are relative to carbons bound to S
atom and connecting two rings.

The higher BE of the carbons neighboring the S atom is consis-
tent with the higher electronegativity of sulfur compared to carbon
as well as charge transfer from sulfur to carbon atom not bounded
with it through resonance in the 7 system. The further BE increase
for the carbon atom connecting the rings reproduces a trend al-
ready observed in polycyclic aromatic hydrocarbons for which the
calculations provides higher BE for carbon atoms non bound to any
hydrogen atom compared to external carbons bound to hydrogen
atoms [50]. Starting from the thiophene spectrum, the measured
spectrum can be obviously interpreted as derived from the two chem-
ically shifted carbon lines : the part at higher energy assigned to
C1, atom close to sulfur, separated by 279 meV from the C2 sub-
spectrum. This chemical shift is in very good agreement with the
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experimental value of 0.25 eV.

For bithiophene, the calculation assign the higher energy peak to
the Cls a-carbon atom (C4), connecting the two thiophene rings;
the energy shift with the other carbon atom (C1), bound to sulfur
and also to an hydrogen atom, is quite significative (583 meV) so
the calculated C1 line contributes to the lower energy peak together
with the lower energy lines relative to the carbon atom not bonded
to sulfur (C2 and C3). The lowest binding energy of C3 compared
to C2 can be ascribed to an addition of valence electron charge on
the C3 site as a result of changes in bonding for the aromaticity
induced by the second ring. The theoretical statistical ratio of these
two groups of carbon atoms is equal 2:6 and qualitatively accounts
for the relative height of the two experimental peaks. We note also
the significant decrease of the energy shift between C1 and C2, 74
meV to be compared with 279 meV of thiophene.

A similar trend is found also for the calculated BE of terthio-
phene: the higher BE refers to the two carbon atoms (C4, C5)
which connect the rings and lose their equivalence in this molecule,
while the lowest BE are found for the carbon atoms not bonded to S
atom (C2, C3 and C6 respectively). The energy separation between
C1 and C2 reduces to such an extent that the two BE are almost
degenerate while the energy shift between the (C4,C5) group and
the (C1, C2) one (540 meV) is similar to that found in bithiophene
as well as the lowest BE calculated for the C3 and C6 sites. The
presence of a second and third rings introduces slight different aro-
maticity effects so that the C1 and C3 sites are destabilized by an
increase of charge density, in line with the calculated decrease of C1
and C2 binding energies along the series. The first peak is therefore
assigned to the binding energies of C4,C5 sites while all the other
carbon lines contribute to the lowest energy experimental peak. The
statistical ratio is therefore 4: 8 which apparently does not match
the relative heights of the experimental peaks. Also in this case the
complex vibrational structures affecting the spectral peaks prevent
therefore a quantitative description of the XPS spectral shape.

3.1.3 C K-edge NEXAFS

NEXAFS spectra at the C K-edge were acquired by measuring the
total ion yield (TTY) with the electron multiplier detector described
in Section 2.2.1 placed in the experimental chamber in front of the
ionization region. The photon flux was measured simultaneously
using a calibrated Si photodiode (AxVU100 IRD™) for the spectra
normalization. The energy scale of the spectra was calibrated by
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taking simultaneous spectra of the samples and of CO,, with the
characteristic transition at 290.77 eV (C 1s — 7*, CO,) [51]. The
photon energy resolution was around 65 meV. The C K-edge NEX-
AFS were calculated at DFT level with the GGA PW8&86xPerdew
functional in the Transition Potential (DFT-TP, Sec. 2.0.5) approx-
imation.

The results of the computed excitation energies and of the os-
cillator strengths in C K-edge NEXAFS spectra are collected in
Table 3.2 together with the excitation energies extracted from the
experiments. The calculated energies are also reported in Fig. 3.4
where the calculated lines and profile of the total spectrum are
shown in black, while the colored profiles refer to the partial con-
tributions of the carbon non-equivalent sites. Moreover, Fig. 3.4
reports the comparison of the calculated total C K-edge spectra
with the experimental ones. The theoretical Cls ionization thresh-
olds are also reported in the figures; they are useful to distinguish
the below-edge region of the spectrum, where the present discrete
orbital description is adequate, from the above-edge region, where
such an approach determines a discretization of the non-resonant
continuum that is in part an artifact of the calculation, so that
only qualitative information could be extracted in this region. The
site-resolved excitation spectra showed in Figure 3.4 substantially
represent a deconvolution of the experimental spectra into compo-
nents which allow a great flexibility in analysis of the transitions
and facilitate the attribution of the spectral features to specific por-
tions of the molecules. A detailed explanation about the nature of
the spectral features is shown below, while the comparison between
theory and experiments is discussed later in connection to Fig. 3.5.

The calculated total Cls spectrum of the thiophene molecule
(Table 3.2 and upper panel of Fig. 3.4) is characterized by a first
sharp peak (A, at 285.65eV) which is assigned to the two Cls —
LUMO transitions from both C1 and C2 carbon sites. The LUMO
orbital (17*) is appreciably localized at the sulphur atom, because
of the considerable aromatic character of thiophene, and this is re-
flected in the lower intensity of the C2 1s — 17* compared to the C1
1s — 17" transition. These two NEXAFS transitions have the same
energy and do not reproduce the calculated and XPS binding en-
ergy splittings of 0.28 eV and 0.25 eV respectively (see Fig. 3.4 and
Table 3.2). The degeneracy of the two 17* transitions is therefore
due to a final state relaxation effect on the LUMO virtual orbital:
when the half-hole is created on C1 the relaxation of the LUMO is
stronger compared to C2. The second calculated peak B is a su-
perposition of two excitations: from C1 (at 286.93 eV) towards a
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Figure 3.4: C 1s NEXAFS spectra of thiophene (upper panel), bithiophene
{central panel) and terthiophene (lower panel): experimental data {circles) and
calculated line shape (black solid line) with partial Ci contributions (thick col-
ored vertical bars). The energy scale of the DFT-TP results for thiophene has
been shifted of -0.35 eV in order to match the first experimental peak. The
AKS Cls ionization thresholds are also shown (colored vertical dashed bars).



48

Electronic structure of organic molecules

Table 3.2: Experimental and calculated excitation energies (eV) and oscillator
strengths of Thiophene. Only the main transitions are reported. The transition
marked with (*) indicate a vibrational feature.

Peak | Site E (eV) fx102 | Assignment EXP
Cl 28564 5.86 | LUMO (17*) 285.15
A C2 285.65 3.50 " 285.3
285.58(*%)
285.75(*)
Cl 286.93 3.12 o*(S-C) 286.69
B C2 287.11 4.73 27*(C=C) 286.794
287.047(¥)
287.166(*)
Cl1 28773 0.89 27*(C=C) 287.397
C | c2 28788 097 | Rydberg 987.52
Cl  288.13 0.79 " 287.81
C2 28853 1.15 Rydberg+ 288.13
D Cl 288.84 1.05 +0*(C-H) 288.25
Cl 288.84 1.05 " 288.3

o* (S-C) virtual orbital, which is largely contributed by the S lone
pairs with a smaller 2p,, in plane (z) component of C1, and from C2
into the second 7* (27*) orbital at 287.11 eV, which is localized on
the four carbon atoms. The analogous 1s — 27* transition from C1
is weaker and lies at 287.7 eV, therefore above the corresponding
transition from C2, and contributes to the small peak C. The lower
intensity of C1 1s — 27" compared to C2 1s — 27* transition is due
to the higher localization of the 27* final orbital on the carbon atoms
not directly bonded to the sulphur. The other two weak transitions
contributing to peak C derive from two equivalent C1 and C2 tran-
sitions into diffuse orbitals. The last peak before threshold (peak D
at 288.7 eV) corresponds to transitions to final C3p Rydberg MOs
with some ¢*(C-H) contribution; the mixed valence-Rydberg nature
of these transitions is consistent with their significant intensity. The
assignment of the features substantially agrees with that previously
published[52]

The bithiophene spectrum (Table 3.3 and middle panel of Fig. 3.4)
shows an increased complexity due to the presence of four non-
equivalent carbon sites as well as of the increased number of low-
lying virtual 7* orbitals. The first structure (A, around 285.5 eV)
is assigned to transitions from the four Cls non equivalent carbon
atoms into the LUMO orbital, which is contributed by the valence
C2p, and S3p, components and therefore comparable in nature to
the LUMO orbital of thiophene. These transitions cover an energy
range of about 0.6 eV due to the splitting of the Cls binding en-
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Table 3.3: Experimental and calculated excitation energies (eV) and oscillator
strengths of bithiophene. Only the main transitions are reported.

Peak | Site E (eV) fx102 | Assignment | EXP
C3 28500 2.68 | LUMO (17") | 285.02
A C2 28527 4.03 " 285.12
Cl  285.36 1.42 " 285.47
C4  285.61 4.00 " 285.78
B’ C2 286.42 5.52 ¥ 286.35
Cl 286.78 2.86 o*(S-C) 286.53
B” Cl 286.82 1.94 m* 286.84
C4  287.06 4.05 | o*(S-C) | 287.14
B C3 28743 3.69 ¥ 287.52
C2 28781 0.80 Rydberg 287.84
C C2 28788 1.24 m* "
C1 287.99 071 | Rydberg "
C4 288.33 2.34 " 288.17
D | C1 28850 223 | Rydberg+ "
o*(C-h)

ergies and their convolution gives rise to a double-peak shape with
a shoulder. The relative excitation energies reflect only partly the
relative energy of the core orbitals; in particular, each Cls a-carbon
atom (C4), connecting the two thiophene rings, feels the proximity
of the S atom and of two carbon atoms with a stronger depletion of
electron density than the other carbon atoms of the rings. The C4-
1s orbitals are therefore less shielded and a larger excitation energy
is predicted for them which contribute to the higher energy side of
peak A. The two C2-1s and C1-1s LUMO excitations are very close
in energy and give rise to the lower energy side of peak A together
with the C3-1s LUMO excitation, which is the lowest in energy and
accounts for the most shielded Cls orbital compared to other car-
bon atoms, in agreement with the calculated binding energies (see
Table 3.1 and Fig. 3.3). The C1 and C4 Cls —LUMO transitions
are the most intense partial contributions of the A peak: this is a
consequence of the localization of the LUMO on C1 and C4.

The second calculated feature (B), around 287 eV, has a three
peaked shape (denoted as B’, B” and B") as a result of the convolu-
tion of the many intense transitions falling in this energy range. The
nature of these transitions roughly corresponds to those contributing
to the thiophene B peak, namely towards the 27* and the o* (S-C)
antibonding orbitals. The 27* orbital resembles the LUMO compo-
sition maintaining a significant S3p, component consistent with an
increased aromatic character compared to thiophene. In particular,
the B’ component of the peak B derives from the C2— 27* transi-
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tion from the C2 site (at 286.42 ¢V) while analogous transitions from
the C1 and C3 sites (at 286.77 eV and 287.43 eV) contribute to the
B” and B"” components respectively. The strongest 7* transitions
still involve the carbon atoms not directly bonded to a sulphur atom,
as in the thiophene. The excitations to the ¢* (S-C) antibonding
orbitals contribute significantly to B” component and derive from
the Cland C4 carbon sites directly bonded to a sulphur atom (at
286.77 eV and 287.06 eV respectively). The assignment of the main
features substantially agrees with that proposed in Ref. [53] for a
multilayer film deposited on Ag(111).

Peak C and D should be characterized as superposition of valence
and Rydberg excitations. The most intense transitions are towards
final orbitals of 7* character (from C2 site at 287.88 eV, peak C
and from C4 site at 288.33 eV, peak D), their reduced intensity
compared to the lower energy 7* transitions reflects the decrease of
the valence C2p, contribution of the Cls excited site in the higher
7 virtual MO. The less intense lines are assigned to transitions into
diffuse orbitals of mainly C3p-Rydberg character.

The complexity further increases in the terthiophene spectrum
(lowest panel of Fig. 3.4 and Table 3.4); in this molecule there are six
non equivalent carbon atoms and even greater number of low-lying
7m* orbitals. The peak A arises from the Cls —LUMO transitions
from all the six carbon sites whose contributions are highlighted in
figure 2. The larger excitation energies are predicted for the C4
and C5 carbon sites which are less shielded being directly bounded
to the sulfur atoms and connecting two rings, as already found for
the 2T molecule, and in agreement with the energy position of the
calculated IPs. However, the differential relaxation effects on the
7* low-lying orbitals, depending on the localization of the carbon
core hole, prevent an analysis of the following features based on a
regular energy shift of the site-resolved excitation spectra following
the energy position of the IPs.

The feature A’ corresponds to transitions to the second 7* orbital
(27*) from C6, C2 and C1 sites while the transition from C4 site
is shifted at higher energy (286.79 eV, peak B). We do not observe
analogous transitions from C3 and C5 sites because the 27* relative
final orbitals have a negligible C2p, contribution of the carbon ex-
cited site. The B peak arises from several transitions to 7* orbitals
overlapped on the stronger o* (S-C) transitions from the C1, C4 and
C5 sites; this attribution confirms the mixed nature of peak B found
also for thiophene and bithiophene. The C and D peaks are still
contributed by transitions to virtual orbitals with 7* character; the
calculations indicate that these higher energy 7* orbitals are mostly
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localized on carbon atoms with a reduction of the S3p, contribution
as well as of the conjugation among the rings. The progressive in-
tensity decrease of these transitions reflects the general reduction of
the C2p, valence character of the final MOs; in the region of peak D
also transitions to diffuse MOs with Rydberg C3p components are
present with lower intensity.

Table 3.4: Experimental and calculated excitation energies (eV) and oscillator
strengths of Terthiophene. Only the main transitions are reported.
Peak | Site E (eV) £x102 | Assignment | EXP
A C3 284.87 226 | LUMO 17*

C6 28488 1.77 " 284.87
Cl 28518 3.38 " 285
C2 28528 0.92 " 285.35
Ch 28537  3.27 " 285.42
C4 28555 3.29 "

A’ | C6 28594 239 2m*
C2  286.13 4.27 " 286.15

Cl 28632 1.70 4
Cl 28677 280 | o°(5C)
C4 28679  1.56 2"

C3 28690 296 ¥ 286.62
B Chs 28696 3.81 o*(S-C) 286.91
C2  287.05 2.44. m* 287.32
C4  287.06 3.99 o*(S-C)
C6 287.15 0.97 m*
Cl 28734 1.01 *
C3 28767 175 ™ 287.9
C C5 28770  2.05 ™ 288.04
C6 287.80 1.88 *
Cl 28841 2.03 Rydberg
D C4 28842  2.52 m* 287.55
C5 288,53 1.11 * 288.66
Ch  288.87 1.07 *

In Fig. 3.5 the Cls NEXAFS spectra computed by the DET-TP
scheme are compared with the gas phase experiments and with the
analysis of the experimental line shapes using the second deriva-
tive. This analysis is performed filtering first the experimental noise
applying the first derivative; secondarily the noise on the first deriva-
tive was further filtered and the second derivative was applied. This
procedure is useful to discover structures and to determine their en-
ergy positions even when they are not immediately visible. On the
other hand some informations on the small structures may be lost
during the filtering; for this reason, when there is the indication of
a bunch of small structures close together, only the average position
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has been marked. The thiophene calculated profile (upper panel)
has been shifted on the energy scale (+0.35eV) to match the first
peak of the experiment. In this way, the relative energy shift among
the calculated transitions, which actually represents the most sig-
nificant observables, is preserved.

A general good agreement is reached between experiment and
theory, in particular the theoretical results correctly describe the
main features of the experimental curves and the energy separation
among the peaks. A clear correspondence between calculated and
experimental peaks is apparent in the thiophene spectrum; the ma-
jor discrepancy concerns the broad shape of the experiment which is
rich in features and is not reproduced by the calculations. Such dis-
agreement can be caused by vibronic effects, found to influence also
the XPS Cls profile especially in thiophene (see Ref. [49] and our
discussion of the XPS line shape) but are not included in the present
computational model. The most evident case is the LUMO of 1T,
corresponding to peak A, where electronic calculations expect only
two excitation energies, while in experiment four are found. It is
straightforward to attribute the first two to C1 and C2 17* orbitals,
and the third at 285.58(*) and fourth at 285.75(*) to their vibra-
tional progression. Similarly for group A, the features in group B at
286.69 and 286.794 correspond to adiabatic peaks while 287.047(*)
e 287.166(*) are vibrational. The following 287.397, 287.52 and
287.81 correspond to the computed ones and most probably they
overlap with the vibrations. The ones at 287.73, 287.88 and 288.13
correspond to calculated Rydberg peaks. Such effects could be also
responsible for other discrepancies between theory and experiment
in the bithiophene and terthiophene spectra, in particular as con-
cerns the first peak. The intensity distribution of the experimental
double-peak feature of the bithiophene spectrum is not properly re-
produced by the calculation while in the terthiophene spectrum the
theory underestimates the first peak intensity with respect to the
second one. We would underline that the conformational flexibility
of bithiophene and terthiophene does not allow a one-to-one match
of the spectral features because the presence of other conformers is
also possible.

In summary, a comparison between the DFT-TP electronic cal-
culations and experiment is fully satisfactory as far as the relative
excitation energies are concerned, while the intensity distribution is
less quantitative. We tend to ascribe this problem to the neglect of
vibrational effects in the computational approach, also on the basis
of previous vibrationally resolved studies on NEXAFS Cls spectra
of both simple aromatic molecules and polycyclic aromatic hydro-
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Figure 3.5: C 1s NEXAFS spectra of thiophene (upper panel), bithiophene
{central panel) and terthiophene (lower panel): experimental data {circles) and
caleulated DFT-TP results (black solid lines and vertical bars). The energy
scale of the DFT-TP results for thiophene has been shifted of -0.35 eV in order
to match the first experimental peak. At the top of each spectrum the second
derivative of the experiment is also shown (blue solid line); the main minima
are indicated with the thin vertical blue bars.
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carbons. It is worth noting that the present electronic calculations
are suitable for an unambiguous assignment of the experimental fea-
tures despite the vibrational effects can play a role in the intensity
distribution.

We finally address the evolution of the spectral features of the
oligothiophenes when increasing the number of thiophene rings. The
lower energy features (A and B) maintain their nature along the
series, despite the increasing complexity and the enlargement of the
peaks.. The first 7* peak (C 1s transitions to the LUMO) shifts to
lower energy (about 0.5 eV) from thiophene to bithiophene while
it does not change further from bithiophene to terthiophene: this
trend can explain a stabilizing effect due to the aromaticity, which
is stronger in passing from one to two rings than in adding a third
ring. The o* (S-C) transitions maintain their energy almost constant
along the series because the involvement of a single bond is not
influenced by aromaticity and always falls in the region of peak
B together with the 7* transitions. The number of overlapping
transitions increases at higher energies (peaks C and D) preventing
a strict correspondence along the series.

3.2 The electronic characterization of bipheny-
lene

3.2.1 Introduction

The biphenylene molecule (C12Hg), shown in Fig. 3.6, is a polycyclic
aromatic hydrocarbon (PAH) composed as the conjunction of two
benzyne molecules (CgHy). It can also be viewed as by two benzene
rings connected by a cyclobutadiene ring. While benzene is highly
aromatic (and highly stable), cyclobutadiene is highly anti-aromatic
(and thus unstable). The electronic structure with 4nz electrons,
according to Hiickel’s rule, categorizes biphenylene as an antiaro-
matic molecule, but the relatively long bond length between the two
benzyne units weakens the interaction between them. For this rea-
son biphenylene shows an intermediate character between the anti-
aromatic ring and aromatic ring. In anti-aromatic molecules, the
4dnm electrons typically have a more localized character with respect
to the more delocalized 4n+ 27 electrons, which are characteristic of
aromatic molecules. As a result of this different electronic structure,
the anti-aromatic molecules are characterized by improved chemical
reactivity and lower stability.

It is interesting to notice that biphenylene is one of the most sta-
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Figure 3.6: a) optimized structure of biphenylene; b) structure of BPC, from
Ref. [10]; ¢} structure of naphthalene, from Ref. [54]; d) structure of biphenyl,
from Ref. [55]

ble anti-aromatic molecules making it very suitable for traditional
spectroscopic experiments. Biphenylene has been the target of sev-
eral experimental and thecretical studies for it is expected to play a
major role as a novel organic material: in the halide-functionalized
form it is the initial precursor of a 2D porous graphite-like molecu-
lar network called biphenylene carbon {BPC, Fig. 3.6) that was first
described by Balaban et al. [9]. BPC is characterized by bands with
good dispersion and delocalized frontier orbitals [10, 11], so it could
be an ideal structure for many electronic applications. Moreover
biphenylene sheets, criginating from the biphenylene dimer, have
alsc been hypothesized as a material with expected high versatility:
calculations predict that, depending on the morphology and on the
dimensions of the investigated structure, a metallic or a semicon-
ductor character can be obtained.

