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Abstract

Fullerenes have highly excited electronic states with interesting properties for possible wide ranging
applications including in electronics. These highly excited, Rydberg-like states, so-called superatom
molecular orbitals (SAMOs), are diffuse low-angular momenta states with molecular orbitals centred
on the hollow fullerene core. The SAMOs can be detected by femtosecond photoelectron spectroscopy
(PES) and characterised by photoelectron angular distributions (PADs) combined with time-dependent
density functional theory (TD-DFT) calculations. The photoelectron spectra of Ceo and Cz Show a peak
structure below Kinetic energies corresponding to the photon energy, superimposed on a thermal
electron background. This peak structure was assigned to one-photon ionisation of the SAMO states
based on PAD and TD-DFT.

In this thesis, studies of the fullerene species Cgz and ScsN@Csgo revealed PES and PAD with similar
features to Ceo and C7o. The SAMO peaks became less prominent compared to the thermal electron
background for increasing molecular size and decreasing symmetry, and were almost absent for the
endohedral species. To provide more information about the influence of encapsulated atoms in the
fullerene cage on the SAMO states, experiments on Li@Cgo have been carried out. A lower thermal
electron emission temperature and a splitting of the SAMO peaks has been observed for Li@Cgo
compared to Cgo. Nevertheless the binding energies are remarkably similar in all investigated fullerenes,
which is important for any applications. Since the binding energies are about the same, but the ionisation
potentials of the fullerenes are different, the excitation energy to the SAMOs scales with the ionisation

energy.

The reasons for the well-pronounced peak structure of the SAMO states in the PES of Cgo could be
explained by the similarity of the SAMOs to Rydberg states along with the higher photoionisation
probabilities compared to valence states which were modelled by Benoit Mignolet and Frangoise
Remacle. As the SAMOs are highly excited electronic states, like Rydberg states, the potential energy
surface of the neutral molecule and the ionised molecule are similar. Therefore the vibrational energy
is conserved in the molecule during the photoionisation on the femtosecond time scale. The TD-DFT
calculations on Ceo, carried out by Benoit Mignolet and Frangoise Remacle, revealed the photoionisation
probabilities of the SAMOs to be at least three orders of magnitude higher than for non-SAMOs for the
applied experimental conditions. To test the prediction of the model, the relative photoionisation
probabilities of the s-SAMO to p-SAMO and the s-SAMO to d-SAMO were obtained experimentally
from the PES at various photon energies (2-3.5 eV) within this work. The analysis indicates remarkable

agreement between the experiment and the theoretical values.

Further quantum chemical calculations on a series of polycyclic aromatic hydrocarbons (PAHS) were
carried out within this thesis, which revealed similar Rydberg-like molecular orbitals in analogy to the

SAMOs in fullerenes. The first series included benzene, naphthalene, anthracene, tetracene, pentacene



and hexacene. The second series consisted of phenanthrene, pyrene and coronene. Finally, the third
series covered cubane, adamantane and dodecahedral Cy. All modelled molecules showed diffuse,
excited electronic states similar to the SAMOs. Within each series the binding energies of these states
decrease with increasing molecular size as well as the ionisation energies, except for the 3™ series. A
comparison between all series shows that the binding energies of the states for the 3" series (the 3-D
series) are slightly higher than for the 1%t and 2" series in relation to similar molecular size. The results
of the coronene calculations are compared to experimental photoelectron spectra and are shown to be

in good agreement with the experiments.



Lay Summary

Fullerenes are molecules of carbon in the form of a hollow sphere, oval, tube and many other shapes.
The buckminsterfullerene, Ceo, resembles the shape of a ball such as used in football. The high
symmetry of the Cgo molecule enables theoretical calculations to be carried out on such a large system
compared to an atom. These computational models can be compared to experimental studies to
investigate the electronic structure of fullerenes. Since fullerenes are already being used in solar cells
and other electronic applications, it is interesting to understand their electronic structure to be able to

tune their physical properties in a desirable way.

Previous studies have revealed highly excited states in Cgo With surprising molecular orbitals. These
states were called superatom molecular orbitals (SAMOs) and are located over the whole Cgo molecule
with their centre on the hollow fullerene core. The lifetime of these SAMO states is quite short, so ultra-
short laser pulses (101 second = 1 femtosecond, fs) have to be used to detect them. During the period
of such a short fs laser pulse, the electrons of the fullerene molecule are excited into the SAMO states
and also ionised out from the SAMOs. These ionised electrons (photoelectrons) can be detected by
photoelectron spectroscopy. This method records the speed of the photoelectrons and their radial
distribution as they are ejected from the molecule. Theoretical calculations can model the experimental
results to enable the assignment of features in the photoelectron spectra (PES). The PES of the
fullerenes, Cgo and C7o, showed a peak structure superimposed on an exponentially decaying, thermal

electron background. The peak structure was assigned to the SAMO states.