We have studied biphenylene in gas phase through different tech-
niques: experimentally by x-ray photoemission spectroscopy {XPS)
and near-edge x-ray absorption spectroscopy (NEXAFS) and the-
oretically, with DFT simulations in excellent agreement with the
experimental data. The results shown in this Section appeared in J.
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Table 3.5: Comparison of the calculated bond lengths in A of biphenylene with
available experimental crystallographic bond lengths provided in Ref.[56]. C, .
denotes a C,, of the connected benzyne ring.

Co-Co Co-Ca. Co-Cy CpC, C,.C,
experiment 14204 15137  1.3786 1.4242 1.3913
computed 14183  1.5065 1.3675 1.4153 1.3839

Lider et al. (PAPER VI). In this section the electronic structure
derived from the theoretical calculations is described, and it is used
for the interpretation of the experimental results on gas phase in
Section 3.2.2.

The study on the isolated molecule was then continued to the
study of the condensed phase. First the elctronic structure of bipheny-
lene films on Cu(111) was investigated (Section 3.2.3). Secondarily
the molecular orientation in the overlayer was characterized per-
forming NEXAFS for different film thicknesses. This allows us to
discover a dependence of the molecular arrangement on the film
thickness but it suggests also an important influence of the sub-
strate on the film characteristics.

DFT calculations of the electronic structure were performed in
the group of Dr. Barbara Brena at the University of Uppsala.
Fig. 3.6 shows the optimized structure of biphenylene together with
the intermolecular bond lengths. The calculated bond lengths are
in close agreement with the experimental values of Table 3.5 (from
[56]) being in general just 0.01 A shorter than the latter.

Biphenylene is a flat molecule with three non-equivalent carbon
atoms labeled as C,, Cg and C,. The C, are the four C atoms that
connect the two benzene rings to each other, as shown in Fig. 3.6.
Cs and C, label the middle and the outer C atoms of the benzene
rings, respectively. The computed distance between two C, atoms
is 1.39 A. The bond lengths between the C, and the Cy as well as
between C, and Cg are slightly shorter, of 1.37 A. The distance
between the two C, in the same ring is 1.42 A, while two connected
C, in different rings, indicated as C,-C, . bond, have a bond length
of 1.51 A. The relative long bond distance between the C, atoms
of connected benzene rings is a consequence of the anti-aromatic
character of the molecule.

The molecular orbitals (MO) of the four highest occupied states,
shown in Fig. 3.7, illustrate the spatial configuration and the local-
ization/delocalization of the orbitals, as well as the character of the
bonds, e.g. bonding, non-bonding or anti-bonding.
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Figure 3.7: The orbitals between HOMO-3 and LUMO+1 of biphenylene are
given. Orbitals are shown including their phases as red and blue isodensity
surfaces.

3.2.2 Isolated biphenylene molecule - valence and core-
levels

PES and NEXAFS spectra of biphenylene have been recorded at
the (zas Phase beamline at Elettra. Biphenylene, which has a melt-
ing point of about 70 °C, was purchased from Sigma-Aldrich as
a powder with minimum purity of 99% and introduced in the ex-
perimental chamber without further purification. The sample was
sublimated using a custom built resistively heated furnace, based on
a stainless steel crucible. The spectra presented in this section have
been recorded at a working temperature of 85 °C. The PES data
were recorded using a SES-200 electron analyzer described in Sec-
tion 2.2.2 . The valence band PES was recorded at a photon energy
of 50 eV with an overall resclution of about 50 meV and it has been
calibrated with the Xe 5p3/ 1,0 lines [57]. The C 1s spectrum has
been recorded at a photon energy of 332 eV with an overall resclu-
tion of around 75 meV, and it has been calibrated with the C 1s in
CO, (297.6 eV [48]).

The photoabsorption spectra at theC K-edge were acquired with
a photon energy resolution of 70 meV, by measuring the total ion
yield {TIY) with a channel electron multiplier placed near the ion-
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ization region. The photon flux was measured simultaneously with a
calibrated Si photodiode (AxVU100 IRD™) for normalization. The
energy scale of the spectrum was calibrated by taking simultaneous
spectra of the samples and of CO,, with the characteristic transition

at 290.77 eV (C 1s — 7* [51]).

Fig. 3.8 compares the experimental XPS spectrum, red dotted,
with the theoretical curves after convolution with a gaussian func-
tion (solid lines) and a skew gaussian function (dashed lines), re-
spectively. Additionally, the spectra originated from the three non
equivalent carbon atoms are provided. The calculated XPS energies
are shown as bars.

' Experiment -
e Theoretical XIES —

CC!
=

asymmetric

Intensity (arb. units)

symmetric

290.5 291 2915
XPS (eV)

Figure 3.8: Comparison between the experimental (dotted red curve) the theoretical
XPS spectrum convoluted with gaussian functions (solid curves) and with skew gaus-
sian functions (dashed curves). The skew parameter o has been determined to be 2.14
by fitting to the experiment. Bars show explicitly the calculated XPS energies

The experimental Cls spectrum consists of a large asymmetric
peak with a FWHM of almost 0.5 eV at 290.1 eV. The XPS energies
of the three chemically non- equivalent C atoms in biphenylene were
calculated to be 289.82, 289.75 and 289.67 eV for the C,, the Cs and
the C, , respectively, after alignment to the experimental spectrum.
After the fitting procedure including the skew parameter described
above, the main experimental features could be reproduced. For
molecules like naphthalene and biphenyl (Fig. 3.6) comparable shifts
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in the 1s core levels have also been found for the carbon atoms
connecting the two benzene-like rings [54, 55].

The comparison of the XPS shifts can give valuable insights into
the structural and chemical differences between biphenylene and
similar molecules composed of two benzene rings, here naphthalene
and biphenyl, as can be seen in Table 3.6. We use here the con-
vention of labeling the inner C atoms of the benzene ring as C,,
the outer C atoms as C, and the C atoms between those two as
Cp for biphenyl and napthalene. This has the consequence that the
biphenyl molecule has two non-equivalent Cg atoms, e.g Cgl and
Cs2 which are connected to the C, and the C, , respectively.

Significant differences in the XPS shifts for biphenylene occur
with respect to the naphthalene and biphenyl molecules. In detail,
the A(C, - C,) shifts in the biphenylene molecule is about 0.17
eV smaller while A(Cg - C,) is larger for the biphenylene molecule
and in between the shift seen in A(Cpg - C,) and A(Cgsy - C,) for
the biphenyl molecule. The latter shift indicates an accumulation
of charge around the Cg which is supported by the ground state
orbitals. These XPS shifts indicate some similarities in the electronic
structure of these molecules.

The bond between the two benzene rings in biphenylene is of
different character than the equivalent bonds in the biphenyl and
in the naphthalene molecule. Also, the bonds between the Cg and
the C, of the biphenylene molecule are more alike to the biphenyl
molecule than to the napthalene molecule. As discussed above, the
anti-aromatic character of biphenylene causes distinct structural fea-
tures and, in particular, it influences the bond lengths along the
four-side rings. Consequently this also affects the rest of the struc-
ture and causes a localisation of charge in each of the benzene rings
centered at the Cg .

Table 3.6: Relative Cls XPS shifts in eV among the non-equivalent C atoms in
biphenylene, biphenyl [55], and naphthalene [54].

A(Ca‘cv) A(CﬁTCV) A(C,B_C’Y)

Biphenylene (theory) 0.15 0.08
Biphenyl 0.34 0.14 0.03
Naphthalene 0.32 0.02

The valence band spectrum is shown in Fig. 3.9 together with
the calculated DOS obtained by the DFT calculation and partial
density of states (pDOS) of the individual carbon contributions.
The peaks or group of peaks are labeled from A to H; A represents
the HOMO. The calculated spectra are shifted by 1.9 eV to match
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the experimental energies. The experiment are well reproduced by
the calculations: especially, states between HOMO at 7.6 eV down
to 10.5 eV. In this energy range there are four eigenstates, which
correspond to the four experimental peaks A to C, besides the small
shoulders, which are due to vibrations [54, 55]. Peak A (HOMO)
has main contributions from the C, and the C, atoms. Peak B
(HOMO-1) at 8.9 eV has main contributions from the C, and the
Cp peaks. However, the correct intensity of the peak, almost twice
as high in comparison to the HOMO peak, could not be reproduced
in the calculations. HOMO-2 at 9.7 eV has main contributions from
the C, and the Cg atoms, while HOMO-3 at 10.0 eV has mainly
contributions from the C, and the C, atoms.

......... PES Experiment i

—— PES Theory c
.
i

Intensity (arb. units)

30 25 20 15 10
Binding Energy (V)

Figure 3.9: Comparison between the experimental PES, dotted red curve, and
the computed DOS and pDOS’s. The total DOS is given as solid black curve
together with the eigenvalue spectrum indicated as bars below the DOS while
the blue, the green, and the red curves represent the pDOSs from the C,, the
Cg, and the C,, respectively. The experimental binding energies are compared
to the negative of the computed eigenvalues.

At binding energies higher than 10.5 eV, vibrational effects in-
crease the differences between theory and experiment. The group of
peaks labeled with E are reproduced to some extent and has mostly
C, character. The peaks F to H are well matched with the exper-
iment even though peak F is slightly overestimated. Interestingly,
the electronic states of the peaks D to F are mostly represented by
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electrons from the C, atoms, which form the square ring in bipheny-
lene. In contrast, the states between HOMO and HOMO-3 consist
of mixed contributions from at least two non equivalent C atoms,
but always including the C, atoms.

The experimental and the theoretical XAS spectra are shown in
Fig. 3.10. Excellent agreement is achieved from the first excitation
energy at 286.5 eV to the beginning of the continuum region at
about 293 eV. The first experimental excitation peak at 286.5 eV
has a broad shoulder towards higher energies and it is composed of
contributions from all carbon atoms as shown by the calculations.
However, the C, and the C, contribute at about the same resonance
energy of 286.5 eV and 286.6 eV, respectively, whereas the main
contributions from the Cp is at a slightly higher energy (286.9 V)
resulting in a broadened feature in the total spectrum.

Theoretical XAS ——

49 7

e

oA
: Experimental XAS oo
.~ r.!;; ,f#x;k

£ I
_,,-"“ M-:M"‘M

Intensity (arb. units)

286 288 290 292 294
Photon Energy (eV)

Figure 3.10: The experimental XAS spectrum, dotted red curve, is compared
to the results of the TPA approach (see Sec. 2.0.5). The total theoretical XAS
spectrum is the solid black curve and the C atom contributions are the blue,
the green, and the red curve for the C,, the Cg, and the C,, respectively. The
black bars below the total theoretical spectrum represent the absolute values of
the dipole transition associated oscillator strengths.

The first resonance energies of the C, and the C, are very similar
to each other and their small variation in the energy position of 0.1
eV can be induced through symmetry breaking by the core-hole.
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The LUMO and LUMO+1 have an energy difference of 0.4 eV in
the GS calculations and the same energy difference can be found
on the transition to LUMO and LUMO+1 in the TPA calculation.
Moreover, the C, and the C, have additional resonances between
286.9 eV and 287.4 eV which also contribute to the shoulder of the
first experimental peak.

Similarly, the second peak at about 288.9 eV is also composed
from contributions of all non-equivalent carbon atoms. In contrast
to the first peak, the broadened feature is here composed of contri-
butions from all C species, but the C, and the C, atoms are the
main contributors. Excellent agreement between theory and exper-
iment was obtained for the energy difference of 2.4 eV between the
first and the second peak. The third experimental peak, consisting
mainly of contributions from the C,, is at an energy position of
290.6 eV which is slightly overestimated by 0.3 eV.

The observed discrepancies among theoretical and experimental
data could be due to the various effects. For example, the possibility
of vibrational contributions could affect the spectra to spread various
electronic contributions, minimizing the overlap between 1s and 7*
orbitals [50] as well as deformations of the molecular structure as
they can occur during excitation processes. We have shown that the
XAS peaks are composed from contributions of all non-equivalent
carbons.

The asymmetry of the first transitions could be explained as the
overlapping of resonances shifted in energy (Cg with respect to C,
and C,) that corresponds to the computed XPS shift of the non-
equivalent carbon atoms. These observations are expected also for
similar molecules like biphenyl and naphthalene. The relative shift,
together with the observed omnipresence of the C, electronic states
and the C, contributions to HOMO in the total DOS illustrate sig-
nificant characteristics which may provide a promising starting point
for studies aiming at modifying its properties through substitution
of ligands or adsorption on (see next Section).

3.2.3 Band structure and molecular orientation of bipheny-
lene films

In order to investigate the behavior of biphenylene as precursor of 2D
structures like biphenylene carbon, we have accomplished a prelim-
inary characterization of biphenylene films deposited on a Cu(111)
substrate, through Photoelectron Spectroscopy (PES) and Near-
edge x-ray absorption spectroscopy (NEXAFS) at the C 1s edge. In
the previous Section we studied the electronic structure of bipheny-
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lene in gas phase, disentangling the contributions of each carbon
sites, Cq, Cs and C,, to the molecular electronic structure.

In the present Section, the occupied core and valence levels as well
as the non-occupied valence states of biphenylene in films of differ-
ent thicknesses are examined, to elucidate the molecule-substrate
interactions (low coverage film) and the molecule-molecule interac-
tions (high coverage film). For a deeper understanding of the in-
termolecular interactions, the results of the thicker films have been
also compared to the previous gas phase measurements and to DFT
calculations simulating the total and the partial density of states
(tDOS and pDOS, respectively) considering 7w and o orbitals for a
single biphenylene molecule. Moreover, the molecular orientation in
the overlayer, of importance for implementing these kinds of film
in molecular electronics, has been characterized performing, for all
the obtained film coverages, NEXAF'S at different geometries of the
sample with respect to the impinging light.

In Fig. 3.11 we show the C 1s spectra of biphenylene films at high,
intermediate and low coverage. Only one very intense peak charac-
terizes the photoemission spectra for the three coverages, despite the
three non-equivalent atoms in the molecule (Fig 1). However, the
main peak line shapes and positions exhibit an evolution as a func-
tion of biphenylene thickness. At low coverage (Figure 2c¢) the peak
is asymmetric and is centered at 284.5 eV. Upon further bipheny-
lene depositions, the peak becomes symmetric and shifts to higher
BE, being centered at 284.9 eV for intermediate coverage (Figure
2b) and 286 ¢V for high coverage (Figure 2a).

The low coverage C1s photoemission line shows the typical asym-
metric shape, also observed for other low coverage films of carbon-
based molecules on metallic substrates [58, 59]. The asymmetry
originates from photoelectron inelastic scattering with the electron-
hole pairs in correspondence of the Cu Fermi level (EF), i.e. the high
density of state at EF allows for shake-up transitions from states just
below EF to empty state just above EF. At higher film thicknesses
the substrate is more covered by adlayers, the inelastic scattering is
less favorable and the line shape may become more symmetric, as
observed in Fig. 3.11 .

The C 1s BE shifts of the different biphenylene coverages is also
attributed to the more effective core hole screening in the low cover-
age by the electronic cloud of the metal crystal, resulting in a lower
BE for the emitted photoelectron. For thicker films, the electrons
screening of the core hole is instead less effective and the BE of the
core level peak increases, giving a A(BE) of 1.6 eV for the high
coverage sample, with respect to the low coverage sample. By the
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Figure 3.11: € 1s photoemission spectra of a biphenylene film of {a) high {100
A), (b) intermediate (30 A) and (c) low (7 A) coverage, acquired with hv=400 &V
and an overall resolution of about 80 meV. In figure (a) and (b) the biphenylene
shake-up region has been enlarged for sake of clarity. Red arrows indicate the
position of the shake-up peak at 2 eV from the main line. Inset: comparison
between the C 1s spectra of the high coverage film and of biphenylene gas phase.

comparison of the shake up regions (i.e. above 287 V), important
information on the interactions between the adsorbed molecules and
the substrate can be deduced. In Figure 2(a) and 2(b), the shake-
up regions have been enlarged for sake of clarity. While in the low
coverage spectrum the shake-up region is made of a broad peak,
centered at about 291 eV, in the intermediate and high coverage
situation, shake-ups show rather complex and structured features.
Another notable difference is the lack in the low coverage C 1s PES
spectrum of the shake-up feature at about 2 eV from the main line,
instead clearly seen for the film of higher biphenylene coverages {in-
dicated by red arrows in the figure).

The shake up spectra in aromatic molecules of increasing com-
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plexity, from benzene to C60, were investigated both experimentally
and theoretically in several studies[60, 61, 62]. According to these
studies, ionizations at different sites in aromatic molecules result in
different contributions to shake up spectra, that can be disentangled
by theoretical calculations[61]. The shake up intensities at higher
BE (about 6 eV from the main line) would correspond to intra-
ring (local) excitation accompanying the photoelectron process, i.e.
charge moving within the ring of the core hole. Instead, the shake
up intensity closer to the main line would be ascribed to excitations
which move charges from atoms far away in the molecule to the core
hole site and its neighboring sites. In case of biphenylene, we could
then conclude that the first shake up features at about 2 eV from
the main line would be due to interring excitations, i.e. it would be
a non-local shake up which gets charge coming from the other rings.
Thus, the lack of the low binging energy shake up and the asymmet-
ric line shape of the Cls spectrum for the low coverage biphenylene
show a significant modification of the molecular electronic structure,
due to the interaction with Cu(111) surface.

The high coverage Cls spectrum Fig. 3.11 is compared with the
gas phase spectrum, since at this coverage the substrate contribution
is minimized and the film would retain most of its molecular char-
acter. As seen in the insert of Fig. 3.11, the gas phase Cls peak is
much narrower (FWHM = 0.5 e¢V) than the film line (0.9 eV), partly
due to the better resolution of the gas phase (75 meV) results, with
respect to the film (90 meV) results. However, the two peaks have a
clearly different line profile, symmetric for the film, asymmetric for
the gas phase. As already shown in the gas phase and similarly to
biphenyl [55] and naphtalene [54], the asymmetry of the gas phase
line is ascribed to intramolecular vibrations, which give rise to an
asymmetric tail. In the film the situation is different, since many of
the intramolecular vibration modes can be frustrated. Furthermore,
the low temperature of the Cu substrate during the measurements,
can also contribute to quench the effect of the vibrations resulting
in a more symmetric line shape.

Valence spectra acquired on low coverage and intermediate cov-
erage samples are dominated by the strong Cu valence band fea-
tures, which completely hide the biphenylene valence photoemission
peaks in the low BE region. A general shift towards higher binding
energies, when biphenylene thickness increases, characterizes the re-
maining valence peaks. This is also ascribable to the screening of
the underlying Cu substrate, as already seen in C 1s spectra. How-
ever, since no other information could be extracted from these data,
they are not shown.
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Figure 3.12: VB spectra of the high coverage biphenylene film in the two acqui-
sition geometries of normal emission NE {green) and in-plane-polarization IPL
{red). The spectra of the clean Cu{111) acquired with the same geometries are
shown as dashed lines. The gas phase, the tDOS and the pDOS of m and o
molecular orbitals are also displayed. Film and gas phase spectra were acquired
with her =130 eV and 50 €V, respectively. Insert: schematic representation of
the acquisition geometries indicating the angle # between the surface normal
and the direction of the polarization vector E of the incident light.

In Fig. 3.12 we show, instead, the VB spectra of a high coverage
film, acquired in normal emission NE and normal incidence NI', with
6 {angle between the polarization vector E of the incident radiation
and the surface normal i of 40° and 90°, respectively {see insert in
Fig. 3.12). The photon energy of 130 eV used for the acquisition
allowed to measure almost at the maximum surface sensitivity con-
dition, with an electron inelastic mean free path of about 10A[63)].
In the same figure we report gas phase and DFT tDOS and pDOS
for the isclated molecule, taking into account the contributions of 7

INE {Normal Emission) is a geometry used in photoemission with the sample normal par-
allel to the analyzer direction (in our case, & = 40°C). Although NI and in-plane-polarization
IPL (see Section 2.0.4) are equivalent, in photoemission the former expression is mostly used
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and o molecular orbitals.

A general good agreement between film, gas phase and calculated
spectra is observed, even though the film lines, like for C 1s core
level, are affected by a significant broadening. The relative positions
in BE of the structures from D to I recall those of the theory and gas
phase spectra, whereas there is not a perfect correspondence among
the peak intensities, probably also due to different photoemission
cross sections at the two photon energies used, 130 eV for film and
50 eV for gas phase.

The HOMO, HOMO-1 and HOMO-2 peaks (A, B, C in the fig-
ure) are less distinguishable in the film with respect to the gas phase.
Contributions from the Cu substrate are visible in correspondence
of the most intense Cu valence peaks, at 3.5 eV in NE and at 2.2
eV in IPL. The photoemission contributions from the Cu(111) sub-
strate can also explain why the spectral features of the film at low
BE are less resolved and less intensive that in the gas spectrum,
even at such coverage that would correspond to a film of molecu-
lar character. Moreover, considering the high coverage of the film,
the intensity of the still observable substrate valence band features
suggests that the film is not uniform.

We can exploit the different intensities of the VB peaks for the
two different geometries to obtain information about the orienta-
tion of the molecules on the surface. In fact, as it is well known,
in planar organic molecules like biphenylene,m and o orbitals have
well defined directions in space: in plane and perpendicular to the
molecular plane, respectively. Then, the synchrotron linearly polar-
ized light can be used to probe the direction of molecular orbitals,
i.e. the orientation of the molecules in the film. This is generally
done with NEXAF'S spectra[26], since the observed resonances natu-
rally represent the excited non-occupied 7 and o orbitals. However,
it is also possible to determine the orientation of the molecules by
enhancing the different contributions from 7 and ¢ orbitals to the
valence PES structures varying the orientation of the sample with
respect to the incident light, like done, for example, by Ahlund et
al. [64].

The comparison with the DFT simulations (Fig. 3.12, at the bot-
tom) reveal that the peaks due to 7 orbital contributions (A, B, C),
are more intense in IPL with respect to NE, while peaks due to o
orbitals contributions (D,E, G) show the opposite behavior. Con-
sidering that the polarization vector E is perpendicular to the light
direction (and changes with respect to the surface depending on
the incidence angle of the light), in the high coverage situation the
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molecules appear to stand on the surface. High BE peaks (H, I)
deviate from this behavior, probably because of the stronger contri-
bution from the background. The estimated molecular orientation
in the film, is also confirmed by our NEXAFS measurement, as it
will be shown in the following.

NEXAFS results of the thicker biphenylene film, taken at NE ge-
ometry, presented in Fig. 3.13, are compared to the gas phase spec-
trum and theoretical NEXAFS simulations for the single molecule,
showing the tDOS and the pDOS from 7* and ¢* resonances. The
film spectrum shows very distinctive features: those around 285,
287.5 and 289 eV are originated from the electron transition from
the C 1s — 7* orbitals while from 293.5 eV and higher photon en-
ergies, all features are due to o* resonances. Apart from a general
difference in peak intensities, the peaks of the film spectrum coincide
well with those of the gas-phase and of the theoretical spectra. The
features at 285 and 289 eV and the high photon energy region are
in very good agreement, but the peak at 287.5 eV is more intense in
the gas phase. The asymmetric tail on the higher photon energy side
of the main peak, due to the contribution of the Cg atoms is also
present in the film, though it is less resolved. The other peaks are,
in general, less intense in the film with respect to the gas phase and
to the calculations for the isolated molecule. This can be ascribed to
the overall broadening already observed for PES results considering
also the significant lower resolution of the NEXAFS spectra of the
film with respect to the gas phase results. The resemblance of gas
phase, theoretical and film NEXAFS spectra, as already seen for the
VB results, confirms the molecular character of the adsorbed thick
film as already observed for other molecular films[65].

In order to have an estimation of the molecular arrangement we
performed NEXAFS measurements at different orientations of the
sample with respect to the incident light, for all the obtained cov-
erages (high, intermediate and low). In Fig. 3.14a) we display the
NEXAFS data for the high coverage film of Fig. 3.13 in the two
geometries of NE and IPL. These spectra show that in the thicker
film the molecules arrange themselves according to a preferential di-
rection. In fact, the first two 7* resonances at about 285.0 eV and
287.0 eV are enhanced in IPL, indicating, as already anticipated by
the Val results, molecules preferentially standing on the surface of
the substrate. Subsequently, we studied the molecular arrangement
as a function of the film thickness on a low coverage film (7 A thick)
and on an intermediate coverage film (30 A thick), at normal (IPL)
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Figure 3.13: Biphenylene thick film NEXAFS spectrum in the NE geometry
{see text). The film spectrum is compared to gas phase and DFT calculations
showing the tDO8 and pDOS for v and o* contributions.

and grazing incidence {OPL) {§=20°) geometries?.

For low coverage {Fig. 3.14b)) a strong polarization dependence
is observed, with an opposite trend with respect to the high cov-
erage, indicating a tendency for the molecules to adsorb lying on
the surface. In order to estimate the molecular crientations more
precisely, we used the formula:

1
I = A{cos*fcosa + 533’?12933'?12&) {3.1)

describing the intensity of the first #* resonance as a function of the
angle 6 for a substrate with a threefold symmetry, such as Cu{111).
For this kind of symmetry, there is no dependence from the sur-
face azimuthal direction, thus the only unknown parameters are the
angle « that ther orbitals form with the normal to the surface n
and the multiplying constant A. Scolving the system with the val-
ues of /- and # obtained from the high coverage and low coverage
experiments, we determinea = 66° £ 5° and 20° £ 5°, respectively
{see the schematic representations of the molecular arrangement in
Fig. 3.14). The errors reported take into account also the uncer-
tainties introduced by the angle reading and the background nor-

?For an explanation of the experimental geometry we refer to Section 2.0.4
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Figure 3.14: Polarization dependent NEXAFS for two film thicknesses. a) High
coverage film b) low coverage film. Each film was measured for different values

of A, the angle between the polarization vector E of the incident radiation and
the surface normal of the Cu(111) sample. Three geometries are shown here:
# = 80° (IPL) and 40° (NE) for high coverage and # = 90° (IPL) and 20"
{OPL) for low coverage. The vertical bar at 284.5 eV in Fig. 3.14b) indicate the

position of the biphenylene C 13 core level peak at low coverage.

malization. Since the angles obtained by NEXAFS might be due to
the superposition of two or more orientations, we rather refer to the
molecular orientation « as the “average angles” of the molecule.

As we can see from Fig. 3.15a), a lack of a preferential molecu-
lar orientation seems to characterize the intermediate coverage film
since there is no remarkable dependence of the 7 and ¢ resonances
on E direction, in the two geometries of IPL and OPL. We per-
formed an annealing on this film, heating the substrate from the
LN2 temperature to 223 K for about 5 minutes and then cooling it
down again to 90 K. We estimated that this treatment leaves only a
monolayer of biphenylene on the surface. From the NEXAFS spec-
tra acquired thereafter {Fig. 3.15b), we can observe great similarity
with the low coverage spectra (Fig. 3.14b). Applying equation 3.1
to this system, we obtain o = 26° £ 5°, which is very similar to the
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Figure 3.15: NEXAFS spectrum on a freshly grown film of biphenylene for an
intermediate coverage; b) NEXAFS spectrum after the annealing. The acquisi-
tion geometries are OPL and IPL, already used for the low coverage film. The
line shapes are very similar to the spectrum at low coverage and the polarization
dependence is the same.

average angle measured for the low coverage.

Thus, from our analysis we find out that depending on the thick-
ness of the biphenylene film, the molecules are ordered or randomly
oriented, i.e. the molecules show a preferential orientation for low
and high coverage, but not for intermediate coverage. Moreover, for
low coverage, the molecules mostly lie flat on the surface while, for
very high coverage, the molecules mainly stand on the surface. From
these considerations we can say that, for low coverage, molecule-
substrate interactions play a sufliciently important role to deter-
mine an ordered arrangement of the molecules on the surface. For
high coverage, instead, the molecule-molecule interactions get more
importance.

To the best of our knowledge, this is the first characterization of
biphenylene deposited on a surface. The analysis of core and valence
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occupied and unoccupied levels revealed that the adsorbed bipheny-
lene film is characterized by important intermolecular interactions,
as can be deduced from the overall broadening of the spectral fea-
tures when compared with the results of the gas phase measurements
and of the single molecule DFT calculations. However, the over-
all agreement among thick film, gas phase and theoretical spectra
indicates that biphenylene preserve, in films, a molecular charac-
ter. NEXAFS measurements performed on biphenylene adsorbed
at different coverage, show that the molecules choose an ordered
arrangement for very thin and for very thick films. The molecules
vary their orientation from lying to standing on the surface for in-
creasing coverage. We can conclude that the interaction between
biphenylene and Cu(111) substrate is sufficiently important to de-
termine an asymmetric line shape in C 1s peak and a flat molecular
arrangement in the thinnest biphenylene film. However, supported
both by the low temperature needed for adsorption and also for the
similarity between the NEXAFS spectra for low coverage and gas
phase, (a part the dichroism due to the ordering of the molecules in
the monolayer) the molecules-surface interaction is estimated to be
rather weak.

3.3 Vibronic contribution in pyridines

3.3.1 Theoretical aspects

Reference [66] starts as: “The near edge z-ray absorption fine struc-
ture (NEXAFS) spectrum of pyridine (CsHsN) is not yet fully un-
derstood”. In that work Kolczewski and coworkers could explain
the splitting of the first 7* resonance in the carbon 1s ionization
threshold and stressed the importance of the vibrational structure
by including them in the calculations. This is the problem that we
already faced in this thesis work. In the previous paragraphs we did
observe, in fact, some discrepancies between experimental data and
their theoretical simulations which can be attributed to vibrational
effects: see Sections 3.1.3 and 3.2.2.

Vibrational fine structures in NEXAFS were identified long time
ago, with the first studies of ethylene by NEXAFS in TEY mode [67]
and EELS [68]. In all more common approaches to simulate NEX-
AFS (static-exchange [69] Density Functional Theory (DFT) [29]
and Time Dependent DFT (TD-DFT) [70] the most direct way
to obtain the spectral intensities is to consider only the electronic
contribution, by calculating the electric transition dipole moments
between the initial and the final bound state. However, with the
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concomitant continucus improvement in energy resclution of syn-
chrotron sources and analyzers, now it is possible to study the vi-
brational features present in NEXAFS spectra even in more detail.

Figure 3.16: Molecules of pyridine, 2-fluoropyridine and 2,6-difluoropyridine.
The ortho, meta and para carbons are also marked.

Here we present the results of a combined experimental and the-
oretical analysis of the N1s and C K-edge NEXAFS spectra of pyri-
dine, 2-fluoropyridine and 2,6-diflucropyridine {shown in Fig. 3.16.
The electronic spectra have been considered at various levels of the-
ory, namely, by the Transition Potential DFT {DFT-TP) scheme,
where the relaxation of the core orbitals is cbtained by reducing
their occupation by half of an electron, and by the Time Depen-
dent DFT approach with a restricted excitation window. For these
systems, vibrational effects have been found crucial for a correct
description of the C K spectra invelving strong intensity redistri-
bution, at variance with the N K-edge, where vertical electronic
transitions broadened by simple (;aussian distributions are usually
sufficient.

Structures of all systems are first optimized at the DFT level
Secondarily, the NEXAFS spectra are calculated at the spin-restricted
DFT level. The core hole at each non- equivalent center is modeled
by the Transition Potential {DFT-TP, Sec. 2.0.5) approximation, re-
ducing the occcupation number of the core orbital by half an electron.
The Time Dependent TD-DFT spectra have been simulated using
the so-called restricted excitation window formulation {REW-TD-
DFT, a description of the method can be found in Ref. [70]), which
is well suited for the calculation of the excited states invelved in
NEXAFS spectroscopy. Finally, the vibrationally resolved spectra
have been computed within the general theoretical framework{more
details can be found in Refs. [71, 72]) based on a time-independent
{TT) formulation.

3.3.2 Experimental and theoretical results

The experimental spectra of 2-flucrcopyridine and 2,6-diflucropyridine
at both C and N K-edges are reported in Fig. 3.17. The NEXAFS
spectra at C and N K-edges were acquired by measuring the ion
yield with a channel electron multiplier placed close to the ioniza-
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tion region. Photon resolution was better than 70 meV at C and N
K-edges.

Figure 3.17: Experimental NEXAFS: a) N 1s 2- fluoropyridine, b) N 1s 2,6-
difluoropyridine, ¢) C 1s 2-fluoropyridine, d) C 1s 2,6-difluoropyridine.

Pyridine is an important system, since it is the simplest aromatic
heterocyclic compound; moreover, its fluorinated derivatives are in-
teresting because they include at the same time strong electronic
effects related to the aromatic stabilization as well as inductive ef-
fects generated by both electronegative N and F atoms. For this
reason, this series represents a challenge for theory, since it is re-
quired that all these effects are properly described in a balanced
way by the adopted formalism. For pyridine in the gas phase, also
previous calculations on the vibrational fine structure have been re-
ported. Since previous vibrational fine structure calculations have
been reported for pyridine in the gas phase, it was elected by us
as case study to test the simulation procedure developed by our
collaborators at the University of Trieste and at the University of
Pisa.

Finally it is worth noting that the NEXAFS has been also em-
ployed to study not only free pyridine in the gas phase [66, 73] but
also when adsorbed over the silicon (110) surface, both experimen-
tally [16] and theoretically [74].

A. Nl1s electronic spectra

In Fig. 3.18, the experimental N1s NEXAFS spectra of pyri-
dine [66] and of its two F-derivatives (this thesis) measured in the
gas phase are compared with the spectra computed by the DFT-
TP method. The experimental profiles have been shifted on the



3.3 Vibronic contribution in pyridines

75

M1s GHMN TP

fx10¢

fe 10

Fad

Excitation Energy |21

Figure 3.18: N 1s NEXAFS spectra of pyridine (upper panel), 2-fluoropyridine
(central panel) and 2,6-difluoropyridine (lower panel) : experimental data (cir-
cles) and calculated DFT-TP results (solid line and vertical bars). Experimental
energy scale has been shifted in order to match the first calculated N1s— 17*
peak.

energy scale in order to match the first intense peak ascribed to the
Nl1s — #* transition. The theoretical electronic spectra correctly
describe the main features of the experiment and the energy sep-
aration among the peaks. The reproduction of both the intensity
pattern and the band-shape indicates negligible vibronic effects for
these transitions, as confirmed by the calculated vibronic spectra
of the N1s excitations of pyridine discussed further in this Section.
We can first interpret the N1s spectra on the basis of the electronic
DFT-TP results.

The first and strongest peak of the pyridine spectrum (upper
panel of Fig. 3.18 is assigned to the N1s — 7%(3b;) transition (at
399.0 eV). The asymmetric line shape of this peak in the experiment
is due to an unresolved vibrational fine structure, and in fact this
asymmetry is recovered by including vibronic effects in the calcula-
tion, as discussed in the next paragraph and shown in Fig. 3.19). A
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very weak bump (marked with a red arrow) appears in the exper-
iment at the higher energy side of the main peak, with an energy
separation of about 1.4 eV, which is missing in the calculated spec-
trum. This small structure has been attributed to the N1s transition
to the 27* orbital (las)), which is dipole-forbidden in Cy, symmetry
but could obtain intensity in the experiment through vibronic cou-
pling effects [66]. We will comment on this hypothesis in the next
paragraph, where the N1s vibrational structure is discussed.

A very weak transition is calculated at 402.1 eV (blue arrow) and
assigned to an antibonding o*(C-H) orbital with a strong admixture
of Rydberg character, in agreement with previous calculations [66,
73]. It corresponds to a weak peak observed in the experiment just
before the second well-defined experimental peak (around 402.6 eV
on the energy scale of Fig. 3.18). In this energy region the calcu-
lations predict a structure which is contributed by weak transitions
(around 403.0 eV) of essentially Rydberg character, followed by the
more intense N1s — 37* transition (at 403.4 eV) characterized by
an admixture of valence and Rydberg character. The region around
the ionization threshold contains several weak transitions of mixed
Rydberg and valence excitations.

The N1s spectra of the 2-fluoropyridine and 2,6- difluoropyridine
reproduce the pattern of the pyridine spectrum. We observe a slight
increase of the calculated excitation energies on going from pyridine
to 2,6-difluoropyridine, due to the withdrawal of the valence electron
charge induced by the fluorine atoms; the energy separation among
the spectral features remains however constant in the three spectra.
This energy shift is confirmed by the experimental observation.

The main peak is assigned to the N1s — 7* transition in both
molecules. In the case of 2-fluoropyridine (Cs symmetry), the N1s —
27" transition is dipole-allowed and appears in the calculated spec-
trum at 400.2 eV. It becomes again forbidden in 2,6-difluoropyridine
and is therefore not present in the spectrum. The peaks around
404 eV are mainly contributed by the N1s — 37* transition in both
2-fluoropyridine and 2,6-difluoropyridine spectra while the lower en-
ergy shoulder (at 403.0 eV in 2-fluoropyridine and 403.1 in 2,6-
difluoropyridine) is assigned to a transition into an antibonding
0*(C-H) orbital with a strong admixture of Rydberg character.

B. N1s vibrational structure

In Fig. 3.19, the experimental spectrum for the Nls excitation
of pyridine is reported together with the calculations including the
vibronic spectrum. Only the five excited states, corresponding to
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the highest oscillator strength in the energy range between 386 and
394 eV, have been included in the computation. By comparing the
computed bandshape with the results obtained at the TD-DFT level
using the best functional-basis set [75] it turns out that the inclu-
sion of vibronic effects does not change significantly the computed
spectrum. In fact, both the shape and the relative intensity of the
two most intense bands of the spectrum, located at about 386 and
392 eV, are nearly unchanged with respect to the results.
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Figure 3.19: N 1s NEXAFS spectra of pyridine: experimental and calculated
results including vibronic effects (solid line and vertical bars). Theoretical
method/basis are indicated in the inset (from Ref [75]).

The calculated intensities for the vibronic transitions of N1s—
27* are much weaker (about three orders of magnitude) with respect
to those of the N1s— 17* transition and are not able to change the
shape of the main band when they are summed up to the vibronic
transitions of the first peak. Therefore, we are led to conclude that
the vibronic coupling is not able to increase appreciably the intensity
of the dipole forbidden N1s— 27* transition in pyridine, which we
expect not to be detectable. As a consequence, the weak structure
reported in the experiment of Ref. [66] assigned to Nls— 27 is
probably an artifact of the noisy background. This observation is
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further supported by a more recent experiment [73] which does not
show any feature related to the N1s— 27* transition. Moreover, the
energy resolution for N1s NEXAFS is 90 meV in Ref. [73], which is
better than 150 meV reported in Ref. [66].

C. C K electronic spectra
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Figure 3.20: C K NEXAFS spectra of pyridine: experimental data (circles) and
calculated results (solid line). Theoretical method/basis are indicated in the
inset and partial contributions in the legend. Experimental energy scale has
been shifted in order to match the first calculated Cls — 17* peak.

In Fig. 3.20 the C K excitation spectrum of pyridine calculated
with different methods is compared with the experiment, the latter
having been shifted on the energy scale in order to match the first
Cls — 1n* transition of the calculation [75].

Starting with the DFT-TP scheme (upper panel), the calculated
total C K spectrum is characterized by a sharp double-peak band
around 286 eV followed by weaker features starting around 288 eV
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and reaching a maximum around 290 eV. The theory reproduces
only qualitatively the experiment, in fact the relative intensity of
the double-peak feature at 286 eV (in the experiment the first peak
is less intense than the second one) is reversed in the calculation.
The double peak-structure of the first band can be rationalized tak-
ing into account the different contributions to the total absorption.
In fact, the band is ascribed to the three different Cls — LUMO
(17*) transitions; therefore the relative excitation energies reflect the
relative energy of the core orbitals: the ortho Cls feels the proxim-
ity of the electronegative N atom, which depletes electron density,
then the ortho Cls orbital is less shielded and concomitantly more
bounded to the nucleus and therefore a larger excitation energy is
predicted for the ortho Cls. Such an effect, which corresponds to
an energy difference of 0.5 eV, is in remarkable agreement with the
experiment.

It is worth noting that in the ortho and meta partial profiles a
weak secondary maximum is observed, at 286.3 eV and 285.8 eV,
respectively, those transitions being ascribable to excitations to the
27* orbital. Such a feature is absent in the para partial profile
because 27* has a nodal plane orthogonal to the molecular plane
passing through the N and para C atoms; therefore its dipole tran-
sition moment vanishes due to symmetry constraints. The 17* and
27* orbitals are derived from the 17* degenerate orbital of benzene
(€9, in Dgyp,), which, due to symmetry lowering (to Cs,) split to by
(17*) and ay (270*) orbitals in pyridine.

The highest valence virtual 37* orbital (corresponding to the
by, one of benzene) lies much higher in energy and contributes to
the transitions around 290 eV. This high-energy region, however, is
rather complicated, since it encompasses transitions to many final
virtual orbitals, including ¢*(C-H) antibonding orbitals as well as
diffuse Rydberg states. Although this spectral region is extremely
congested, preventing a detailed assignment of all the calculated
spectral features, the calculation is in good agreement with the ex-
periment. In summary, a comparison between the DFT-TP elec-
tronic calculations and experiment is fully satisfactory as far as the
relative excitation energies are concerned, but if the intensity distri-
bution is considered, an inversion is found for the first band at 286
eV. This disagreement is very intriguing, since it might be ascribed
to different causes, like a problem in the description of the spectrum
caused by a deficiency in the electronic structure or, more likely, the
neglect of vibrational effects in this computational model.

D. C K vibrational structure
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Figure 3.21: C 1s NEXAFS spectra of pyridine (upper panel), 2-fluoropyridine
(central panel) and 2,6-difluoropyridine (lower panel): experimental data (cir-
cles) and calculated results (solid line) including vibronic coupling at the VG
level. Theoretical method/basis are indicated in inset and partial contributions
in the legend. Experimental energy scale has been shifted in order to match the
first calculated Cls — 17* peak.