In this thesis, different fullerenes are studied to investigate the influence of molecular size, shape and
symmetry or the encapsulation of an atom or molecule inside the fullerene cage on the electronic
structure. The studied fullerene species Cg2 and the endohedral fullerene ScsN@Csgo (ScsN inside the
Cago fullerene cage) showed similar features in the PES as Cgo and Cro: a peak structure superimposed
on a thermal electron background. However, the SAMO peaks became less prominent compared to the
thermal electron background for increasing molecular size and decreasing symmetry, and were almost
absent for ScsN@Csgo. To get a better understanding of the effect of an encapsulated atom in the fullerene
cage on the SAMO states, the endohedral fullerene Li@Ceo (lithium atom inside the Ceo fullerene cage)
has been analysed by photoelectron spectroscopy. Broader peaks for the SAMO states and a lower
thermal electron background have been observed for Li@Cso compared to the empty Cgo fullerene cage.
In conclusion the SAMO states can be made more accessible by reducing the ionisation potential
(energy needed to ionise the molecule). The ionisation potential of the fullerenes can be tuned by

variation of their molecular size or encapsulation of an atom, like for Li@ Ceo.



The probability of removing an electron from a SAMO state with respect to an electron from another
SAMO state was analysed experimentally. These experimental results were in agreement with
theoretical calculations carried out by Benoit Mignolet and Francoise Remacle. This agreement is
remarkably consistent and shows the reliability of quantum chemistry computations (a certain type of

theoretical calculations).

Theoretical calculations were also done on some smaller molecules than fullerenes with similar
structural elements, but in a planar shape, not 3-D. These computations revealed similar SAMO states
for the smaller molecules. Most of the results from this study could be matched well with experimental

findings in the literature and experiments performed in this thesis.
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1.Introduction

The fundamental understanding of the electronic structure and dynamics of molecules and molecular
systems is important for the development of new materials with interesting properties for applications,
like molecular electronics devices or solar cells.!? Since fullerenes were discovered in 1985, they have
become important model systems for the investigation of the fundamental properties of large molecules
because they only consist of carbon atoms and have a high symmetry, in particularly Ceo.* Due to the
high symmetry of fullerenes, theoretical calculations are simpler to conduct for these systems. Hence,
the computed results can complement experimental measurements to draw conclusions from the
findings. Furthermore, fullerenes can be chemically modified in a number of ways to tune their
properties. For example, they can be synthesised to incorporate atoms or molecules inside the cage
(endohedral fullerenes), or functional groups can be added to the outside of the cage (exohedral
fullerenes) or the size of the molecule can be simply varied by increasing or reducing the number of
carbon atoms. These variations will influence the electronic structure and allow the engineering of the
electronic state energies. The manipulation of electronic states can decrease for example the HOMO-

LUMO gap to make the molecules suitable for electronic applications.’

The properties of fullerenes and modified fullerenes have been investigated in many studies of isolated
molecules in the gas phase.*!> The advantage of gas phase studies is the observation of molecular
characteristics and behaviour without additional interactions like solvent effects, van der Waals
interactions or hydrogen bridge bonds. Therefore, the comparison of corresponding calculations to
experimental results is simpler as any perturbations are minimised. Furthermore, the molecules can be

gradually modified to trace the change in their behaviour and in their electronic energies.

Conventional photoelectron spectroscopy (PES) in the gas phase requires molecules with low
vibrational energy to obtain a clear signal or peaks without overlapping vibrational states.'® However,
it has been not possible to prepare single, cold and neutral fullerene molecules in gas phase without
encapsulating the molecule in a helium droplet. In the case of the encapsulation interferences still exist
between the fullerene molecule and the helium atoms, which influence the characteristics of the single
fullerene molecule. For the cooling of a molecular beam of neutral fullerenes supersonic expansion or
buffer gas cooling can be used, but during these processes clustering or aggregation occur, which
prohibit the preparation of single, cold and neutral fullerene molecules in the gas phase. Single fullerene
anions are easier to obtain in the gas phase for example by electrospray ionisation from a solution,
however neutral fullerene molecules cannot be prepared using this technique.!”'® Fortunately, the
Rydberg Fingerprint Spectroscopy technique enables the detection of highly excited electronic states,
like Rydberg states, in molecules with high vibrational energies. Since the Rydberg states have a similar
potential energy surface as the ion, the vibrational energy is conserved during the photoionisation and

no vibrational transitions are interfering.'*?> Hence the Rydberg Fingerprint Spectroscopy technique is
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insensitive to the vibrational excitation of the probed molecule. This method will be explained in more

detail in chapter 1. 2.