In the upper panel of Fig. 3.21 the vibronic spectrum calculated
at the VG-FC level for C K excitations in pyridine in the range
between 274 and 281 eV is shown together with the experimental
results. The 28 excited states corresponding to the largest oscillator
strength (11 associated with excitations from the 1s C ortho orbitals,
11 from the 1s C meta and 7 from the 1s C para) have been included
in the computation. In this case, remarkable differences are present
with respect to the theoretical results both at the DFT-TP level
and at the TD-DFT level, reported in Fig. 3.20. Let us consider,
for example, the double-peak structure present in the low energy
range of the spectrum (see the upper panel of Fig. 3.20 at about 286
eV). As already remarked, this pattern is poorly reproduced at the
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vertical energy level, since the intensity of the first peak is expected
to be larger than that of the second one. However, the inclusion
of vibronic effects modifies the relative intensities of the two peaks,
and a better match with the experimental results is reached.

Doty

Figure 3.22: Vibronic C 1s NEXAFS spectra of pyridine for excitations from
the meta {green), orto (red) and para (blue) carbon atoms. The VG—FC model
has been used to simulate vibronic effects. Gaussian distribution functions with
HWHM of .05 eV has been used to simulate broadening effects. The assignment
of the most intense transition is also reported in the figure.

In order to analyze this effect in deeper detail, the vibronic NEX-
AFS spectra for excitations from the Cls orbital of each non-equivalent
C atom to the 17* virtual orbital are shown separately in Fig. 3.22.
Ewven if the vibronic band-shapes are nearly equivalent for the exci-
tations starting from the Cls orbitals of the ortho and meta atoms,

a larger number of intense vibronic transitions are present for the
spectrum associated with the para Cls — 17" excitation. For the
para the transition between the vibrational ground states is less in-
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tense with respect to the other ones and the vibronic broadening
is significantly larger. Due to polarization effects, the band asso-
ciated with the para Cls — 1x* transition lies in the low-energy
region of the double peak signal, and therefore the relative inten-
sity of the first sub-peak decreases, giving a better match with the
experimental results.
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Figure 3.23: Graphical representation of the normal modes of pyridine, giving
the most intense vibronic transitions in the calculated C 1s NEXAFS spectrum.

In Fig. 3.23 a graphical representation of the normal modes giving
intense vibronic transitions is reported. It is noteworthy that the
active normal modes are associated with in-plane deformations of
the ring, since the extrapolated equilibrium geometry of the excited
states associated with bright transitions is, in every case, planar, and
therefore vibronic transitions involving out- of-plane deformations
are inactive.

For the sake of completeness, we have investigated also temper-
ature effects. In fact, even if all the previous computations have
been performed at 0 K, therefore by assuming that the starting
level is the vibrational ground state of the initial state PES, the
experimental spectra have been recorded at 298 K. Temperature
effects have been included in the vibronic simulations within the
time-independent formalism (TI) following the procedure outlined
in Ref. [76] and extending the Franck-Condon (FC) approximation
with the more general case of the Herzberg-Teller (HT) model®. In
the computation all the vibrational levels of the ground electronic
state were included with a Boltzmann population larger than 0.1.
The results sketched in the upper panel of Fig. 3.24 show that, as

3In the scenario of combined electronic and vibrational transitions, Herzberg and Teller
model introduces for the electronic transitions a dependence on the nuclear coordinate asso-
ciated with the vibration. In the Franck-Condon approximation one assumes that there is no
such dependence.



3.3 Vibronic contribution in pyridines

83

expected for such rigid systems, the spectra calculated at 0 K and
298 K are nearly superimposable, and therefore temperature effects
do not affect significantly the computed band-shape.
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Figure 3.24: Vibronic NEXAFS spectra of pyridine (upper panel), 2-
fluoropyridine (middle panel) and 2,6-difluoropyridine (lower panel) for exci-
tations from the C 1s orbitals. Broadening effects have been simulated using
Gaussian functions with HWHM of 0.1 eV

The vibronic spectra, calculated at the VG-FC level, for the Cls
NEXAFS spectrum of 2-fluoropyridine are reported in the middle
panel of Fig. 3.21, together with the shifted experimental spectrum.
In this case, the 27 excited states associated with the largest value of
the oscillator strength have been included in the simulation. As for
pyridine, also in this case the low-energy region of the experimental
spectrum is characterized by a double-peak structure, where the first
peak is less intense than the second one. As shown in Fig. 3.21, this
spectral pattern is well reproduced by including vibronic effects.

As already done previously for pyridine, in Fig. 3.25 the vibronic
spectra for the Cls — 17" excitations for each non-equivalent C
atom are reported separately. Let us recall that the carbon directly
bonded to the fluorine atom gives a signal at significantly higher
energy due to polarization effects, and therefore it is not included
in the Figure. Comparison of those spectra shows that the vibronic
band-shape is similar for three of them, except for the excitation
from the C meta atom on the same side of the F, giving a signifi-
cantly broader spectrum. More in detail, for the first three spectra,
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Figure 3.25: Vibronic C 1s NEXAFS spectra of 2-fluoropyridine for excitations
from the C orto H side (green), para (blue) meta F side (red) and meta H side
(grey) carbon atoms. Gaussian distribution functions with HWHM of 0.05 eV
have been used to simulate broadening effects. The assignment of the most
intense transition is also reported in the figure.

only few vibronic transitions (whose assignment is reported in the
spectrum) have a noticeable intensity, and therefore the broaden-
ing of the spectrum is limited. On the other hand, for the fourth
excitation, a larger number of intense vibronic peaks can be iden-
tified, and also several overtones and combination bands are active
and therefore the spectrum is significantly broader. The spectrum
associated with the excitation from the 1s orbital of the C meta on
the F side to the 17* orbital contributes to the low energy sub-peak
of the double-peak structure present in the experimental spectrum;
the inclusion of vibronic effects decreases the relative intensity of
this peak, therefore giving a better reproduction of the experimen-
tal results.

Also for 2-fluoropyridinepyridine, a graphical representation of
the normal modes, giving the largest vibronic transitions, is reported
in Fig. 3.26. In analogy with pyridine, also in this case the extrapo-
lated equilibrium geometries of all excited electronic states are pla-
nar, and therefore only in-plane normal modes are active. Also in
this case temperature effects have been investigated and, as shown
in the middle panel of Fig. 3.24, their inclusion does not modify the
overall band-shape.

The NEXAFS vibronic spectrum for 2,6- difluoropyridine simu-
lated at the VG-FC level is reported in the lower panel of Fig. 3.21.
The 34 excited states associated with the largest oscillator strength
have been included in the simulation (10 for excitations from the C
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Figure 3.26: Graphical representation of the normal modes of 2-fluoropyridine
giving the most intense vibronic transitions in the calculated C 1s NEXAFS
spectrum.

ortho atom, 14 from the C meta one and 10 from the C para). The
inclusion of vibronic effects does not affect significantly the simu-
lated band-shape. In fact, the shapes of the two most intense peaks
of the experimental spectrum (at about 275 and 278 eV) are nearly
unchanged with respect to their VE counterparts, even if the inten-
sity of the first band decreases slightly. A more relevant difference
is present in the energy region above 279 eV, where the inclusion
of vibronic effects leads to an overall intensity decrease for all the
bands, thus giving a better matching with the experimental results.
As shown in the lower panel of Fig. 3.24, also for this system tem-
perature effects are negligible.






Chapter 4

Transition metal
macrocyclic compounds

In this chapter the investigation of phthalocyanines, a widely studied
class of macrocyclic compound, will be exposed. Macrocyclic com-
pounds are systems at a higher complexity than the ones studied in
the previous chapter, which typically contain rings of 5 or 6 carbon
atoms, eventually substituted by nitrogen or sulphur atoms, while
in the case of phthalocyanines we have 32 carbon and 8 nitrogen
atoms.

More into detail, phthalocyanine (Pc or HyPc, see Fig. 4.1 (a)) is
a planar molecule formed of four isoindole units linked in a circular
arrangement through nitrogen atoms with two hydrogen atoms and
has chemical formula HyC33NgH 4. HoPc structure represents a very
interesting macrocyclic ligand, that is a macrocycle that has an
internal cavity with at least three donor atoms, that act as binding
sites. This type of molecules are excellent receptors for both anionic
species that for cationic species, and are the subject of research for
molecular design.

To the cavity of this larger - but more symmetric - organic struc-
ture, one can substitute the two central hydrogens with a transition
metal atom, like a 3d or a lanthanide (MePc, Fig. 4.1 (b)). These
metals are characterized by a rather high number of orbitals with
quantic number and symmetry quite different from C and N, that
determine very different and varied properties.

Among the several macrocyclic ligands that are present in na-
ture, the molecular structure of phthalocyanine is similar to that
of (metal-free or non-metal-free) porphyrin, which is a core skele-
ton for hemoglobin and chlorophyll molecules. For this reason the
compounds of phthalocyanine and metals have attracted a lot of at-
tention as models of important biologically systems. Moreover ph-
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Figure 4.1: Sketch of HyPc (a) and porphyrin (b). MePc is sketched in {c)
together with a fragment of its molecular structure (d) displaying the notations
used.

thalocyanines have good characteristics, such as high thermal and
chemical stability, making them suitable for implementation into
different hybrid systems. Phthalocyanine compounds are therefore
expected to be applied in many fields, such as medicine {for exam-
ple, as photosensitizers in photodynamic therapy of cancer), optical
communication {in nonlinear optics), and displays {as liquid crys-
tals).

There have been several studies carried out on different mono-
phthalccyanines, whereas much less studies have been performed on
double-decker phthalocyanines.

Our focus is on the very outermost part of the valence band
which determines the electric and magnetic properties of functional
materials. Although widely studied, the electronic structure, and
in particular the localization of the metallic orbitals in the VB of
3d metal Pcs is still under debate since both experimental and the-
oretical investigations have provided ambiguocus outcomes so far,
see for example Refs. [77, 78, 79, 80]. This is a crucial issue for
electronic devices, since the character of the cutermost molecular
orbitals plays a key role in transport related phenomena [81]: for
example a localized 3d metallic HOMO or a less localized molecu-
lar orbital distributed over the whole molecule would in principle
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be expected to behave differently. DFT can successfully be used
to identify the metallic 3d states in the low binding energy region
of the valence band of Pc’s, in comparison to PES measurements
exploiting the photoionization cross sections [79, 80].

In Section 4.1 we report an investigation of the low-energy region
of the valence band of HoPc compared with those of iron phthalo-
cyanine (FePc) and manganese phthalocyanine (MnPc). We show
how the atomic character of the Highest Occupied Molecular Orbital
(HOMO) is reflected on the outermost valence band binding energy
region. and identify how the central metal atom interacts with the
C and N atoms of the molecule, giving rise to different partial and
total density of states for these three different Pc molecules. The
results of this investigation have been published in PAPER VIII
and PAPER IV [80, 82]. In Sect. 4.2 we study another group of
Pcs, called multi-decker phthalocyanines or MePc,, that has two
phthalocyanine rings linked together through the metal atom and
is a much less studied system than mono-Pcs. In this section we
report the study of the competition between molecule-molecule and
molecule-substrate interactions in a film deposited on silicon [83,
84].

4.1 The role of the central atom in transition
metal phthalocyanines

In this Section we present theoretical and experimental valence band
(VB) photoelectron spectroscopy (PES) results of metal-free ph-
thalocyanine (HyPc), iron phthalocyanine (FePc) and manganese
phthalocyanine (MnPc) films as well as gas phase data. We concen-
trate on the comparison of the occupied valence density of states of
these three phthalocyanines and we relate the observed differences
to the different metal atom in the molecular central ring. By se-
lecting proper photon energies in the experiment, we can exploit
the photoionization cross sections for the photoemission of electrons
from different atomic orbitals. In this way, we can disentangle in
the experimental spectra the contributions given by the metallic 3d
electrons from the contributions coming from the organic rings.
The comparison of the metal free HyPc with FePc and MnPc
highlights the different interactions of the divalent central ion with
the organic molecular ring. As shown by Grobosch et al.[78], the
electronic structure of MnPc differs from the one of other metal Pcs
because the HOMO peak in its valence band spectrum is of metallic
character. Moreover the 3d electronic states contributing to this VB
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Table 4.1: Calculated properties of the 84, S5 and Sg electronic 3d configura-
tions (from Ref. [30]).

Structure Occupation HOMO  Orbital HOMO-LUMO

SYILITL. type gap
SA bégega&gb?g eg dzz:dyz 135 GV
SB b%ge a‘%gb?g bgg d:y 165 GV
SC b%gega‘%gb?g alg dI2 1.32 eV

feature are not highly localized but hybridize with the orbitals of the
organic rings, giving to this molecule potentially different electronic
transport properties [78].
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Figure 4.2: Schematic representation of three electronic configurations for Mn 3d
in MnPec for an intermediate spin state {(S=3/2).

In general, as recently reported [80] (PAPER VIII), the picture
of the electronic structure of metal phthalocyanines can be further
complicated. MnPc, for example can have different electronic con-
figurations in different types of samples, for example in the gas phase
with respect to a thick film. In Fig. 4.2 the three possible electronic
configurations {Sy4, Sg and S¢) for Mn 3d orbitals are schematically
shown, and their energies are reported in Table 4.1. While for the
thick film a single electronic configuration {S4) can reproduce the
energy distribution of the MnPc metallic states, in the gas phase, at
least two {S4 and Sg) are needed. This discrepancy is most likely
due to the evaporation conditions, as it will be discussed in the next
subsection 4.1.1, and deserves to be investigated more in detail. In
this context, not only would a precise knowledge of the exact metal
3d electronic configuration of MnPc shed light on the above men-
tioned effects, but it would alsc prove crucial in view of spintronics
applications by opening the possibility of controlling the orientation
of the magnetic anisotropy of the molecule.

In this Section we investigate further these results by studying
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the symmetry and the hybridization of the outer molecular orbitals
comparing HoPc, MnPc and FePc molecular films. We provide a de-
tailed determination of the orbital composition of the HOMO and
HOMO-1 of HyPc, FePc and MnPc by comparing hybrid DFT cal-
culations to PE spectra for thick molecular films. This gives in
addition insight into the different hybridization of the metal states
with the organic rings for the two metal phthalocyanines.

4.1.1 Experimental and computational details

This subsection reports details about the measurements of films
and gas phase of phthalocyanines and their simulation. The HyPc
(98% dye content), FePc molecules (90% dye content) and MnPc
(95% dye content) molecules were purchased from Sigma-Aldrich.
The molecules have been carefully outgassed before all depositions
and gas phase measurements. For thick film investigations either
a Au(111) single crystal, purchased from Surface Preparation Lab-
oratory (SPL), was used (in case of HyPc and FePc) or a gold on
mica (in case of MnPc) substrate was used. In case of single crystal
substrate, a clean Au(111) surface was obtained by cycles of Ar™
ion beam sputtering (900 eV) for 20 minutes, followed by annealing
at 550°C for about 2 hours. For the gold/mica (purchased from
George Albert Physical Vapor Disposition) substrate, the 300 nm
thick layer of gold epitaxially grown on mica, was cleaned by cycles
of sputtering and annealing (at 445°) in order to get a clean and
reconstructed Au(111) surface. The cleanliness of all the surfaces
was checked by the XPS spectra.

The VB photoemission measurements of HoPc films on Au(111)
(hy=130eV) has been performed at beamline I511 at MAX-lab, the
national synchrotron radiation facility in Lund, Sweden. The sur-
face endstation of the beamline (at the time of our experiments)
consisted of an analysis chamber and a preparation chamber, with
base pressures of 8 x 107 and 5 x 1071 mbar, respectively. The
analysis chamber was equipped with a Scienta SES200 hemispher-
ical electron analyzer, which could be rotated around the photon
beam axis. The molecules have been deposited, in situ, onto the
samples in an evaporation chamber under UHV conditions, using a
home-built evaporator positioned a few centimeters away from the
substrate. The evaporator consisted of a quartz glass tube with a di-
ameter of about 5 mm with a heating tungsten wire twisted around.
All measurements were performed with the sample at room tempera-
ture (RT), with photon energy of 130 eV and an overall resolution of
about 20 meV. The binding energy (BE) scale of the HyPc VB spec-
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tra was calibrated by measuring the Fermi edge of the Au substrate
and/or Au 4f PE spectrum (at 84 eV BE) keeping the experimental
settings. FePc and HyPc films deposited by thermal evaporation on
the Au(111) crystal and film of MnPc on a Au/mica substrate have
also been investigated by X-ray photoelectron spectroscopy (XPS)
using a monochromatized Al K« source (1486.7 ¢V) and Ultraviolet
photoelectron spectroscopy (UPS) with a He discharge lamp (21.2
eV) and a hemispherical analyzer at home laboratory at University
of L’Aquila, Italy. For the film thicknesses studied in this work, no
signal from the Au 4 f peaks was detected by XPS. The binding en-
ergy (BE) scale was calibrated considering the Au Fermi edge and
the Au 4f core level peaks position. The resolution of the presented
valence photoemission spectra (1486.7 eV) is 300 meV.

The PES measurements on vapors have been performed at the
Gas Phase beamline at Elettra synchrotron, in Trieste, Italy. The
substances were obtained commercially from Sigma Aldrich in the
form of crystalline powders with minimum purity of 80%, and were
thoroughly purified in vacuum. They were evaporated from a home-
built furnace with an effusive nozzle and were checked during pu-
rification procedure, comparing them to spectra for thick layers ob-
tained by Kraus et al. [85] for MnPc and by Berkowitz [86] for
FePc during the molecular outgassing procedure. Calibration of the
energy scale was done introducing He (vertical ionization energy,
VIE=24.59 eV) into the ionization chamber and by traces of vapor-
ized water (HoO, VIE=12.26 eV) found in the system. The photon
energies used for valence band measurements were 110 eV for HyPc
and FePc spectra and 100 eV for MnPc valence band spectrum, all
with spectral resolution of about 150 meV. The measurements were
started only when the vapor could be safely considered free from
impurities (mainly water and phthalonitrile).

The working evaporation temperature for FePc was around 460°C,
while for MnPc it was 314°C, avoiding the dissociation observed at
higher temperatures. During the whole experiments, the pressure
at the ionization region remained constant (ca. 8 x 107® mbar). PE
spectra have been normalized to the photon flux and to the analyzer
transmission function, taking into account the acquisition time. It
was not possible to normalize to the sample density, being it not
possible to measure its partial pressure. Moreover, the high tem-
perature of vaporization for FePc and its long drifting periods did
not allow us to assume an almost constant density of the sample.
For MnPc the temperature of evaporation is much lower but it was
sufficiently high to condition the measurements mentioned in the
previous Section, because it corresponds to an energy of the same
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order of magnitude as the energy difference between the different
electronic configurations (Sa, Sg and S¢, see 4.1). Therefore great
care had to be taken for the gas phase measurement.

Theoretical DFT calculations were performed in the group of
Dr. Barbara Brena, at Uppsala University. The geometry for the
three molecules was first optimized, then used to determine the elec-
tronic structure alongside the contribution of each particular type of
atomic orbital (AO) to the valence band molecular orbitals. The bar
graphs, corresponding to the discrete molecular energy levels, were
broadened using Gaussian functions with a constant full width at
half maximum (FWHM) of 0.4 eV (unless stated otherwise) in order
to facilitate the comparison with experiment. The atomic origins of
particular peaks were obtained by comparing the total DOS to the
C 2p, N 2p, C 2s, N 2s and metal 3d partial contributions. The
spectra corresponding to different photon energies (21.2 eV, 130 eV
and 1486.7 eV) were obtained by multiplying each partial DOS with
its atomic photoionization cross-section at the specific energy [24].
The total spectrum was obtained by summing up the atomic contri-
butions and by adding a Gaussian broadening of variable FWHM.
The initial FWHM of 0.2 eV was linearly increased to 2.0 eV in the
interval -5.0 eV -15.0 ¢V and then kept constant.