Studies on the electronic structure of fullerenes in the gas phase revealed different excitation and
ionisation mechanisms depending on the laser pulse duration and intensity, which will be discussed in
detail in chapter 1. 5.%% Hence, mass spectrometry (MS) and PES have been performed on fullerenes
on a femtosecond timescale to investigate the processes after the photoionisation of the molecules with
a laser pulse.*”1%23-2 For laser excitations at low intensities (10'°-10'* W/cm?), pulse durations in the
range of 100 femtoseconds (1 fs = 10715 s) and photon energies below the ionisation potential, IP, (hv <
IP) a clear peak structure could be observed in the PES of Cg.° For longer laser pulses the peak
structure becomes less pronounced and disappears for pulses longer than about 200 fs. First this peak
structure was assigned to one-photon ionisation of Rydberg series with high orbital angular momenta /
(I > 3).3° However low-temperature scanning tunnelling microscopy (LT-STM) of Cgo molecules on
copper surfaces revealed highly excited hydrogen-atom-like molecular orbitals.3! After further
measurements and calculations the peaks at lower binding energies of lower-lying Rydberg states could
be attributed to these superatom molecular orbitals (SAMOs).” The SAMOs have a significant electron
density inside the hollow cage so an electron in an excited state is closer to other valence electrons than
in a Rydberg state where the excited electron is far away from the molecule and other valence
electrons.’! These SAMO states are large diffuse orbitals which appear to be like hydrogen atomic
orbitals.’? Due to the spatial distribution of the SAMOs, they can form nearly-free-electron bands in
aggregates which can be interesting for applications involving charge transfer.3! The influence on the
SAMO states by the modification of the fullerene cage has to be investigated, because the reduction of
the energy gap between the HOMO and SAMO states would make the states more accessible for
electronic applications.>* Therefore, it is interesting to find out how the electronic structure of

fullerenes can be manipulated.

Moreover, the population and ionisation mechanisms of the SAMO states are still unknown.3* However,
studies on smaller molecules than fullerenes will simplify the calculations of excited electronic states
and enable computations of the electronic dynamics. In this context it is interesting that quantum
chemical calculations of the highly excited states for smaller molecules like hydrocarbons, coronene
and pentacene, show molecular orbitals located over the whole molecule in the shape of s, p and d
orbitals similar to the SAMOs in fullerenes.* The results of previous theoretical studies on the binding
energies and photoionisation probabilities for highly excited states of coronene and pentacene were
carried out by Benoit Mignolet (University of Liege)** and will be discussed in detail in chapter 1. 1.
Further theoretical studies on related polycyclic aromatic hydrocarbons (PAHs) combined with
experimental measurements can verify these first computed results and reveal SAMO-like states in other

PAHSs molecules.

The main aim of this thesis is the investigation of the influence of molecular size and structure on SAMO

states and the electronic structure in fullerenes. Therefore Cgz, ScsN@Cgo and Li@Cgo, two endohedral
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fullerenes, are probed and the results are compared to previous findings for Ce and Cro.” Femtosecond
PES is used to obtain information on the electronic structure of the molecules through the analysis of
their photoionisation mechanisms. The fs timescale of the laser pulse enables the observation of the
SAMOs, also with the use of the photoelectron angular distributions (PADs) the SAMOs can be
characterised (see chapter 1. 4 and 1. 5). Since the population mechanism of the SAMO states is still
unknown, the relative photoionisation probabilities of the different SAMOs in Cgo are analysed and
put in comparison with theoretical calculations to get some insight into at the ionisation mechanism.3®
Furthermore, theoretical calculations of excited electronic states have been carried out on a series of

PAHSs and compared with experimental measurements of coronene, a studied molecule.

For understanding the approach to achieve the project aims, the theory behind the photoionisation
mechanisms will be described with previous experiments from the literature at first, followed by a short
introduction into the experimental techniques. Then the results from the literature about the gas phase
studies on the ionisation mechanisms of fullerenes, in particular Ceo, are discussed. Subsequently the
findings of PES studies on the PAHSs, anthracene and naphthalene, from the literature are introduced
with a view to the investigation of coronene and pentacene. The next chapter describes the experimental
and theoretical methods in detail which have been applied in this project. In the following chapters, the
results and findings from this thesis are presented and discussed. Finally, an overall conclusion and an

outlook of the project are provided.

1. 1. Photoionisation Mechanisms

In order to study the electronic structure of excited states in the gas phase, the photoionisation
mechanisms of atoms and molecules can be probed. For obtaining information about these physical
processes, which take place on a very short timescale, it is necessary to use experimental tools that
respond on similar timescales. Laser pulses in the fs range are comparable to processes like molecular
vibrations (10" fs) and energy relaxation in larger molecules and bulk solids (102 fs). Hence, it is
important to know the background to the ionisation mechanisms of atoms and molecules in ultrashort,

intense laser pulses.

The photoionisation mechanisms of atoms and molecules can be influenced by the electric field of an
intense laser pulse. The coupling between an instantaneous laser field and an atom or molecule results
in a shift of their energy levels, known as the AC Stark shift.*® The AC Stark shift can be approximated
by the ponderomotive energy, Uy, for the intensity and wavelength range typically used for these kind
of experiments.®® U,, is defined as the average kinetic energy of a free electron in a time varying electric
field:
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E
U, = (ﬁ) =934x10720 x A2 x | 1.1)

Where E| is the amplitude of the laser electric field, w is the angular frequency of the laser electric field,
A is the laser wavelength in nanometres (nm) and [ is the laser intensity in Watts per square centimetre
(W/em?). U, has units of energy and in the case of equation (1.1), the unit is electron volts (eV). The
ionisation mechanism for atoms in strong laser fields is determined by the ponderomotive energy of the
laser at a certain wavelength and intensity, and the ionisation potential of the atom.?” There are three
ionisation mechanisms that are relevant when the photon energy is much lower than the ionisation

potential. The Keldysh parameter, y, is used to distinguish between these mechanisms:3®

IP
Y= E (1.2

where [P is the ionisation potential. The Keldysh parameter, y, can also be used to indicate ionisation

mechanisms in molecules.3":38

For relatively low intensities the Keldysh parameter is larger than 1 (y > 1), and direct multiphoton
ionisation (MPI) occurs. An atom coherently absorbs the required number of photons to overcome the
IP or it can absorb even more photons which is called above threshold ionisation (ATI).3 This results

in equidistant peaks in the PES which are separated by the photon energy.3®

If intermediate resonances are involved in the ionisation process, the required photons do not need to
be absorbed coherently. Therefore the ionisation probability is increased which is also known as
resonance-enhanced multiphoton ionisation (REMPI). If no intermediate resonances are involved, the

ionisation probability, P;, is given by:

PpocI® (1.3)

with I as the laser intensity and n as the number of photons required to reach the IP. In this description
for the ionisation mechanism a single active electron (SAE) model is used. In a molecule like Cego
experimental results and calculations indicate that more than one electron might be excited during the
laser pulse (multiple active electrons, MAE) while elements of a SAE model still exist.*3%540 For

convenience the following models are discussed for SAE.

For increasing laser intensities, where y = 1, the ionisation barrier can be suppressed as the magnitude
of the electric laser field becomes comparable to the binding potential of the electron. The electron can
tunnel through the barrier if the tunnelling period is shorter than the laser period, which is called

tunnelling ionisation.
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For higher laser intensities, y < 1, the laser electric field is strong enough to suppress the binding
potential so the electron can classically escape from the potential well, which is known as over-the-

barrier ionisation.

In the following chapters the presented spectra and results were obtained for laser intensities that were
below the over-the-barrier ionisation threshold. Thus the photoelectrons carry information about their

initial state which can help to characterise the occurring ionisation mechanisms.

1. 2. Rydberg Fingerprint Spectroscopy

Rydberg states in atoms or molecules are highly excited electronic states and have been observed in
many atomic and molecular systems. The excited electrons are located in Rydberg orbitals with a large
distance from the core of the molecule, so they experience the whole molecule like a single charge
comparable to a pure coulomb potential in a hydrogen atom. The Rydberg orbitals of the molecules are
derived from the electronic states of the hydrogen atom, where the binding energy of the electron, Ey;;,,

depends only on the principal quantum number, n:

(1.4)

where Ry is the Rydberg energy of 13.606 eV. The binding energy of a Rydberg electron is the energy
difference between the bound electron and the electron at rest at an infinite distance from the ion core
(Figure 1.1).

lonisation potential

Ebin

Rydberg states

Figure 1.1: Schematic to show the binding energy of a Rydberg electron.