4.1.2 Experimental results

Density functional theory (DFT) calculations of total and partial
DOS of a single HyPc molecule together with an experimental valence-
band spectrum taken with a photon energy of 130 eV of a thick film
of HyPc/Au(111) are shown in Fig.4.3. The energy scale of the
theoretical calculations has been aligned to the experimental spec-
trum by a shift of -3.5 eV and conveniently broadened! The PE
valence spectrum contains several features associated to contribu-
tions of different molecular orbitals as disentangled by the partial
DOS calculations presented in the figure. The peaks in the experi-
mental spectrum have been labeled from A to H. Peak A is related
to the HOMO and is located at 1.5 eV on the binding energy (BE)
scale. It has been found, from the previous theoretical studies of a
thick film of HyPc on conductive glass[87], that the HOMO peak is
a 7 orbital formed by C 2p orbitals and the computed HOMO has

IThe simulated spectra corresponding to different photon energies (21.2 eV, 130 eV and
1486.6 €V) were obtained by multiplying each partial DOS with its atomic photoionization
cross-section at the specific energy. The total spectrum was obtained by summing up the
atomic contributions and by adding a Gaussian broadening of variable FWHM. The initial
FWHM of 0.2 eV was linearly increased to 2.0 eV in the interval -5.0 eV -15.0 eV and then
kept constant.
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Figure 4.3: Experimental valence-band spectrum taken with a photon energy of
130 eV of a thick film of HoPc/Au(111) (black line). The DFT calculations of
total and partial DOS of a single H2 Pc molecule are shown as filled lines.

a, symmetry. The most pronounced peak B, located at 3.9 eV BE,
is due to contribution of p-type orbitals of both carbon and nitrogen
atoms and a small contribution of s-type orbitals of nitrogen atoms.
Peak C is a low intensity peak mainly formed by contributions of
both s and p orbitals of nitrogen atoms together with a small con-
tribution of C 2p orbitals. Peak D is mainly related to C 2p orbitals,
whereas peak E is related to C 2p orbitals with minor contributions
of C 2s, N 2s and N 2p orbitals. Peaks F and G instead are mainly
formed out of contributions of C and N s-type orbitals.

In Fig. 4.4 we report a comparison of the valence band spectra of
HoPc, MnPc and FePc molecular films, taken with photon energies
of 1486.7 eV (a) and 21.2 eV (b) shown together with the DET sim-
ulated total DOS (dotted lines). The DFT calculated spectra have
been shifted in energy to match the HOMO level of the respective
experimental spectrum, giving a shift of -3.2 eV for HyPc and -3.6 for
both metal Pcs in case of experiments performed with photon energy
1486.7 eV and -3.4 eV for HyPc and -3.5 for both metal Pcs in case of
experiments performed with photon energy 21.2 eV. In part (c) the
molecular orbitals of both HOMO and HOMO-1 features are shown
for the three molecules. Due to different cross-section sensitivity,
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Figure 4.4: Experimental PES results of valence band region for HyPc, FePc
and MnPc films on Au(111) together with single molecule DFT simulations.
Photon energies used are: 1486.7 eV (a, dotted lines) and 21.2 eV (b, dotted
lines).

the spectra taken with He I (21.2 eV) photon energy, show mostly
contribution of C 2p states, whereas the spectra taken with Al K«
(1486.7 eV) photon energy enhances the metal atom contributions.
The agreement between the experimental and the theoretical results
is satisfying in both cases. The better agreement for intensity match
between theory and experiment, obtained in case of higher photon
energy (part a), can be explained as resulting from less secondary
electrons contributing to background signal for experimental spec-
tra, which is quite noticeable in case of experimental results obtained
with He I light source.

In a) and b) it is evident that the HOMO and HOMO-1 spectral
features are formed from a mix of metal and organic states of the
molecule. This is already visible in ¢) which shows the molecular
orbitals (MO) responsible for the peaks in the outermost VB region.
The highest occupied molecular orbital (HOMO) of FePc and HoPc
alongside the HOMO-1 of MnPc, all situated at approximately 1.5
eV BE, have exclusively C 2p character. The atoms contributing
the most to this orbital are the pyrrole carbons, which are directly
bonded to the isoindole nitrogen atoms. The carbons from the ben-
zene rings contribute to some extent, whereas the pyrrole atoms not
directly connected to nitrogen atoms, give almost no contribution.

The HOMO of MnPec is situated at lower binding energy (0.5 eV)
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Figure 4.5: Valence band experimental spectrum of gas phase HoPc (110 eV),
FePc (hv=110 eV) and MnPc (hv=100 V)

and contains both C 2p and Mn 3d contributions. In more detail,
the HOMO peak of the MnPc VB spectrum is formed from the
2p levels of pyrrole carbon atoms (which are directly bound to Mn
atom) in combination with the Mn (d,., d,,) orbitals. Similarly, the
FePc HOMO-1 is related to the metal (d,., d,.) orbitals with a small
contribution from C 2p levels. The 2p character of this MO is much
reduced as compared to the MnPc HOMO. The calculated electronic
structures of the two metal phthalocyanines are ‘E, (MnPc) and *E,
(FePc).

The difference between MnPc and FePc implies essentially the
presence of one additional electron in FePc alongside an increase by
one of the Z number of the central metal. This additional electron
occupies in FePc a 3d orbital of mainly d,, character, that instead
remains empty in MnPc. The Fe d,, orbital has a higher BE with
respect to the HOMO-1 of FePc which has a (d,.,d,.) character.
Moreover, the first peak with metal 3d contributions in FePc (the
HOMO-1 peak) is located at higher BE when compared to the same
peak in MnPc (HOMO). This is explained by the higher effective
charge of the Fe atom as compared to the Mn.

Fig. 4.5 shows a comparison of the HOMO valence energy region
of the three phthalocyanines in gas phase. Spectra are taken with
photon energy of 110 eV for HyPc and FePc and 100 eV for MnPc.
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Figure 4.6: DFT calculated atomic partial DOS of HoPc, FePc and MnPc (a).
The comparison between the C 2p and N 2p contributions are shown in (b)
and (c), respectively. The dashed lines in (a) show the change of HOMO and
HOMO-1 peaks for the metal Pcs.

In these spectra the peaks with mostly C 2p character, HOMO of
FePc and HOMO-1 for MnPc, are at the same BE (6.4 eV). This
result is also confirmed by our theoretical calculations showing that
the C 2p derived peak in the outermost valence is expected at the
same BE for all three phthalocyanines. The energy position of the
HOMO with Mn 3d character4 is instead expected at lower BE[77],
in very good agreement with what is observed experimentally (at
59 eV, AE, = 0.5 eV ).

The DFT calculations shown in Fig. 4.6 clarify further the effects
of the metallic center on the valence states. The DFT simulations
allow disentangling the different atomic orbital contributions to the
valence spectrum for the three Pcs. By comparing the simulations of
the valence data we can see how the metal atom affects the C 2p and
N 2p contributions to the total DOS of each molecule. We show that
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the molecular structure of a metal phthalocyanine originates from
the hybridization (orbital combination) between the N (mostly N 2p)
and C (mostly C 2p) atoms with the central metal atom. Fig. 4.6 (b)
and (c) shows the same calculations showing separately the results
for C 2p and N 2p for all Pcs, respectively. The C 2p partial DOS
for the metal Pcs show a slight change in the spectral shape at the
energies of the metal atom contributions, indicating a hybridization
of C 2p orbitals with the metal atom.

. Pyrrole N 2p DOS Aza-bridge N 2p DOS
FePc
H,Pc
MnPc
10 8 6 a 2 0 10 8 6 a 2 0
Energy (eV) Energy (eV)

Figure 4.7: DFT calculated atomic partial DOS of HaPc, FePc and MnPc (a).
The comparison between the C 2p and N 2p contributions are shown in (b)
and (c), respectively. The dashed lines in (a) show the change of HOMO and
HOMO-1 peaks for the metal Pcs.

It is mostly seen at lower BE, where the respective metal contri-
bution is stronger - at around 2 eV for FePc and at around 0.8 eV
for MnPc. As expected, the orbitals most sensitive to the central
metal in the phthalocyanine are the N 2p states, more precisely, the
pyrrole-type N atoms, which are directly bonded to the metal atom.
In fact, a separate analysis of the pyrrole N 2p states in comparison
to the bridging N 2p states shows that the pyrrole nitrogen atoms of
the two metal phthalocyanines give rise to a significantly different
partial DOS when compared to HyPc. For example, in Fig 4.7 the
bridging aza-nitrogens in MPcs display 2p partial densities of states
which are relatively similar to the HoPc case. This shows the strong
hybridization of the pyrrole N 2p with the metallic orbitals and the
smaller influence of the metal on the other four nitrogen atoms.
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4.2 Grafting of double decker phthalocyanines
on Si(100)-2x1

If the center metal has a large radius, as in the case of lanthanide
metals, it becomes difficult to incorporate it inside of the Pc ring.
Pc ligands are then placed so as to “sandwich” the metal atom,
where the metal atom is placed out of the Pc plane. The molecule
in this configuration is called as a double-decker Pc molecule. Rare-
earth double-decker phthalocyanine molecules have attracted a great
attention for their application in organic-based field effect transis-
tors [88, 89] due to their tunable electronic properties. In this study,
we focus on double-decker lutetinum phthalocyanine (LuPcy), which
is composed of two identical phthalocyanines, rotated by € = 45°
against each other and bridged via a Lu{IIl) ion as depicted in
Fig. 4.8. The electronic structure of LuPcy is characterized by a
single semi-occupied molecular orbital (SOMO) between the high-
est occupied molecular orbital {HOMO) and the lowest unoccupied
molecular orbital (LUMO), i.e., in the HOMO-LUMO gap. There-
fore, the SOMO electronic state can accommodate or denate its
electron, making LuPc, a tunable donor or acceptor carrier trans-
porter.

Figure 4.58: LuPcy structure optimized by DFT calculations.

Despite a very large amount of work devoted to the elucidation
of molecular interaction of Pc molecules on metal surfaces,[90, 91]
only few studies have focused on the semiconducting surfaces|[92,
93] and even less on double-decker Pc's on these technologically rel-
evant surfaces [94, 95] . On most metallic surfaces, Pc molecules are
known to lie flat, whereas the molecular architectures are various
on semiconducting substrates. Pc molecules are found lying flat on
InSh{001) surface,[92] whereas they are inclined on Si{001) [94, 64].
Furthermore, a transition from lying-down to standing-up configura-
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tion occurs in less than one monolayer of CuPc on Si(111) [96]. The
different orientations are also observed on passivated surfaces. PbPc
molecules are found to be flat on passivated Ge,[97] whereas CuPc
molecules are standing up on Si(001) passivated with H or NH3 [98].
In this context, the deposition of LuPcy adsorbed on Si(100)-2x1
is here investigated by means of synchrotron based techniques, such
as XPS and NEXAFS, in combination with DF'T calculations. The
present experiments were performed on a Si(100)2 x 1 reconstructed
surface with dangling bonds and a Si(100)2 x 1:H monohydride sur-
face in which the dangling bond is terminated by a hydrogen atom
(H passivated).

Experiments were carried out at the Swedish national synchrotron
MAX-Lab. The Si(001)2 x 1 surface, when prepared under UHV, is
formed by rows of Si dimers. Because of the crystalline anisotropy
extends, only on small regions with respect to the light beam, and
the surface is actually composed of 2 x 1 and 1 x 2 domains ro-
tated by 90° with respect to each other, yielding an overall isotropic
surface. In order to obtain a single-domain surface, we have been
using a well known and controlled method, namely the use of vicinal
Si(001) surfaces with a miscut of 4° along the [110] direction. This
miscut gives terraces of 3-4nm width, which is roughly the size of
the phthalocyanine molecule.

The samples were prepared by direct current heating for several
seconds at 1050°C. The pressure was maintained below 3 x 10'° Torr
during heating. The steps at the surface gather two by two to form
dimers are all parallel to the steps, as can be seen in the scanning
tunneling microscopy image of Fig. 4.9. The dimer rows can be
distinguished and are perpendicular to the steps. This procedure
yields to the pristine 2 x 1 single-domain, highly reactive surface.
The adsorption of atomic hydrogen on the surface can “passivate”
the dangling bonds, leading to a much less reactive surface. Atomic
hydrogen is obtained by dissociating molecules of hydrogen by using
a hot tungsten wire located in front of the sample. This results in a
unreconstructed and poorly ordered Si(001)1 x 1:H surface where the
Si dimers are broken and the Si atoms are bound to two H atoms.

4.2.1 LuPc; on passivated Si(100)-2x1:H

Si2p XPS spectra recorded for an excitation energy of 160 eV are
displayed in Fig. 4.10; all spectra have been normalized to unity at
the main peak. Si 2p on clean silicon (red line), identical to pre-
viously published spectra on stepped surface,[100] presents a pro-
nounced surface state at lower binding energy that characterizes
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Figure 4.9: {a) STM image of a clean Si{001)2 x 1 vicinal surface, from Ref[99];
{b) schematic drawing,.

a clean and well reconstructed (100)-2 x1 vicinal surface. After
hydrogenation, the Si dangling bonds have been terminated with
hydrogen and therefore no surface states are visible in the spec-
trum {orange dashed line Fig. 4.10). The general spectral shape
is also modified and is similar to the one already published.[101]
Morecver, the spectrum presents an energy shift of 0.3 eV to higher
binding energy, commonly attributed to a band bending due to the
charge transfer between adsorbed hydrogen atoms and silicon.[100]
The small feature at around 101.4 eV is characteristic of a Si?* ox-
idation state[102] and is attributed to a slight water contamination
during the hydrogenation process. The green line corresponds to
0.2 nm of LuPcy deposited on the hydrogenated surface. The over-
all shape of the spectrum is identical to the hydrogenated one and
no additional features, which could be an indication of a bonding
between the molecules and the silicon, are visible. This supports
the fact that the passivated 5i surface does not interact significantly
with the LuPc¢, molecules.

Fig. 4.11 displays the C 1s spectra recorded for a thin film of
1 nm {a) and for a thick film deposition {b) on the H-terminated
oi surface. The binding energy of the main structure is found at
the same position as in previcusly published XPS on LuPc, thick
film on silver[103] and no energy shift is observed for the different
thicknesses, indicating equivalent interaction for the thin and thick
layers, a consequence of the Si surface passivation.

The C 1s XPS spectra provide further evidence of the negligible
interaction between the adscrbed molecules and the silicon atoms.
The spectra can be decomposed using Voigt functions intc a se-
ries of six peaks. The three larger peaks at lower binding energies
corresponding to inequivalent carbons {illustrated in the sketch of
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Figure 4.10: Silicon 2p XPS spectra recorded for a photon energy of 160 eV:
clean silicon (100)-2 x1 vicinal surface (red line); hydrogenated silicon (100)-
2 x1 wvicinal surface {orange dashed line); 0.2 nm of LuPcy on hydrogenated
gilicon {100)-2 x1 vicinal surface {(green line on top).

Fig. 4.11) are found, respectively, at 284.29 eV for the C-H contri-
bution, 284.66 eV for the C1 contribution, and 285.48 eV for the C2
contribution. The three smaller additional features at higher bind-
ing energies correspond to the shake-up transitions asscciated with
the three main transitions C-H, C1, and C2. Shake-up satellites are
identified at higher binding energies (i.e., lower kinetic energy) due
to a kinetic-energy loss of photoelectrons via simultanecusly excited
7 — 7* transitions. Fitting parameters are found in Table 4.2.

The intensity ratic [Cl+shake-up : C2+shake-up : CH-shake-
up]| is found to be [1.9: 1.9 : 4] for the 1 nm layer and [2.1: 1.76 : 4]
for the bulk layer. The C2 intensity ratio is smaller than 2 due to
a slight beam damage of the layer. The overall ratios are in very
good agreement with the numerical ratic of distinet types of carbon
atoms identified within the molecular ligand [2 : 2 : 4].

The fitting procedure reveals also the energy difference between
the main feature and its associated shake-up. For each feature, both
in the 1 nm thick film or in the bulk-like overlayer, the shake-up is
found to be at 1.9 4 0.2 eV higher binding energy than the corre-
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Figure 4.11: C 1s XPS spectra recorded for photon energy of 330 €V on LuPcy
deposited on hydrogenated silicon (100)-2 x1 vicinal surface: (a) 1 nm; {b) bulk
LuPc,; decomposition with Gaussian function is displayed for each spectra.

sponding main feature. This shake-up retains informations on the
molecular band gap and agrees with already published results.[104,
105] Considering the results obtained on Si2p and Cls spectra, we
can conclude that, as expected, there is no significant interaction
between the molecules and Si atoms. However, more insights inte
the electronic structure of this double decker Pc come from the ab-
sorption spectra and from the DFT simulations presented further.

Fig. 4.12 displays the NEXAFS spectra of nitrogen, recorded in
Auger electron yield mode in an energy window of 30 eV around
the nitrogen KLL transition at 370 eV. Electrons were detected in a
45° angle with respect to the polarization vector. The spectra were
first normalized to the intensity of the incoming light measured on
a gold mesh, then normalized to unity at 425 eV. Two polarizations
were investigated: in-plane polarization {IPL, red line) for which
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Table 4.2: Fitting parameters for 1 nm thick and bulk films, FWHM corresponds
to the full width at half maximum of the Voigt curve.

Position (eV) FWHM (eV) Height (Arb. Un.)

Peak label 1 nm bulk 1nm bulk 1nm bulk
C-H 284.29 284.29 0.62 0.62 0.82 0.82
C-1 284.66 284.66 0.72 0.71  0.32 0.35
C-2 285.48 285.48 0.71 0.71  0.34 0.31¢
Shake-up C-H 286.08 286.08 0.76 0.76  0.06 0.04
Shake-up C-1  286.78 286.78 0.76 0.76  0.04 0.04
Shake-up C-2  287.28 287.28 0.76 0.76  0.04 0.03

“Beam damaged sample.

the polarization E vector of the radiation is parallel to the surface
and out-of-plane polarization (OPL, blue dashed line) for which the
polarization was about 83° from the surface plane?. The photon
energy calibration was done by measuring the first and second order
light from the Si 2p core level for thin layers, and Cls core level
spectra for thick layers. The overall resolution of NEXAFS spectra
is about 100 meV. Due to poor statistics for thin layer measure-
ments obtained on 1511, data from another experiment performed
on D1011 (Max-Lab) on the same system were used, taking care
that the overall line shape of both spectra was identical.

Four different thicknesses are presented, i.e., from thin layer to
bulk-like film (0.3 nm in (a), 1.5 nm in (b), 2.4 nm in (c), bulk in
(d) being less than 10 nm). The features in the NEXAFS spectra
of phthalocyanine molecular films at the N 1s edge are generated by
electronic transitions from a core level to an unoccupied electronic
level either with m or ¢ character. In the following part, we will
use the convention that the aza-bridge nitrogen atoms are those
connecting the pyrrole rings of the LuPcy, while the pyrrole nitrogen
atoms are those directly bonded to the lutetium atom in the central
part of the rings. In the NEXAFS spectra of Pc films, the region
where the 7* transitions are observed presents four main features
that are labeled from A to D (peak A at around 398 eV, peak B at
about 400 eV, peak C at about 403 eV and peak D at about 404 eV)
as shown in spectrum (d) of Fig. 4.12. The broad absorption features
at higher photon energies correspond to ¢* transitions (peaks E at
around 407 eV and peak F at 409 eV, shown in spectrum (d) of
Fig. 4.12). As for XPS results, no shifts in energy are observed with
increasing thicknesses.

Information about the orientation of the molecules can be de-

2For an explanation of the experimental geometry we refer to Section 2.0.4
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Figure 4.12: NEXAFS spectra at the nitrogen 1s edge for incoming photons
with in-plane polarization (IPL, red line) and out-of-plane polarization (OPL,
blue dashed line); increasing thicknesses are displayed (a) 0.3 nm, (b) 1.5 nm,
{c) 2.4 nm, and {d) bulk.

duced from the relative intensities of the 7% and ¢* peaks in spectra
taken at different orientations of the polarization vector E of the
incident radiation with respect to the sample surface. Since 7 tran-
sitions dominate with OPL polarization, whereas ¢* transitions are
dominant with [PL polarization, the molecules in films are found
to lie rather flat on the surface at low coverages (spectra {a)-(c)
in Fig. 4.12). The bulk spectra {Fig. 4.12(d}) show instead similar
intensities for both »* and ¢* resonances for the two incident po-
larizations (IPL and OPL). This can be ascribed either to a more
tilted adsorption orientation of the molecules or to a less ordered
overlayer, as will be further discussed.
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Figure 4.13: Experimental and theoretical NEXAFS: (i} 7" resolved calculation
and measurement for OPL polarization of a .3 nm thick film, (ii) o* resolved
calculation and measurement of IPL polarization of a 0.3 nm thick film.
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The simulated absorption results, together with the experimental
spectra for the 0.3 nm film are presented in Fig. 4.13 and for the
bulk layer in Fig. 4.15. The ground state calculation and geometry
optimization of LuPcy were performed by means of DFT calcula-
tions using the GAUSSIAN 09 program with the hybrid UB3LYP
exchange-correlation functional. The DFT optimized structure is
shown in Fig. 4.8. It belongs formally to the Cy, point group. Both,
the experimental molecular structure by De Cian et al. [106] and
the DFT optimized, structures have the rings rotated by 45° with
respect to each other, sandwiching a lutetium atom. To simulate the
N1s NEXAFS spectra, we have applied the transition-potential ap-
proach (TPA) [107] where, the electronic relaxation effects induced
by the transition of an electron from an initial to a final state are
simulated by the introduction of a half core hole at a particular
core level. In the case of LuPcy, two spin polarized TPA calcula-
tions, one for each non-equivalent nitrogen atom, were performed.
To simulate the polarization resolved X-ray absorption spectra, the
partial density of states (pDOS) of unoccupied p-orbitals was con-
sidered (i.e. the orbitals with energies above the HOMO) for each
of the two non-equivalent nitrogen atoms. The projections of the
pDOS along the three spatial coordinates x, y, and z correspond
to the intensities of the spectra along the same directions: I, I,
, and I,. When LuPc, is adsorbed parallel to the surface, the in-
plane components I, and I, represent the electron excitations into
the unoccupied o* states, collectively indicated as I,, whereas the
out-of- plane component I, orthogonal to the molecular plane, rep-
resents the excitations into the unoccupied 7* states, indicated as
I;. In the comparison with the experimental NEXAFS, we need to
consider additionally the possible tilting of the adsorbed molecules
with respect to the surface plane. When the molecule is tilted, the
results of the measurements cannot be compared with pure theoret-
ical I, and I.