For atoms and molecules with more than one electron, the binding energies of the Rydberg states will
deviate from equation (1.4). Due to the fact that the excited electrons have a probability to be near the

ion core, they will experience a significantly different potential than from a single charge and therefore
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a shift will be introduced to the pure coulomb potential. To a good approximation, the binding energy
of a Rydberg electron is given by:

Ry

Epin = =0 (1.5)

where g; is the quantum defect which is approximately constant for a given orbital angular momentum,
I, but decreases for higher 1.2° Hence the binding energies of Rydberg electrons are based on the principal
guantum number, n, and the quantum defect, ;. The quantum defect itself depends on the number and
types of atoms in the ion core, their spatial arrangement, the distribution of the positive charge in the
ion core, and the angular momentum state of the Rydberg orbital as the wave functions penetrate inner
parts of the molecular core.?%?? Therefore, the binding energies of Rydberg states are sensitive to the
local distribution of charges, atoms, and functional groups which influence the charge distribution in
the molecule that is experienced by the Rydberg electron.?%?2 Hence, the clear peaks in a spectrum of
Rydberg states are characterised by different values of n and o;, which are used in the Rydberg

Fingerprint Spectroscopy to analyse molecules (an example is given in Figure 1.2).20.22
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Figure 1.2: Rydberg Fingerprint PES of azulene, top trace, and naphthalene, bottom
trace. The principal quantum number is shown at the bottom of the spectra and the
quantum defect values are indicated on top of the major peaks. The figure is taken from
ref.??

First the molecules are excited through single or multiphoton excitation into their Rydberg states and
then probed by ionisation of the molecules.?? The exact population mechanisms of highly excited states
for different molecular systems is unknown, including for fullerenes, but in the case of fullerenes it is
assumed to be a multiphoton excitation followed by efficient internal conversion (IC).3 Therefore
within one laser pulse the molecule absorbs coherently or non-coherently several photons and is raised
into highly excited states.?? Following excitation the absorbed energy is distributed over different
Rydberg states through 1C.?2 Subsequently the excited molecules are ionised through absorption of one

additional photon and the excess energy is carried away by the photoelectron.?? An important property
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of ionising Rydberg states is the preservation of the vibrational energy from the neutral molecule in the
ion (Figure 1.3).#1

b) psd2sp d 2s

Photoelectron Kinetic Energy

2s d p s

s-series  p-series  d-series
SAMO/Rydberg states

So_

Electron Binding Energy

Figure 1.3: Scheme of the Rydberg Fingerprint Spectroscopy, generic for fullerenes, to
probe the SAMO and Rydberg excited states: a) multiphoton excitation followed by
efficient state couplings to populate many excited states with different vibrational
energies (narrow lines demonstrate vibrational excitation). Only s-, p-, d- and 2s-series
are shown. Single headed arrows represent two different photon energies, while the
double-headed arrows show the photoelectron kinetic energies. Note the ion has the
same vibrational level as the excited state; b) upper panel illustrates the PES for the
two photon energies in a) and lower panel displays the corresponding electron binding
energies.*2

Due to the excitation of the electron in a Rydberg orbital, the molecular core arranges its global
geometry like it is an ion, because the Rydberg electron has a large distance to the core. The potential
energy surfaces of the highly excited, neutral parent molecule and the ion are similar, as a result the
vibrational energy of the molecular core is preserved during the ionisation.***® At the same time, the
Rydberg orbitals are not affected by the initial vibrational excitation due to their large distance from the
core ion.* Therefore, the binding energy of the Rydberg orbitals, E};,,, can be calculated from the PES

by subtracting the photon energy, hv, from the kinetic energy of the electron, Ey;,:

Epin = Egin —hv (1.6)

This technique, Rydberg Fingerprint Spectroscopy, or the investigation of Rydberg states in general has
been applied to many different molecules.?22454° Similar studies have been used to analyse the
mechanisms of Cgo under laser irradiation”!43%50 which will be explained in more detail in chapter 1. 5.
The experimental technique for the detection of the photoelectrons will be introduced in the following

chapter.
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1. 3. Velocity map imaging technique

The velocity map imaging (VMI) technique enables the simultaneous detection of the momentum
distribution of the photoionised electrons as well as the angular distribution with respect to the
polarisation direction of the laser electric field. This is in contrast to conventional photoelectron
spectroscopy methods which show only a single parameter (like magnetic bottle neck photoelectron
spectroscopy®). The VMI technique was demonstrated for the first time by André Eppink and David
H. Parker in 1997 and consists of a set of electrodes and a 2-dimensional (2-D) detector.5? Due to the
experimentally recorded image being a 2-D representation of a 3-dimensional (3-D) distribution of the
ejected photoelectrons (Figure 1.4), the image has to be inverted to reconstruct the original 3-D data.
This 3-D spherical distribution is called a Newton sphere and emerges after the photoionisation when

the released electrons expand from their origin.

F

On

vl

HV, HV, G,

Figure 1.4: VMI principle. The Newton sphere of the photoelectrons after time t elapsed
with an applied extraction field. HV1, HV2 and G1 are the electrodes that project the
electron distribution onto the position-sensitive detector. The laser propagates in the
x-direction and the laser polarisation is along the z-axis.53

In a Cartesian coordinate system with the photoelectrons created at the origin and the linearly polarised
ionisation laser propagating along the x-axis with the polarisation direction in the z-direction,
photoelectrons with the same initial kinetic energy appear on the surface of the Newton sphere after
time t (Figure 1.4). The radius of this sphere is the product of the initial photoelectron velocity and the
elapsed time t. The position of a photoelectron on the Newton sphere depends on its initial momentum
and can be described by the polar and azimuthal angles, 8 and ¢, which give the electron distribution
F(R, 0, ¢). This sphere is projected onto a position-sensitive detector through the acceleration of the
photoelectrons by an electric field anti-parallel to the y-axis towards the detector (Figure 1.4). This
electric field is applied by electrodes with typical voltages of HV; = 1450 V and HV, = -2000 V to

focus the photoelectrons on the 2-D plane of the detector.
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The electron distribution is rotationally symmetric for linear polarised light around the polarisation

direction, so the angular distribution for a specific electron velocity can be simplified:*

F(R,0,9) » F(R,0) (1.7)

This projection makes it possible to recover the original 3-D photoelectron distribution from the
measured 2-D image later on with the inverse Abel transformation.>* For example in Figure 1.4 the
projection of the 3-D sphere onto the 2-D detector in the xz plane is illustrated. An electron distribution
(s, (x,y)) for a specific z value with the same velocity is projected onto the detector as a line parallel to

the xy plane (Figure 1.5):

f s:(x,y)dy =2 f s.(x,y)dy (1.8)
—00 0
Z
A
s (x,y)
\ == —
\ Y
X

Figure 1.5: Schematic of the Newton sphere spanned by the photoelectrons. The
projected distribution of s,(x,y) as a line on the detector is the Abel transform of this
distribution.>*

Due to the rotational symmetry of the distribution with respect to the z axis, the last step is valid. A

substitution of the variables through 2 = x2 + y? can be made:

_dy r
dy = Edr =———dr (1.9)

T'2 — x2
This leads to the Abel transformation of s,(r):

[oe]

[ rs,(x, y)
2] s, (x,y)dy = Zoj = (1.10)

_x2
0
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Hence the inverse Abel transformation is used to retrieve the 3-D distribution from the measured image
and usually the result is plotted in the xz plane, at y = 0. This method will be explained in more detail

in chapter 2. 2. 2.

1. 4. Photoelectron Angular Distribution

As mentioned in the previous section the VMI image contains information on the angular distribution
of the photoelectrons along with the photoelectron momentum, or kinetic energy. The outgoing
photoelectron wavefunction results from the electron scattering off the atomic or molecular ion core
and can be expressed as a superposition of spherical harmonic functions, Y, (8, ¢), also known as

partial waves, so a general equation of a PAD is:%%%°

Lmax L

1(6, ¢) x Z Z By Yim(6,¢) (1.12)
L=0 M=-L
With the B,,, coefficients being related to the radial dipole matrix elements which contain information
on the individual contribution of each partial wave and its coupling with every other partial wave.%® This
equation results from the interference of photoelectron partial waves with orbital angular momenta |
and I, where L can take values between 0 and [ + .5 Expanding equation (1.11) gives the first term
By, Which is proportional to the angle integrated photoelectron intensity. The subsequent coefficients
are usually divided by By, to give a normalised anisotropy parameter, 8.5 Also only even L terms
appear in the expansion because odd L terms only have to be considered for chiral molecules or
orientated molecules in space.5>¢ The magnetic quantum number M can have values between - L and
+L, but due to the relation of the polarisation vector of each absorbed photon to the molecular axis, only
terms of M = 0 can occur.®® This is a result from the symmetry restrictions of the laboratory frame
measurement imposed on the molecule and it also removes the dependence on the angle ¢ due to
integration.5>%¢ Based on the above restrictions the PADs can be described for a single pulse of linearly

polarised light and one photon ionisation of a randomly oriented sample by:5’
1(0) = a/4m[1 + B,P,(cosh)] (12.12)

Where ¢ is the total photoionisation cross section, S, is the anisotropy parameter, P, is the second order
Legendre polynomial equal to % (3 x cos?6 — 1) and 8 is the angle with respect to the laser polarisation

direction.