The tilt angle can, however, be simulated in the calculations by
assuming an angle 6 between the Cy-fold axis of the molecule and
the z axis of our reference system. Due to the orthogonality of the
components I, I, , and I, the pDOS of a tilted molecule is obtained
as a combination of I, and I, with the angle # as a parameter.
The total spectrum of a molecule tilted by 6 can thus be expressed
as the sum of I cos(20) and I,sin(20) where I, = I, and I, =
0.5(,+1,).The I, and I, intensities correspond to tilt angles 6 equal
to 0° and 90°, respectively. The total N1s spectrum was aligned to
the experimental energy scale. To facilitate the comparison with
the experiment, the pDOS was convoluted with a Gaussian curve.
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We used a Gaussian with a full width at half maximum (FWHM)
of 0.35 eV below 399 eV, a linearly increasing FWHM from 0.35 to
1.7 eV up to 413.9 eV, and a constant FWHM of 1.7 eV above 413.9
eV.

In part (i), we show a 7* resolved (I) calculation in compari-
son with the measured OPL spectrum of the 0.3 nm film. In part
(ii), we show a o* resolved (I, ) calculation in comparison with a
measured IPL spectrum of the 0.3 nm film. The black curves are
the total theoretical spectra, obtained by summing the pyrrole (red
curve) and aza-bridge (green curve) nitrogen contributions. The bar
graphs show the pDOS eigenvalues above HOMO obtained for both
non equivalent nitrogen species. In the total theoretical spectra of
Fig. 4.13, the peaks labeled with greek letters from « to y with in-
creasing energy have a good agreement with the experimental peaks
A-F indicated in Fig. 4.12.

The OPL calculation is characterized by a number of resonances
below 406 eV. The features a to ¢ of m* character at about 398 eV,
400 eV, 403 eV, and 404 eV reproduce well the experimental peaks
in the same energy region. The peaks C and D of the experiment,
corresponding to Rydberg states, match well the v and ¢ in the
calculation.

The IPL calculations present very intense features above the pho-
ton energy of 406 €V, in the o* region which starts with a pronounced
edge at about 407 eV. The theoretical o* resonances labeled ¢ and
x are at 407 eV and at 409 eV. The peaks o and 3 are both clearly
present in the IPL calculations and in the measured spectrum, and
are very likely due to the non-planar geometry of the molecule. Ac-
cording to our computations, however, the different N species con-
tribute with different intensities to these features. The intensity of
the a peak is mainly due to the contribution of the aza-bridge ni-
trogen (green dashed curve), while the intensity of the § peak is
mainly due to the contribution of the pyrrole nitrogen.

It is worth analyzing in more detail the origin of the o and f3
intensities in the spectra presented in Fig. 4.13, part (ii). Ear-
lier NEXAFS studies on metal-phthalocyanines (MePc) have deter-
mined similar threshold peaks in IPL polarization measurements.[64]
These peaks result from the interaction of the pyrrole N atoms with
the metal center. In metal-free phthalocyanines, no such peaks were
observed in the IPL polarization [108]. However, the structure of
LuPc, is more complex than that of M-Pcs with a single Pc ring,
due to the conjugation of two rings. One has to consider both the
interaction between the metal and the Pc rings, and also the inter-
action of the two Pc rings with each other. For the OPL calculation,
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the intensities for each N species are similar, while for IPL. « has
mainly contributions from the aza-bridge N and 5 from the pyrrole

N.

spin up spin down

Figure 4.14: Spin-up and spin-down charge densities obtained from the ground
gtate calculations for SOMO/SUMO and LUMO, respectively. The same color-
ing of atoms was used as in Fig. 4.14.

The spin resclved charge densities of the ground state displayed
in Fig. 4.14 can give further information on the character of the
first unoccupied molecular orbitals. We show the semi-uncccupied
molecular orbital (SUMO) and SOMO and the LUMO for both spin
states. The orbitals are delocalized over the whole molecule. The
N atoms give only a small contribution to the HOMO (not shown
here) and to the SUMO, while they contribute significantly to the
LUMO and LUMO+1 {not shown here). Spin-up and spin-down
LUMO have contributions from both the aza-bridge and pyrrole
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nitrogens, and from their neighboring carbon atoms. 7* like orbitals
connect the two molecular rings in the spin-up LUMO and spin-
down SUMO. In spin-up LUMO, there appears also some charge
density originating from the interaction of the pyrrole N with the Lu
atom. Our theoretical results indicate, therefore, that the Lu atom
has influence on the low energy unoccupied levels: the interaction
of the pyrrole atoms with the Lu leads to a partial occupation of
the LUMO resulting in a lower intensity in the simulated NEXAFS
spectra (red line in part (i) in Fig. 4.13). The low energy peaks also
originate from the 7* like orbitals which extend between the two
molecular rings.

Looking at the features at higher photon energies, one can ob-
serve that the theoretical features v and 0 are not in agreement
with the IPL measurement (Fig. 5, part (ii)). The differences in
intensity of the peaks § in part (i) and ¢’ in part (ii), which are
also slightly shifted in energy with respect to each other, can be as-
cribed to the limitation of the computational methods. In addition,
effects like lifetime broadening and vibrations could also contribute
to aberrations leading to the observed differences.

In spite of these differences, the overall agreement between theory
and experiment is very satisfactory. As mentioned previously, the
NEXAFS spectra shown in Fig. 4.12 display a change of the molec-
ular orientation between the thinner films (a)-(c) and the bulk (d).
For the 0.3 nm film (a), we can assume adsorption parallel to the
surface. This is also supported by the excellent agreement between
theoretical and experimental results shown in Fig. 4.13. Moreover,
the minor differences of the 7* and ¢* relative intensities observed
in Figs. 4.12 lead us to conclude that the molecules maintain about
the same orientation for presented coverages.

For the highest coverage, on the contrary, we note that the NEX-
AFS spectra in Fig. 4(d) show little difference in the relative 7*
vs. o intensity ratio for the two polarizations. The little variation
in intensities as a function of the polarization can be ascribed to a
molecular adsorption with an average tilt angle 6 of approximately
45°. In Fig. 4.15 the spectra relative to the thick film are simulated
considering an E-vector of the incident radiation forming an angle 6
equal to 45°. The total intensity I;,; at # can be approximated then
by

L0 (45°) = cos*(45°) I, + sin*(45°)1, (4.1)

In this way, a 45° tilted molecule is simulated. The very good
agreement between the calculations and the polarization dependent
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Figure 4.15: Experimental and theoretical NEXAFS: calculation for # = 45°
composed of m* and o* calculation compared to bulk measurements; black curve
shows total orientation resolved calculation; dashed red and green lines show
pyrrole and aza-bridge N contributions, respectively; red and blue curves show
measurements of the IPL and OPL polarizations.

measurements up tc 407 eV leads to suggest a staggering of the
molecules close to 45°. However, it is important to mention that
similar results regarding the relative 7* vs ¢* intensities at different
acquisition geometries can be due to a disordered film. To answer
this question, additional studies need to be carried cut.

4.2.2 LuPc; on pristine Si(100)-2x1

The measurements shown here were performed on clean $i{100}-2x1
vicinal and nominal surfaces. Comparisons with passivated Si{100)-
2x1 surfaces of the previous Section are alsc discussed.

LuPcy molecules were synthesized following literature methods
[109]. A Knudsen cell type evaporator from Ferrovac was used to
evaporate LuPcy molecules, which were outgassed for a few hours
at 250°C until recovering the base pressure {low 107!° mbar range).
During the molecular deposition, the crucible was heated resistively
to around 300°C, while keeping the vapor pressure in the 1072 mbar
range.

The thicknesses of the organic films were estimated from Photo-
electron Spectroscopy data using a so-called overlayer method [20],

meonitoring the change in intensity of the 5i2p peak upen absorption
of LuPes.
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Density Functional Theory (DFT) calculations were performed
in the group of Dr. Barbara Brena at the University of Uppsala
with the plane wave based code VASP[110, 111, 112, 113]. In all
calculations, the Brillouin zone was sampled at the I'-point and the
electronic states were described in the projector augmented wave
(PAW) method [114, 115] with a kinetic energy cutoff of 400 eV.
The many-body effects between the electrons manifesting in cor-
relation and exchange energy, were accounted with the semi-local
generalized gradient approximation in the flavor of PBE [116] in the
single particle picture drawn by DFT. This set up was used to com-
pute adsorption energies and structures, as well as PES spectra of
the C and N atoms in LuPc,.

The optimized gas-phase LuPc, molecule was deposited at a min-
imal distance of 3.3 A perpendicular to the substrate. The re-
constructed Si(100)-2x1 was built with the experimental lattice
constant (ag) of 5.431 A in three layers where the lowest layer
was passivated with hydrogen atoms being optimized in a sepa-
rate calculation. The structural optimizations, performed until all
Hellman-Feynman forces were less than 0.02 eV/A, included van
der Waals (vdW) forces described by the Tkatchenko-Scheffler (TS)
method[117]. The adsorption energies were calculated as total en-
ergy difference between the adsorbed system, e.g. LuPc,/Si(100),
the energy of the single molecule and the bare surface.

The binding energies of the core-level electrons of the N and the
C atoms were the focus of our investigations. For each of the 16
N atoms and the 64 C atoms in the LuPcs molecule, the relative
binding energies were obtained by comparing the energy difference
between the core ionized system with a 1s' configuration and the
system in its ground state for each of the N and C atoms separately.
Relaxation effects of the electronic density are included in the final
state approach via the relaxation of the remaining electrons in the
presence of the core-hole.

Here we distinguish between two types of core-level shifts. The
first one labeled as Agg is the shift due to the different chemical
environment within the molecule, e.g. binding energy of atom C; is
compared to the one of C;. The other shift is dpp, which compares
the binding energy of the same atom before and after adsorption.
The Apg and dgg are averaged over the same kind of atoms (pyrrole
and benzene like carbon atoms for C 1s and pyrrole and aza-bridge
like nitrogen atoms for N 1s). They provide information about the
strength of the chemical change induced via adsorption in an aver-
aged way (Agp and dgg). Also the distribution width, computed as
standard deviation opgg, helps to reveal convolution effect in the ex-
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perimental spectra and the BE range Rpg gives information about
the largest BE changes.

DFT calculations were performed to gain a detailed understand-
ing of the physical mechanisms occurring during the adsorption.
The computed adsorption energies are found between 2.99 eV and
4.63 eV and the corresponding geometries of the adsorbed molecules
become deformed through the strong chemical interaction with the
substrate. The lowest energy structure with an adsorption energy
of 4.63 eV, which was used to calculate the binding energies for all
non-equivalent carbon and nitrogen atoms, is shown in Figure 4.16a.
In this structure, the molecule has three of the isoindole rings, be-
longing to the lower Pc ring, bent towards the substrate, while the
remaining one is lifted away from it. In the upper part of fig-
ure 4.16b, the non-equivalent nitrogen atoms are indicated in the
top ring while in the lower part, the C atoms that are chemically
bond to the surface, are highlighted. Figure 4.16¢ shows the changes
in the charge density due to the adsorption of the molecule on the
substrate. The DFT calculation demonstrates that a charge accu-
mulation, shown in dark red color, is observed between the C and
Si atoms, indicating the formation of bonds between the molecule
and the substrate. Meanwhile, charge depletion regions, shown in
light blue color, are observed around the 7 orbitals of the molecule,
resulting in the conservation of charge. The observed changes are
mostly dominant at the interface, while the upper Pc ring does not
undergo major changes of the charge density.

The total charge redistribution between the Si surface and the
LuPcy molecule, resulted in 0.28¢/molecule being transferred from
the Si surface to the LuPcy molecule according to the integrated
charge transfer curve. This is illustrated in Fig. 4.16d, which shows
the charge transfer curve along adsorption direction. Three different
transfer regions exist in the chosen system. In the upper part of the
LuPcy; molecule, additional 0.19 electrons accumulate while in the
lower part 0.33 electrons are depleted. In total, 0.42 electrons are
between the molecule and the surface. The formation of dipoles
within the molecule, between upper and lower Pc ring, and between
the lower Pc ring and the Si surface can be noticed. A further
indication for the chemical interaction of the six C atoms (Cj? ) of
the lower ring with the surface are their computed short distances
of less than 2.1 A with Si atoms of the surface, which is similar to
the distance of 1.8 A already calculated for CoHy on Si(100) surfaces
[118].

Figure 4.17 shows a comparison between the experimentally ob-
tained N 1s (a) and C 1s (b) core level spectra for a thick layer (2.7
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Figure 4.16: Results of the DFT calculations. The obtained structure of the
adsorbed molecule is shown in (a). In (b) the upper and lower Pc rings are shown
separately, indicating the different N species on the top ring and the chemically
bonded C atoms (Cy? ) on the bottom ring. In part (c) the charge density
difference due to the formation of chemical bonds is shown in red indicating the
gain in charge density and in blue indicating the loss in charge density. This
difference is mainly located at the lower Pc ring at the Cj atoms. The charge
transfer curve Ap,,(z) is plotted in (d) related to the distance z above the Si
surface. The average heights of the surface Si atoms, the Lu ion, the lower
Pc and the upper Pc ring are indicated. The relative charge transfers between
different neutral charge planes are given for the indicated filled areas under the
curve.
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nm) of LuPcy; on a hydrogenated Si surface [83] and a thin layer
(0.5 nm) of LuPcy on a pristine Si substrate together with the cal-
culated Apg for the respective core level atoms. The Aggs have
been calculated for a Cg, symmetric molecule (gas phase) and for
an adsorbed molecule on the pristine Si surface, and their relative
positions have been aligned to the maximum intensity of the exper-
imental results for easier comparison. The C 1s spectrum of the
thick film is formed by an intense peak at 284.1 eV, attributed to
the electrons coming from the benzene-like atoms (Chep), a lower
peak at 285.2 eV, attributed to pyrrole carbon atoms (C,,,) and a
broad and a low intensity feature observed around 286.8 eV due to a
shake-up structure. The N 1s spectra on the thick layer is formed by
one main peak at 398 eV coming from two non-equivalent N atoms
- one in the pyrrole ring that is directly bound to the lutetium atom
(N,yr) and one in the aza-bridge, which is connecting the isoindole
groups (Ng.,). The shoulder on the higher binding energy side at
398.9 eV is ascribed to shake-up features from both N species.

In the case of a metal-phthalocyanine like FePc[64], the XPS
energies have a typical splitting of 0.18 eV due to the chemically
different nitrogen species (N, and N,.,) in the molecule. This can
also be found in the case of LuPc, in (Fig. 4.17a). For the adsorbed
LuPc,, the core-level calculations reveal that the additional spread
of the experimental XP spectra arise from the deformation and ad-
sorption of the molecule on the Si surface. When disentangling the
BE positions for each of the Pc rings, we observe that the binding
energies of the N 1s core levels are perturbed for both Pc rings. We
note that the BEs of the N atoms of both Pc rings being directly
bound to the metal center are more affected than the aza-bridge N
atoms. Due to the complex electronic interaction between surface
and molecule as well as the distortion of the Pc molecule, the BE
range is much larger for the lower Pc ring, having a BE range of
0.58 and 0.53 eV for pyrrole and aza-bridge N atoms, respectively.
The Agg and dgg can be found in Tab. 4.3 together with the BE
range (Rpg) is given.

Similarly, Fig. 4.17b shows a comparison between the experimen-
tal C 1s spectra and the calculated Agg for all C atoms. In order
to compare the calculated Agr with the experimental results, we
align the average BE of Cy, to the maximum peak position of the
experimental data. The interaction with the pristine Si substrate,
as in the case of N 1s, leads to a wider spread of the BE of the C
atoms with chemically different surroundings. The analysis of the
computed Agp reveals that even though only six C3% form chemi-
cal bonds with the Si substrate, the BE positions of the rest of the
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Figure 4.17: Comparison between the experimental XP spectra of the N 1s {a)
and C ls (b} and BEs for thin layers of LuPcs (0.5 nm) on pristine Si and
thick layers of LuPcy (2.7 nm) on a hydrogenated Si substrate. The thicknesses
of the adlayers are indicated in the figures. The calculated BEs for the “gas
phase” single molecule {Cy,,) and the adsorbed molecule are summarized at the
bottom of the N 1s and C 1s spectra, respectively. The calculated BE shifts
are aligned to the intensity maxima of the experimental results. The adsorbed
case distinguishes between the top and the bottom Pc ring. Also the BEs of the
Cg' atoms are indicated in (b).
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Table 4.3: Computed C 1s and N 1s BE data. Provided are the Agg, dgg, the
BE range (Rpg) and the standard deviation (opg) for the “gas phase” single
molecule (Cy,) in the upper table and for an adsorbed molecule on the pristine
Si surfaces in the lower table. In the latter case, the values are resolved for the
top and the bottom Pc ring separately. Apgg is the shift due to the different
chemical environment within the molecule. dgg is the BE shift observed in the
same atom due to adsorption. Resolved are the different atomic species, e.g.
Npyr, Nazq, the pyrrolic C atom C,y, and the three different C atomic species
in the benzene ring Cpen,i, Cpen,m and Cpen,o Which can be found in the inner-,
middle- and outer-part of the benzene ring, respectively. Also, the values for
the C atoms bond to Si atoms, e.g. Cy? . are provided. All values are given in

ben>
eV.
LuPCQ(C4U) ‘ ABE RBE
Cpyr 0 0.00
Chen 115 0.203
Npyr 0.0  0.00
Naza -0.18 0.00
LuPCQ/Si ‘ ABE RBE 6BE OBE
top Pc Cpyr -0.03 0.09 0.03 0.03
Chren -1.11 0.25 0.04 0.09
Chen.i 0.05 0.07
Chen,m 0.08 0.02
Chen,o 0.06 0.02
Npyr 046 0.07 046  0.03
Naza -0.37 0.06 0.20 0.03
bottom Pc Cpyr 0.24 0.47 0.3 0.15
Chen -1.13 0.78 0.04 0.22
Chen.i 0.61 0.28
Chen,m 0.46 0.20
Chen.o 0.43 0.17
i -0.71 0.18 0.07
Npyr 034 058 034 028
Naza -0.31 0.53 0.23 0.23
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carbon atoms, notably the non-bonded carbon atoms of the bottom
Pc, are also strongly affected. The average Agp between benzene
type carbon atoms (Cy,) and pyrrole type carbon atoms (C,,,) is
1.2 eV for a single molecule and 1.1 eV for C atoms of the top
Pc ring of the adsorbed molecule, which is consistent with previous
studies of similar systems[108]. For the bottom Pc of the adsorbed
molecule, the BE positions are rather different, having a BE range of
0.48 eV for the C,,, and 0.78 eV for the Cy, atoms. This indicates
that individual C atoms experience strong changes in the chemical
environment. Even though the App between the Cpe, and C,y, is
1.4 eV in the case of non-bonded C atoms and 0.95 eV for chemi-
cally bonded C atoms, the average Apg remains similar to the “gas
phase” single molecule calculations with Agg of 1.2 eV between
the Cpe, and C,y, contributions. This provides an explanation of
why no major changes upon adsorption, except the broadening of
the peak width, can be observed. Interestingly, the C3’ atoms have
very small ogr and Agg, which points towards chemical equivalence
and indicating as well the formation of bonds.

Two major changes affect the nitrogen and carbon XP spectra
in the case of the thin layer adsorbed on the pristine silicon: a gen-
eral shift to higher binding energy and a broadening of the overall
spectra. The systematic shift to higher BE for both carbon and
nitrogen core levels is in apparent contradiction with the predic-
tion of 0.28e/molecule being transfered from the substrate to the
molecule, that should result in a decrease of the BE for the thin
layer as evidenced on metal systems [119].

Furthermore, two phenomena contribute to the energy shifts: the
change in the valence cloud (i.e. charge redistribution and transfer
between substrate and molecule as calculated in DFT), known as ini-
tial state effects, and the core-hole screening from the surrounding
atoms, molecules and silicon substrate. Both effects typically differ
in sign and can result in a small core-level shift to either higher or
lower binding energy. Moreover, no BE shift is observed on the Si 2p
core level that could also be an indication of the charge transfer sug-
gesting that in the case of Pc adsorbed on silicon, screening effects
are dominant due to the strong interaction between the molecule
and the substrate. The latter fact is reflected in the large adsorp-
tion energies found in DFT.