Usually the Cooper-Zare formula is used to calculate the anisotropy value in theoretical studies, when
the orbital angular momentum quantum number [ is a good quantum number like in the case of an atom,

or L for a molecule:57:58
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B = L(L—1DR{_; + (L +1)(L + 2)Rf,; — 61(L + 1R 41 R; 1 cos(8 1 — 8, 1)
- QL+ DR}, + (L + DRZ,,) (1.13)

Rii1 = f‘Pfil(r)‘PiL(r)ﬁdr are the radial dipole matrix elements which are overlap integrals of the

final (f) and initial (i) states and & is the phase shift of the outgoing waves.>"*® As the selection rule for
L in a one-photon transition is AL = +1, the free-electron wave from a hydrogen 1s orbital (I = 0) is
given by a single [ value of 1, corresponding to a p wave. The magnetic quantum number m (m = —I, -
+1, ..., 1-1, 1) must remain unchanged when linearly polarised light is used, so only the m = 0 component
of the p wave (I = 0) is allowed from an s orbital.>® According to the Cooper-Zare formula the 8 value
for the s orbital should be 2. For initial states other than s orbitals, higher orbital angular momenta are
possible due to the selection rule, so interferences between these free-electron waves occur which can
be calculated, e.g. using the Cooper-Zare formula (equation (1.13)). Also due to these interferences the
anisotropy value is expected to change with altering kinetic energy of the photoelectron. Hence the
photoelectron spectra provide the energy eigenvalues of the parent atom while the PADs reveal

characteristics of the corresponding wavefunctions (e.g. a p wave produced from an s orbital).>®

1. 5. Excitation and Ilonisation Mechanisms of

Fullerenes

In this section the different photoexcitation and photoionisation mechanisms of Cgo will be described

based on previous studies from the literature.

The excitation and ionisation mechanisms of Cg in the gas phase were found to depend on the laser
pulse duration and intensity for laser wavelengths below the ionisation potential (IP = 7.6 eV).*%% If
the photon energy of the laser is lower than the ionisation potential, several photons must be absorbed
to ionise the molecule, and thus high laser intensities are needed. However, the higher laser intensity
can in turn affect the ionisation mechanism as described in chapter 1. 1.37 First the influence of the laser

pulse duration on the excitation and ionisation mechanism of fullerenes will be discussed.

The irradiation of fullerenes with intense laser pulses excites the molecule into highly excited states.
The molecules can absorb more energy than they need to remove one electron, and subsequently they
can reduce their internal energy by C, evaporation, electron emission or photo emission on different

timescales. %6114

30



4.5ps, 7Tx 10 wiem?®

l“l}.. . R L

120 180 240 300 360 420 480 540 600 660 720 780
mass/charge [u]

intensity [arb. units]

Figure 1.6: Positive ion mass spectrum of Ceg obtained with 800 nm laser light, pulse
duration of 4.5 ps and an approximate laser fluence of ca. 25 — 30 J/cm?. From ref.?

For picosecond (1 ps = 10*2 s) or longer laser pulses the time-of-flight (TOF) mass spectra of Cso Show
a tail on the high mass side of the Ceo* peak (Figure 1.6) which can be explained by delayed thermionic
emission.>?>% The mass spectrum of Figure 1.6 also shows extensive fragmentation which is caused
for higher mass fragments by sequential C, evaporation from the excited parent ions while the smaller
fragments like carbon rings and chains are due to catastrophic break-up of the fullerene cage with
sufficient excitation.>?>®° The smaller peaks next to the fullerene fragments on the low mass side are
caused by metastable emission of C, from ions produced in the extraction region that decay while
travelling through the field-free region of the TOF mass spectrometer on the microseconds timescale (1
us = 1075 s) after excitation.® Additionally, the mass spectrum of Cg in Figure 1.6 shows only singly
charged ions because the gained electronic energy has time to couple to the molecular vibrations during
a ps laser pulse as the time constant for the electron phonon coupling of Ces was found to be
approximately 240 fs.?” Hence, the electronic system cannot accumulate sufficient energy to cause
multiple ionisation.?>® For ps laser pulse durations the PES shows an exponentially decreasing intensity

with increasing kinetic energy due to the predominance of thermionic electron emission (Figure 1.7

e).4,7,23,27
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Figure 1.7: PES of Ceo with different laser pulse durations at laser intensities of a)-d) (80
+20) TW/cm? and e) 5 TW/cm?. All spectrawere recorded at a laser excitation of 790 nm.
From ref.4

The delayed thermionic ionisation mechanism appears in systems with low ionisation potential or
electron affinity, high dissociation energy of the molecule whilst using a laser photon energy less than
the ionisation potential, in which case it has less than the photoionisation energy of the lowest triplet
state for fullerenes.? For ns laser photon energies below the IP of Cgo (IP(Ceso)= 7.6 €V)?® but above
the IP of the lowest triplet state (IP(Cgo")= 5.9 V)52, a rapid coupling from a photoexcited singlet
state to the triplet manifold occurs followed by single photon ionisation, similar to a direct two-photon
ionisation mechanism.?® In case of a delayed thermionic mechanism, photons are absorbed at a relatively
low rate during the laser pulse, so the electronic excitation energy is quickly coupled to vibrations, while
more energy is still being absorbed.*?3273 The total energy gained by the molecule is equilibrated over
electronic and vibrational degrees of freedom until the vibrational energy is high enough to eject an
electron. This process is not direct with respect to the laser pulse, so the ionisation can occur up to
microseconds after the excitation.* The electron emission and fragmentation can be described by
statistical models assuming the energy is equilibrated over all degrees of freedom.?® Hence, calculating
the temporal evolution of the internal energy, E (t), of the electronic system can be used as an input to