From the comparison between experimental XPS core level spec-
tra and DFT calculations, we have evidenced that the adsorption
process mainly affects the lower ring of the molecule for the C atoms,
whereas both rings are affected for the N contribution although to
a smaller extent.
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This investigation reveals that in the more stable configurations,
the molecules adsorb rather flat on the Si(100)-2x1 surface, as con-
firmed also by STM studies [84]. Indeed, a bonding through the
carbon atoms in the lower ring leads to a distorted geometry of the
molecules for which a calculated charge transfer of 0.28¢/molecule is
found. The large adsorption energies between 3 eV and 4.6 eV indi-
cate a strong molecule-substrate interaction entering in competition
with the large molecule-molecule interaction of 2.7 eV computed
for the first time on double decker phthalocyanines. This compe-
tition leads to the formation of clusters even at very low initial
coverage as evidenced by STM [84]. A more important finding con-
cerns the redistribution of the electronic cloud due to the adsorption
onto silicon. The nitrogen atoms from both plateaus are weakly af-
fected by the bonding with silicon, whereas for carbon atoms the
electronic contribution in the lower plateau of the double decker is
much more modified, leaving the upper plateau unaffected by the
bonding. This particular result can be of great interest for possible
future implementations in electronic devices, where the molecule’s
electronic characteristics would be preserved even on highly reactive
substrate like pristine Si.






Chapter 5

Mapping out the future:
the new generation sources

Time-resolved spectroscopy of electron dynamics and charge transfer
has a high experimental and theoretical interest in modern atomic,
molecular and condensed matter physics and chemistry. The ob-
jective of this research is to get a detailed picture of a sequence of
events triggered by an ultrafast excitation, i.e. the absorption of a
laser pulse. Time resolved experiments are capable to reveal, for
example, the dynamics of charge or vibrational energy transfer be-
tween molecules during a reaction, or the rapid thermalization of
a distribution of non-equilibrium electrons. The focus is on experi-
ments in the femtosecond (107'% seconds) time range. In this period
of time, which is less than the vibrational period of a molecule, a
reaction can exhibit transient excited molecular states previously
identified as intermediate steps of the process.

Thanks to the advances in laser science of the last decades, it is
now possible to produce soft X-ray pulses in the femtosecond range,
using different approaches: laser-induced high-order harmonic gen-
eration in gas (HHG), free-electron LASERs (FEL), and laser slicing
at synchrotron beamlines [120]. These approaches provide the pos-
sibility to characterize precisely and hopefully also to control, events
in the picosecond and sub-picosecond time range.

In HHG, noble-gas atoms interact with an intense laser field and
emit light at the harmonics of the latter. The intensity is small
for low-order harmonics, increases monotonically with the harmonic
order up to wavelengths extending into the soft X-ray regime, and
drops quickly at some cutoff energy [121, 122, 123|. CITIUS is a
state-of-the-art light source generating ultra short optical pulses in
the VUV and soft X-ray spectral range, installed at the Laboratory
of Quantum Optics of University of Nova Gorica. The light source
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Table 5.1: FEL-1 and FEL-2 parameters. See also [126, 127]

Parameter Value Units
FEL-1 FEL-2
Wavelength? 10020 204  nm
Pulse Length (FWHM)¢ 30-100 < 100 fs
Bandwidth (FWHM)® 1x1073
Polarization variable
Repetition Rate 10%; 50¢ Hz
Energy /pulse® > 50 > 10 wJ
Divergence (rms)* 1.25X 1.5\ prad

@achieved; “calculated; “design; *A in nm.

for different kind of experiments in several domains of both fun-
damental and applied research (e.g. pharmacology, clean energies,
photocatalysis. The CITIUS source is presented in Sec. 5.1, together
with a pump-probe experiment performed to characterize the pulse
duration.

In a “free electron LASER” (FEL)’ relativistic electrons interact
with their own electric field to generate very energetic, high power,
coherent radiation. FEL radiation has much better characteristics
than ordinary lab lasers, even HHG sources; in fact it is far more
intense (> 10°), the energy is tunable (from infrared to X-rays),
has higher brilliance, and has a temporal structure characterized by
rapid pulses.

FERMI at Elettra is the first FEL facility operated for user ex-
periments in seeded mode. It is able to provide high power ultra
short VUV and soft X-ray pulses up to multi GW peak power with
pulse duration of the order of 100 fs, with a high level of stabil-
ity for power and for wavelengths. The 100-4 nm wavelength range
is covered by two distinct light sources: the long wavelength FEL-1
(100-20 nm) and the short wavelength FEL-2 (20-4 nm). The tuning
of the wavelength of the seed laser by means of an optical parametric
amplifier (OPA) combined with the use of undulators with variable
gap allows the generation of FEL pulses over a range of continuous
wavelengths. The main properties of the light delivered by FERMI
(high brilliance, short pulse length, variable polarization, coherence)
have been described in Ref. [124, 125] and are summarized in Ta-
ble 5.1.

In Sec. 5.2 the Low Density Matter (LDM) beamline of FERMI is
described. LDM was built to serve the atomic, molecular and clus-
ter community and provides time-resolved experiments with differ-
ent combinations of femtosecond pulses. The combined capabilities
of the photon source discussed before, the photon transport and
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the endstation allow the investigation of many targets, such as very
dilute systems, matter under extreme irradiation conditions (mul-
tiple electronic excitation, multiple ionization, Coulomb explosion,
non-linear optics) and dichroism. We describe the photon transport
and a text experiment performed during the commissioning of the
beamline.

5.1 CITIUS: an IR-XUYV light source for ultra-
fast science

The light generation in in a HHG source can be described by means
of a semiclassical “three step model” [128] depicted in Fig. 5.1: In
the first step, a bound electron is extracted from a gas atom under
the action of the laser field (a); in the second step, the electron
undergoes an oscillating motion imposed by the laser field (b); in
the third step, the electron collides back with the parent ion (c) and,
as a result, laser harmonics are emitted (d). The intensity is small
for low-order harmonics, increases monotonically with the harmonic
order up to wavelengths extending into the soft X-ray regime, and
drops quickly at some cutoff energy [121, 122, 123].

Figure 5.1: The three-step model of HHG. a) an intense femtosecond pulse
extracts the electron; b) the electron is pulled away from the atom near the
peak of optical field and accelerated; c) the optical field reverses, the electron
is driven back where it can recollide with the parent ion; d) the parent atom
emits a femto- or attosecond pulse. Figure from Ref. [129]

Since the electron dynamics in atomic, molecular or more com-
plex systems occurs at timescales ranging from hundreds of fem-
toseconds down to tens of attoseconds, HHG sources provide an
ideal tool to study, and possibly control, the interactions between
charge, lattice, orbital, and spin dynamics in a chemical reaction.

In 2008, a new project has been funded in the framework of the
Cross-border cooperation program between Italy and Slovenia 2007-
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2013 [130]. Project’s main objective is to set up a state-of-the-art
light source at University of Nova Gorica (Slovenia). The source,
named CITIUS, has been assembled and commissioned at Elettra-
Sincrotrone Trieste (Italy) and is going to be moved to Slovenia. The
mission of the new Slovenian laboratory is to carry out cutting-edge
experiments in a wide range of both applied and fundamental fields,
including materials science, catalysis, biochemistry and magnetism.
Part of the envisaged scientific program will be connected to that
developed at the Low-Density Matter beamline at the FERMI free-
electron laser [131].

In this paper, we first provide a technical description of CITIUS,
and then report the results of two proof-of-principle pump-probe
experiments, namely the characterization of the temporal structure
of HHG pulses, and the selective investigation of the ultra-fast dy-
namics of different elements in a magnetic compounds.

5.1.1 The laser system and the beamline

The CITIUS laser system and the beamline are schematically shown
in Fig.5.2. The laser system comprises a commercial amplifier Leg-
end Elite Duo and an optical parametric amplifier OPerA (OPA),
both produced by Coherent Inc. The amplifier is seeded by a Mi-
cra oscillator (wavelength: 800 nm, spectral bandwidth about 100
nm, power about 380 mW) and includes two amplification stages: a
regenerative amplifier (EVO 30), pumped by an Evolution 30 laser
(frequency-doubled Q-Switched Nd:YLF laser), and a single-pass
amplifier (EVO HE), pumped by an Evolution HE laser (frequency-
doubled Q-Switched Nd:YLF laser). The system can be operated
at four different repetition rates: 100 Hz, 1 kHz, 5 kHz and 10 kHz.
At 5 kHz, which is the currently adopted repetition rate, it gener-
ates pulses carrying about 3.1 mJ, with a duration of about 35 fs,
centered at 805 nm. Two thirds of the energy is used for generating
XUV pulses through HHG, one third as a pump for the OPA, or
directly in combination with the HHG beam for pump-probe exper-
iments. The OPA produces tunable radiation in the range between
0.4 eV and 5.6 eV, with variable energy per pulse (from few to hun-
dreds of microjoules).

The beamline includes a high-vacuum section, through which the
XUV beam propagates, and a section in air, used to transport the
IR-UV light generated by the OPA. The XUV part comprises a HHG
generation chamber and a monochromator. The laser is focused in
the generation chamber (using the lens L1, see Fig. 5.2), where it
interacts with a noble gas of choice (Ar or Ne, for the reported ex-
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Figure 5.2: Layout of the CITIUS source including the laser system, the har-
monic generation chamber, the monochromator, the recombination chamber,
the delay line, and the experimental chamber. The light generated by the Leg-
end amplifier is separated in two parts by the beam splitter BS. The reflected
part {about two thirds of the incoming beam) is focused (lens L1) into the gener-
ation chamber, where it is used for HHG. The HHG beam is monochromatized,
filtered (in order to eliminate the residual IR beam) and sent into the refocus-
ing chamber. From there, it is finally focused into the experimental chamber,
using a toroidal mirror. The part of laser beam transmitted by BS is either
gent to the OPA| or transmitted directly. The OPA/direct beam is then sent
through a delay line, focused ( lens L2) and reflected (by a planar mirror located
in the refocusing chamber) into the experimental chamber. In the monochro-
mator, the classical geometry configuration is used for high-energy resolution
measurements, while the off-plane geometry iz used for high-temporal resolu-
tion measurements In the monochromator, CG and OPG stands for “classical
geometry” configuration and “off-plane geometry” configuration, respectively
{see Fig. 5.3 for details about the two confizurations).
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periments) contained in a cell, generating the high-order harmonics.
The harmonic generation efficiency can be optimized by varying the
pulse energy, the gas pressure (typically, of the order of 1073 mbar)
and the relative position of the laser focus within the cell.

The monochromator, whose scheme is shown in Fig. 5.3, was de-
veloped by the C.N.R.-L.LF.N. Padova (Italy) and will be described
in detail in a different paper [132]. It was designed to select one
single harmonic, or a sub-band of it, in the spectral range between
250 and 25 nm (5-50 eV). However, the transmitted energy range
could be further extended at the expense of efficiency, up to 100 eV.
The CITIUS monochromator is superior to similar systems [133,
134], in that it adopts a single-grating design with a double config-
uration [135, 134, 136]: an off-plane geometry (OPG) for ultrafast
response (few tens of femtoseconds) at the expense of energy resolu-
tion, and a classical geometry (CG) for high-energy resolution, albeit
with long temporal response (several hundreds of femtoseconds). A
first toroidal mirror collimates the light coming from the genera-
tion chamber and deflects it onto a planar (OPG or CG) diffraction
grating. The diffracted light is then refocused by a second toroidal
mirror onto the exit slit. The characteristics of the OPG and CG
gratings are reported in Table 5.2.

Table 5.2: Characteristics of the monochromator gratings. The energy resolu-
tion has been calculated on a 100-pum-wide exit slit.

Off-plane geometry

Grating 1 (groove density: 200gr/mm)

Spectral region 100-250 nm (12-5 V)
Energy resolution 0.1eV @10 eV
Grating 2 (groove density: 400gr/mm)
Spectral region 27-100 nm (45-12 eV)
Energy resolution 0.2 eV @ 20 eV
Grating 3 (groove density: 600gr/mm)
Spectral region 12-40 nm (100-30 eV)
Energy resolution 0.5 eV @Q 40 eV

Classical geometry

Grating 1 (groove density: 300gr/mm)

Spectral region 80-250 nm (12-5 eV)
Energy resolution 10 meV @ 10 eV
Grating 2 (groove density: 600gr/mm)
Spectral region 50-100 nm (25-12 eV)
Energy resolution 20 meV @ 20 eV
Grating 3 (groove density: 1200gr/mm)
Spectral region 30-60 nm (41-21 eV)

Energy resolution 40 meV @ 40 eV
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Figure 5.3: Light paths inside the monochromator: a) off plane geometry
(OPG); b) classical geometry (CG).

The branch transporting the OPA /IR beam includes a delay line,
allowing one to control the optical path difference between the pump
and probe beams with sub-micron precision. The OPA/IR beam is
refocused by a lens (L2 in Fig. 5.2) and intercepted by a flat mirror
(BK7, high-reflectivity, replaceable according to the specific wave-
length ins use) hosted in the recombination chamber. At the exit of
the monochromator, the XUV beam passes through a 200 nm thick
Al filter (to stop the residual seed laser light) and enters the re-
combination chamber. The chamber hosts a toroidal mirror (Si:Au
coated, with 1200 mm focal length) to refocus the monochromatized
XUV light at the sample position. The mirror sits in a two-axes mo-
torized mount, to guarantee (with micrometric precision) a perfect
spatial overlap between the pump and probe beams onto the sam-
ple. The pump and probe beams impinge onto the sample in an
almost collinear geometry in order to minimize the temporal reso-
lution spread due to the lateral spots dimensions. The HHG spot
has been measured to be about 150 pm (FWHM) at the sample
position, while the OPA beam focusing is adjusted in order to ob-
tain a spot approximately twice as big. This ensures a homogeneous
excitation of the probed area. The energy density of the IR-UV at
the interaction point has been estimated to be of the order of 10
mJ/cm?.

5.1.2 HHG performance

We measured the quality and sizes of the XUV spots after the refo-
calization chamber at 1200 mm from the center of the refocalizing
mirror, where the XUV spot is focused. In Fig.3 left, we present the
XUV spot of the 23" harmonic generated in Ar. The OPG G400
grating was used, with a slit aperture of 200 ym. The measured
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Figure 5.4: XUV spots generated in Ar, with a slit aperture of 200 pum. (left)
XUV spot of the 23" harmonic with OPG G400 grating, and size 140 pym x
220 pm.; (right) XUV spot of the 25" harmonic with CG G1200 grating and
size 220 pym x 120 pm. All spots have been acquired using a CCD camera
(PIXIS-XO: 400B by Princeton Instruments, with resolution 20 pm)

spot size is 140 pm x 220 pm (FWHM). In Fig.3 right, we present
the XUV spot of the 25th harmonic generated in Ar. In this case,
the CG G1200 grating was used, with a slit aperture of 200 7m. The
obtained spot size is 220 pm x 120 pm (FWHM). The OPA beam
focusing can be adjusted in order to obtain a spot approximately
twice as big. This ensures a homogeneous excitation of the probed
area. The energy density of the IR-UV at the interaction point has
been estimated to be of the order of 10 mJ/cm? .

Two typical spectra, obtained using Ar and Ne for harmonic gen-
eration, are shown in Fig. 5.5.

In agreement with existing literature, use of Ar produced har-
monics in the photon energy range 20-54 eV, with a peak of about
1-10® photons/pulse at about 40 eV (25th harmonic). Using Ne, the
plateau region moves towards higher energies, but with significantly
reduced efficiency. In table 2 the generation efficiencies for the two
gases at different harmonic orders are reported.

Table 5.3: Generation efficiency after the monochromator with Ar and Ne.
Selected harmonic orders are reported. In particular, the 35th (54,25 ¢V) and
41st (63,55 ¢V) harmonics generated with Ne, which correspond to the Ms 3
edges of Fe and Ni, respectively.
15th 237'd 35th 41th 51th
ph/pulse ph/pulse ph/pulse ph/pulse ph/pulse
Ar 3.4-107 1.1-10% 2.2-10% negligible negligible
Ne 7.1-105  22-10° 1.5-105 1.1-105 5.6-10°

In the following two sections, we report the results of two pump-
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Figure 5.5: Harmonic spectra generated in Ar and Ne using laser pulses with
energy ~ 2 mJ, duration 40 + 2fs (after transport to the generation chamber),
wavelength = 805 nm and repetition rate = 5 kHz. Some of the harmonics have
been highlighted (see also Table 5.3). The spectra have been acquired with a
NIST-calibrated Al photodiode, placed at the exit of the monochromator. The
monochromator slits aperture was set to 100 pum, in order to get a spectral
resolution of about 0.05nm.

probe experiments carried out to characterize the source perfor-
mance. The experiment described in Section 5.1.3 aimed at measur-
ing the duration of harmonic pulses transmitted by the monochro-
mator. The experiment described in Section 5.1.4 aimed at demon-
strating the possibility of using CITIUS for studies of ultra-fast dy-
namics.

5.1.3 Characterization of harmonic pulse duration

The pulse duration of HHG XUV pulses has been measured by
means of an experiment based on LAPE (Laser Assisted Photo-
electric Effect). This technique, described in detail in [137, 138], is
based on the cross correlation of XUV and IR photons. In essence,
the primary photo-electron spectrum resulting from XUV ionization
of a target gas (Kr, in the case under scrutiny) is modified if the
ionization takes place in the presence of a high-intensity laser pulse:
the absorption and emission of laser photons gives rise to so-called
sidebands in the photoelectron spectrum. The amplitude of the side-
bands as a function of the delay between the XUV and IR pulses
provides a cross-correlation signal from which one can extract the
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duration of XUV pulses.

Our detection set-up was based on a hemispherical electron en-
ergy spectrometer (VG Scienta, SES-200) [38]. The choice of Kr for
the LAPE experiment was mainly dictated by instrumental reasons.
The 15th harmonic (23,2 eV) has sufficient energy to ionize the Kr 4p
levels and is efficiently transmitted by all monochromator gratings
in OPG configuration, with high-enough resolving power to fully re-
solve the 4p3/5 and 4p, /o photo-electron lines. Additionally, the high
photoionization cross section of Kr 4p electrons grants fast acquisi-
tion times. The laser pulse duration was carefully measured using a
commercial autocorrelator and set at its minimum value, i.e., about
40+ 2 fs after transport in the experimental chamber. The IR pulse
was attenuated down to 80-100 mW in order to avoid saturation
effects. Figure 5.6 shows a series of Kr 4p photo-electron spectra
(horizontal axis), as a function of the delay between XUV and IR
pulses (vertical axis). The measurements have been performed us-
ing the G200 grating (see Table 5.2). The two main photoelectron
peaks, generated by the 4ps3/ and 4p, /5 states, have kinetic energies
of 8.6 and 9.3 eV respectively. The presence of these peaks is due
to a single-photon photoionization process and does not depend on
the presence of the IR pulse. When the two pulses are temporally
overlapped, two sidebands appear, corresponding to absorption and
emission of one IR photon: these sidebands are at 7.8 and 10.8 eV
for the 4ps/, state, and at 7.1 and 10.1 eV for the 4p;,, state. The
intensity of each sideband as a function of the delay is the convolu-
tion of the XUV and IR pulses. The duration of the XUV pulse is
obtained by deconvolving the IR signal from the Gaussian fit of the
measured intensity. The black dots represent the temporal profile
of the sideband at 10.8 eV; the solid line is a Gaussian fit.

The extracted pulse durations are reported in Table 5.4. Results
clearly demonstrate the possibility to maintain a temporal resolu-
tion of few tens of femtoseconds after monochromatization using the
OPG configuration.

Table 5.4: Measured pulse durations of the 15th harmonic (23.2 eV), transmitted
by OPG gratings.

Grating Pulse duration (fs)

G420 23 £1.2
G400 35 £ 1.7
G600 35+ 1.9
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Figure 5.6: Kr 4p photo-electron spectra obtained by overlapping the XUV
(pump) and IR (probe) beams. In this case, the XUV beam (15th harmonic of
the fundamental) was monochromatized by the G200 grating (OPG geometry,
see Table 1). The black dots represent the integrated intensity of the sideband
at 10.8 eV, as a function of the pump-probe delay; the solid line is a Gaussian
fit. The pulse duration is obtained by deconvolving the contribution of the IR
pulse from the measured profile.

5.1.4 Ultrafast demagnetization of permalloy

In this section, we report the results of a pump-probe experiment
demonstrating the possibility of using CITIUS to study the ultra-
fast dynamics of selected chemical species, with a temporal resolu-
tion of few tens of femtoseconds.

The spectral range covered by CITIUS includes the M 3 thresh-
olds of transition metals (54.25 eV, i.e., the 35th harmonic of the
fundamental, see Table 5.3), making CITIUS an appealing source
for the study of magnetic materials. As a proof-of-principle applica-
tion, we measured the demagnetization of a 100 mm thick permalloy
film (Fe20Ni80), using X-ray resonant magnetic scattering [139, 140]
in pump-probe configuration.

The experiment was performed using the IRMA reflectometer
[141]. The instrument permits to precisely adjust the angles be-
tween the sample surface and the incoming/reflected XUV beam.
Three photodiodes and one channel electron multiplier are mounted
on the detector arm. By means of a horseshoe electromagnet, it is
possible to apply a variable magnetic field up to £1500 Oe, parallel
to the sample surface. The scattering experiment was conducted in
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Figure 5.7: a) Hysteresis loops measured at the 35th harmonic of the fundamen-
tal (M3 thresholds of transition metals) for HHG pulse arriving 1 ps before
(blue line) and 10 ps after (red line) the IR pump pulse. b) Pump-probe delay
dependency of the magnetic asymmetry ratio at saturation (dots) and exponen-
tial decay fit. The magnetization quenching is about 80 % after 0.5 ps and the
characteristic decay time is 0.21 £ 0.02 ps.

a transverse MOKE-like configuration [142]. In this configuration,
using p-polarized XUV light, one is sensitive to the magnetization
component perpendicular to the scattering plane. Moreover, choos-
ing the incoming/scattering angle close to the Brewster condition
(about 45° at 54 eV), the magnetization contrast is maximized with
respect to the (strongly suppressed) non-magnetic scattered back-
ground, thus improving the signal-to-noise ratio of the measurement.

We have measured the magnetic hysteresis loop at the Fe Mj 3
edge, as a function of the delay between the transmitted IR beam
(pump) and the XUV pulse (probe). Figure 5.7a) shows the hys-
teresis loop when the XUV pulse arrives on the sample 1 ps before
(blue curve) and 1 ps after (red curve) the IR pulse. The plots
are normalized to the average scattered intensity. The magnetic
asymmetry ratio is defined as (I, —1_)/(l+ 4+ 1_), where I, and I_
denote the intensities of the reflected light as the externally applied
magnetic field is reversed in direction. In Figure 5.6b), the asym-
metry ratio at saturation is plotted as a function of the pump-probe
delay. Data show the ultrafast demagnetization of the Fe atoms
of the sample. Almost 80 % of the magnetization is dissipated 0.5
ps after the sample has been illuminated with the IR pulse. The
data have been fitted with an exponential decay curve, indicating
a characteristic demagnetization time of 0.21 4+ 0.02 ps. Despite
the modest scientific interest of this particular sample, which has
been already investigated in detail by other groups [143], these re-
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sults demonstrate that our apparatus is capable of measuring the
ultrafast magnetization dynamics of selected chemical species, with
a resolution of few tens of femtoseconds.

5.2 Low Density Matter beamline at FERMI

5.2.1 Introduction

The Low Density Matter beamline (LDM) is an instrument for ex-
periments involving molecular beams in combination with XUV /soft-
X-ray radiation produced by the FERMI FEL; the layout of FERMI
and the beamlines is reported in Fig. 5.8. The photon beam paths
of the two sources merge in the safety hutch and are transported to
the experimental section via a common set of optics. The beamline
was commissioned in 2012 and is undergoing rapid development. A
modular end-station [144] for the production of supersonic beams of
atoms, molecules or clusters has been installed.

5.2.2 Photon transport system

The photon analysis, delivery, and reduction system (PADReS) con-
sists of the section of the machine from the exit of the undulators
to the endstations. A set of plane mirrors (PMla and PM1b serv-
ing FEL-1; PM2a serving FEL-2) is installed in the so-called safety
hutch. Each FEL source has its own beam diagnostics and beam
conditioning instruments, such as the intensity and beam position
monitors, beam defining apertures, and gas absorber [145]. At the
end of the safety hutch the two photon beam paths enter the PM1b
chamber (see Fig. 5.8), where one or the other can be selected.

Defining = = = = = = - -
Delay Switching

apertures PM1a I Grating Line mirror
FEL-1| () oy —

I
FEL2| U @@ PMib I VKB

Intensity PM2a 1 Energy

monitors 1 spectrometer LDM
----------- 4 end-station

Figure 5.8: The photon beam transport and diagnostics system of FERMI. The
two FEL undulator lines are visible on the left, inside the safety hutch (dashed
line). The LDM endstation is in the bottom-right corner. The parameters of
the optics are reported in Table 5.5.

Outside the safety hutch, the energy spectrometer PRESTO [146]
records the spectrum of each pulse by diffracting and detecting
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Table 5.5: Parameters of the optics; d: distance from the nominal source points
(FEL-1/FEL-2); w: width; £: length; 0: grazing incidence angle. PM2a and SW
have two coatings, each covering half the width of the mirror, and their position
can be adjusted sidewise to use one or the other coating. Orientation (H, V)
refers to the deflection plane.

Mirror d w X £ 0 Coating Shape
(orientation)
() (mmxmm) ()
PM1la 48.1/- 20%400 2.5 Graphite plane (H)
PM1b 54.3 /- 20x250 5 Graphite plane (H)
PM2a /414 20% 300 2.5 Graphite/Ni  plane (H)

PRESTO-LE 57.5/49.8 20x250 2.5 Graphite VLS plane
grating (H)
PRESTO-HE 57.5/49.8 20%250 2.5 Au VLS plane
grating (H)

SW 77.5/69.9 25%480 2 Graphite/Ir plane (H)
VD 90.0/82.3 20x390 2 Au plane (V)
H-KB 95.6/87.9  40x400 2 Au active (V)
V-KB 96.1/88.5  40x400 2 Au active (H)

1-2% of the total intensity, while delivering the essentially unper-
turbed beam downstream. It employs two plane substrates, ruled
as gratings only in their central parts (60 mm over a total length of
250 mm). The rulings have a variable line spacing along the longitu-
dinal direction (along the photon beam propagation direction) in or-
der to focus the diffracted radiation onto a movable two-dimensional
detector that tracks the focal curve. A computer calculates the one
dimensional spectrum from the image, as well as the central wave-
length, bandwidth, horizontal and vertical projection on a shot-by-
shot basis, and this information can be stored with the experimental
data. The two gratings cover the whole wavelength range of FERMI
as provided by FEL-1 (low energy grating, LE) and FEL-2 (high en-
ergy grating, HE).

A split-and-delay line (AC/DC: AutoCorrelator/Delay Creator)
is installed after the spectrometer, for pump and probe experiments.
It is based on the splitting and subsequent recombination of the in-
coming wavefront after passing through two different branches (one
of variable length, the other of fixed length), by means of eight Au-
coated plane mirrors, four for each path. In the variable length
branch, two mirrors move on 900 mm-long linear guides with an ac-
curacy of 10 um, as measured by an optical encoder. Changing the
positions of these two mirrors produces a difference of the two path
lengths and introduces a time delay variable between -1.5 ps and 30
ps in steps of 0.3 fs.
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The mirrors of the two branches operate with two different graz-
ing incidence angles: 2° in the fixed branch, 3° in the variable
branch. This difference results in different transmission coefficients
of the light, which have been calculated considering perfect mirrors
(flat and free of contamination). For the fixed-length branch the
transmission of the 4 mirrors, in the wavelength range from 4 to
100 nm is about 80% for s polarized radiation and about 50-65%
for p polarization. The transmission of the other branch is about
70% for s polarization and about 30-50% for p polarization. For
selected wavelength ranges, the length of each branch can be fur-
ther extended by inserting 4 more multilayer (ML) mirrors operating
at 45° incidence, thus introducing an additional delay variable be-
tween 0.3ns and 1.3ns. The type of multilayers must be chosen
according to the experimental needs; we note that even at their de-
sign wavelength, four additional ML mirrors reduce considerably the
light transmission. Seven out of eight mirrors have motorized pitch
and roll movements, providing fine control of the alignment and the
attainment of very good spatial overlap of the half beams in the ex-
perimental stations. Overlap is visually evaluated by inspecting the
two beams on a YAG screen at the center of the end-station, and
later optimized by maximizing a suitable experimental signal. It is
possible to filter the radiation independently in the two branches of
the AC/DC unit: before the recombination mirror, an easily acces-
sible section that can host three filters for each branch gives users
the possibility of mounting filters suited to their experimental needs.
To install filters from air into vacuum requires a downtime of about
twelve hours.

The 3-way switching mirror chamber selects which beamline is
in use. The plane switching mirror (SW) serving LDM deflects the
beam in the horizontal direction, and has a dual coating (graphite
and iridium, each covering half the width of the mirror), to maximize
the reflectivity for FEL-1 and FEL-2, respectively. Downstream of
the switching mirror, the beam undergoes three further reflections:
from a vertical deflecting mirror (VD) and from two Kirkpatrick-
Baez (K-B) mirrors.

The K-B system consists of two thin plane mirrors clamped at
their sides and bent via two mechanical pushers acting indepen-
dently on their respective clamps in order to attain the best ellipti-
cal profile as shown in Figure 5 of Reference [147]. The Kirkpatrick-
Baez configuration [148], decouples the horizontal and vertical focus-
ing. The active shape allows users to finely adjust the focal length,
making provision for the fact that the position of the last undulator
(i.e., the nominal source points) of FEL-1 and FEL-2 differ by ~7 m.
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Figure 5.9: Ion time-of-flight (TOF) mass/charge spectra of Xe taken at A =
52.22nm (23.74eV) for different focusing conditions. Each spectrum is a sum
over several spectra; all spectra have been recorded with the same FEL intensity.
In the inset (blue line) we show the Xe?* /Xe™ intensity ratio as a function of
time while changing the curvature of the K-B mirrors.

Likewise, the K-B active optics can compensate and correct astig-
matism and defocusing effects originating from non-ideal profiles of
the preceding plane mirrors, that are discussed in the next section.

5.2.3 Commissioning and present status of the beamline

During the beamline construction period, commissioning measure-
ments were performed with a prototype end-station equipped with a
Velocity Map Imaging/ion time-of-flight spectrometer (VMI/TOF).
The original VMI spectrometer and its further improvements have
been described previously[149].

One of the test measurements is shown in Fig. 5.9. At the time of
the commissioning, the FEL pulse length was 120 fs and the energy
per pulse was 60 ©J. In order to test the capabilities of the adjustable
focusing system we measured ion TOF spectra of Xe atoms exposed
to FEL pulses, observing charge states indicative of multi-photon
absorption; the intensity ratio of different charge states as a func-
tion of time while changing the bending of the K-B mirrors (inset
to Fig. 5.9) is a good indicator of the reproducibility of the focusing
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system for small curvature changes. While highly charged states of
Xe obtained upon FEL irradiation have been reported in the liter-
ature [150] for photon energies within the 4d — €f giant resonance
(93eV), to our knowledge only sequential double ionization of Xe
has been reported at 23.0 and 24.3eV [151], at average intensities
of 2 -3 x 10" W /cm?.

The LDM beamline now features a modular end-station accom-
modating a broad range of detectors and systems for producing
targets. The combined capabilities of the photon source (high-
brilliance, short-pulse length, variable polarization, coherence), pho-
ton transport (variable-focusing optics) and endstation allow the
investigation of many targets, such as very dilute systems, mat-
ter under extreme irradiation conditions (multiple electronic exci-
tation, multiple ionization, Coulomb explosion, non-linear optics),
and dichroism. The split-and-delay line described above, as well as
a synchronized optical laser [152] allow time-resolved experiments
with different combinations of femtosecond pulses.






Chapter 6

Conclusions and
perspectives

The argument of the present thesis was the experimental investiga-
tion experimentally the electronic structure of molecules by means
of advanced spectroscopical methods. The goal was to start with
the characterization of the molecules in the simplest form possible
- as isolated systems - and afterwards increasing the complexity.
Possible applications of all this work are illustrated here, as well as
completely new experiments that originated from the results of this
thesis, like the continuation of recent experiments in the gas of even
in the condensed phase.

In the study of the short chain thiophenes in gas phase, by using
oligomers with a varying number of monomer units it was possible
to evaluate the effect of increasing conjugation length as well as to
estimate the properties of more complex polymers. In particular, the
initial investigation continued with 1,3-di- (thiophen-2-yl)benzo|c]
thiophene (DTBT, Fig. 6.1) a synthetic system produced by our
collaborators [153] and, as expected, a different reactivity was been
displayed with respect to the reference compound 3T. Guarnaccio et
al. performed also a study of DTBT and the brominated analogue
Br-DTBT-Br (Fig. 6.1) deposited on a metallic surface [154].

The experimental and theoretical work or pyridines is an impor-
tant step towards the inclusion of vibrational effects in the analysis
of NEXAFS, whose inclusion has proven to be necessary for an ac-
curate description of the experiment. It is worth to remind that vi-
brational effects were also often referred to in the discussion about
the thiophenes absorption spectra, especially for 1T molecule. In
pyridines it was found that the vibrations are responsible for strong
intensity redistribution and we believe that their treatment can be
extremely useful in the analysis of analogous molecules.
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DTBT Br-DTBT-Br

\ / 5 \ W/
3T

Figure 6.1: Molecular structures of 1,3-di(thiophen-2-yl)benzo[c]- thiophene
(DTBT), 1,3-bis(4,5-dibromothiophen-2-yl)benzo[c]- thiophene (Br-DTBT-Br),
and 2,2”:5’ 2-terthiophene (3T) oligothiophenes.

The electronic structure of the biphenylene molecule was stud-
ied. This molecule has a pronounced anti-aromatic character, that is
proven by the MO nodal planes shown in 3.2. This character is due
to a not completely delocalization of valence electron over the whole
molecule and it was evidenced in the analysis of the PES spectra.
The detailed PES and NEXAFS characterization was preliminary to
the study of the molecular architecture of biphenylene deposited on
Cu(111); it was found to be oriented almost flat when directly on the
substrate, in a low coverage deposition, while standing when at the
top of a thicker film. The investigation of the arrangement and the
self-organization of biphenylene films deserves further experimental
and theoretical efforts. Liider et al. [11], in fact, performed a the-
oretical characterization of the electronic and optical properties of
the 2D network biphenylene carbon and found excitonic features of
great interest for solar energy and quantum information technology.

The electronic structure of metal Pcs was also characterized.
FePc and MnPc were studied and compared to the reference molecule
HyPc. When a class of molecules is chosen for specific applications
the understanding of how the outermost orbitals are formed and the
influence of different metal atoms on their electronic structure is of
primary importance. Moreover, two consecutive investigations were
performed on adsorption of LuPcy onto the reactive Si(100)2x1.
The adsorption mechanisms are, as expected, very different between
the clean and the passivated Si(100)2x 1 surface, due to the very dif-
ferent chemical reactivities of the two surfaces. The changes in the
electronic properties of LuPcs in the molecular architectures were
also studied. The results by photoemission and absorption spectro-
scopies are also confirmed by STM [84].
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Figure 6.2: Molecular structure of ortho-nitrophenol {(CsHsNO3).

6.1 Experiments with novel light sources

The advent of LDM and CITIUS has significantly changed the op-
portunities for experimentalists in atomic and molecular physics to
measure ultrafast dynamics after photoexcitation. These two novel
XUV /X-ray short pulse light sources can be focused onto an atomic
or molecular target, a series of new phenomena can be investigated.

Besides the well-known advantages of TRPES, the use of probe
photon energies in the VUV-XUV region produced by HHG is a
recently emerging approach which is highly useful for the study of
ultrafast non-adiabatic processes and spin-orbit coupling in poly-
atomic molecules. Indeed, VUV-XUYV light produced by HHG al-
lows direct single photon ionization of low-lying molecular orbitals
as well as the ionization of photoreaction products, with high tem-
poral resclution. Furthermore, VUV-XUV icnization greatly re-
duces the difficulties in the interpretation of the experimental results
that are encountered when pump-probe experiments are carried cut
with conventional vis-UV lasers invelving multiphoton icnization.
Indeed, multiphoton ionization often brings on several drawbacks
which smear out the information on the spectra. In the follow-
ing, one of the first experiments at CITIUS of on gaseous crtho-
nitrophenocl is described.

Nitrophenols belong to a group of aromatic hydrocarbons playing
an important role in chemical reactions in the troposphere [155].
The photoexcitation of {o-NP, shown in Fig. 6.2) leads to release of
nitrous acid and the photolysis of o-NP is considered a non-negligible
daytime source of nitrous acid in the atmosphere and consequently
of hydroxyl-radicals formed by the photolysis of HNO, [156].

In comparison with cother nitrophenocls, the orthoisomer, is en-
dowed to some extent with different photophysical and photochem-
ical properties, due to the presence of an intramolecular hydrogen
bond, which is relevant for excited-state proton-transfer reactions.
The gas-phase ultraviclet absorption spectrum of o-NP above 250
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nm consists of two broad bands, centered at about 338 and 260 nm
that can be assigned to 5; ¢ 5y and 5y ¢ 5g electronic transitions.
Both transitions are of m — 7* type and involve a charge transfer
from the phenyl ring to the N, substituent. The early stage pho-
tophysical and photochemical processes taking place after excitation
have not been clearly elucidated so far.

We made use of UV pump - VUV probe time-resolved photoelec-
tron spectroscopy { TRPES) methodology. Ultrafast vacuum ultra-
violet (VUV) radiation at 53,7 nm (hv = 23.1 eV) from the CITIUS
High Harmonic Generation (HHG) source] was employed to probe
the excited state dynamic of o-NP prepared by a fs-laser pulse at
268 nm. As a matter of fact, from a recent vis-UV TPRES exper-
iment [157] on o-NP excited in the S; state and probed with 400
nm radiation, the lifetime of the S; excited state was obtained. It
was suggested that two processes may contribute to the measured
time constant: an 3; — Sg relaxation via a conical intersection {CI)
and an ultrafast intersystem crossing (ISC) into a triplet manifold.
We will show in the following that TRPES by high harmenic pulses
allowed to directly measure the timescales of the processes contribut-
ing to the deactivation of the 5, state, and to obtain other new and
valuable experimental information.

12000 4
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6000 -
B

3000 4

Binding Energy (eV)

Figure 6.3: Valence photoelectron spectrum of o-INP, heated at 35°C, taken at
hv=23.2 eV (15** HH). Pump probe spectra have been measured in the grey
marked region.

All TRPES experiments have been performed at the CITIUS
light source facility. The laser system Legend Elite Duoc was oper-
ated at 5 kHz and generating pulses of about 3.1 mJ, with a dura-
tion of about 35 fs, centered at 805 nm {see 5.1 for details). Two
thirds of this energy was used to generate the VUV probe pulses
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{about at 23.1 €V) by laser-induced high-order harmonic genera-
tion (HHG) in gas {Ar). The remaining fraction was used to pro-
duce the UV pump pulses {about 25 pJ at 268 nm) by frequency
tripling of the 805 nm radiation. The gas phase experimental end
station ULLA {Sec. 2.2.3) was coupled to the CITIUS light source.
Ortho-nitrophenol (> 99% by Sigma Aldrich) was evaporated in a
temperature-controlled reservoir {35°C) and continucusly expanded
inte the chamber trough a pinhole. Photoelectron spectra were ac-
quired at time delays spanning from -1 to 4 ps with steps of either
50 or 100 fs.

Initially, the photoelectron spectra arising by the pump beam
and by the probe beam were acquired. No photoelectron signals
originating from multiphoton ionization processes due to the pump
laser at 268 nm were detected in the 5-12 eV range. Fig. 6.3 shows
the photoelectron spectrum of o-NP recorded by using only the 15
harmonic pulse at 23.1 eV. In the 5-12 eV range, three main bands
are present {A, B, C in Fig. 6.3), that are comparable with those
measured by He(I) [158] and synchrotron radiation [159] photoelec-
tron spectroscopy. The first two bands {A at 9.21 and B at 10.17
eV) originate mainly from the removal of electrons from delocalized
7 orbitals. Band C is centered at 11.37 eV and can be interpreted
as originating from the overlap of three states corresponding to the
removal of electrons from MOs localized mainly on the ¢ and myo
meolecular orbitals.

Binding Energy (V)

Delay Time (ps)

Figure 6.4: TRPES 2D-map resulting from o NP excited by a fs-pump laser
pulse at 268 nm, and probed by 23.2 eV VUV photons. The ionization energy
is given by subtracting the measured photoelectron energy from the energy of
just the ionizing probe photon.
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Fig. 6.4 shows a 2D map of the integrated intensity of the TRPES
signal in the 5.4-9.3 eV ionization energy range (13.9-17.8 eV kinetic
energy range), resulting from excitation by a fs 268 nm pulse (pump)
and ionization with the 15 harmonic pulse at 23.1eV (probe) in the
pump-probe delay range: -900 + 2100 fs and with steps of 100 fs.
Since the signal from the non-excited o-NP molecules obscures the
time dependence of the spectrum, the signal arising from negative
(-900 fs) pump-probe delays was subtracted from the total intensity.
At positive times, one can observe in Fig. 6.4 the rise of several bands
which are energetically broadened. We can identify four zones that
we call a (5.6- 6.1eV), 8 (6.1-6.9 eV ), v (7.2-7.9 ¢V), and ¢ (8.3-8.9
eV).
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