model the electron emission to obtain emission rate constants, that can be used to calculate experimental
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observables like the apparent electron temperature.® The internal energy, E (t), is calculated by solving

the following differential equation (1.14):12.6465

dE(t) E(t)
T opl(t) — — (1.14)

With o,, as a constant, average photon absorption cross-section, I(t) as the laser intensity and 7 as the
time constant for coupling to vibrational degrees of freedom.?”% This model assumes a single decay
constant, 7, independent of the energy difference between the electronic and vibrational systems for the
energy relaxation to vibrational degrees of freedom. The thermionic emission model is based on the
Weisskopf formalism applying the principles of detailed balance, which gives an Arrhenius-type rate

constant for the electron emission, k (E):283366-68

(o)
k(E) = A(E) exp (— m) (1.15)

With E as the total internal energy of the molecule, A is a scaling factor including the photoelectron
yield, @ is the ionisation energy, kg is Boltzmann’s constant and T, is the apparent temperature.®® The
temperature is a microcanonical temperature of the electronic subsystem of the molecular ion because
fullerenes in the gas phase can be considered as isolated systems in the high vaccum.33 Also the model
predicts an exponentially decreasing electron emission probability with increasing electron kinetic

energy, Ey;,, resembling a Boltzmann distribution, so the PES can be described by:3366-68

Ekin
I(Eyin) o« Aexp (— T ) (1.16)
a

with | as the intensity of the emitted electrons and Exin is the electron kinetic energy.®®

For laser pulse durations from 50 fs up to about 1 ps the mass spectra of Ceo show less fragmentation,

but multiply charged species appear (Figure 1.8).415

+
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Figure 1.8: Positive ion mass spectra of Ceo 0btained with 797 nm laser pulses and pulse
durations as indicated on the right side (for upper panel 500 fs and for lower panel 100
fs) at 40 TW/cm?2. From ref. 15
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The resulting PES show a thermal background (Figure 1.7 b-d) which can also be fitted by the
exponential distribution (1.16).2732 The observed apparent temperatures for thermionic emission, seen
for few-ps pulses, (3000 - 4000 K) are significantly lower than at a pulse duration from 50 fs to 1 ps
(Figure 1.7 b) Ta = 32000 K, ¢) Ta = 39000 K). 42" At this pulse duration it is thought that enough energy
can be accumulated in the electronic system to induce thermal ionisation from highly excited electrons,
described as a transient thermal electron emission model.*2"64 According to this model the electrons are
highly excited but the vibrations are hardly affected by the electronic excitation as the ionisation occurs
before coupling to the vibrational degrees of freedom takes place.*?” This is possible due to the time
constants for the energy equilibration in the electronic subsystem being less than 50 fs*® whilst the time
constant for the coupling between the electronic and vibrational states is assumed to be 240 fs.?” Thus
the ionisation occurs for short laser pulses (50 — 1000 fs) from a hot electron cloud before the energy
couples to the vibrations, leaving the vibrational system “cold”.?” After the ionisation the remaining
internal energy will couple to vibrations leading to fragmentation. As a result the electron apparent
temperatures are much higher for the transient thermal electron emission because the heat capacity of
the electronic subsystem is lower than the combined capacity of the electronic and vibrational
subsystem.?” This mechanism is analogous to the two-temperature model which is used to describe the

energy equilibration in bulk metals after laser excitation.5°

1.5.1. Thermal lonisation after Femtosecond Laser

Pulses

As mentioned previously in this chapter, the PES of Cg for ps or longer laser pulse durations shows an
exponentially decreasing intensity with increasing kinetic energy (Figure 1.7 e) and the corresponding
VMI images show a completely homogeneous distribution of the photoelectrons (Figure 1.9
¢).4712232764 Time dependent studies of the Cso PES, under conditions in which thermionic emission is
expected to take place, by Bordas and co-workers using VMI have shown a clearly thermal nature of
the emission which would be expected from a completely statistical emission mechanism.3370.71
However, an angular anisotropy of the thermal electron signal is observed for VMI images of Cg at

certain laser wavelengths for pulse durations in the fs range (Figure 1.9).1264
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Figure 1.9: Raw VMIs with logarithmic colour scale of Ceo(a, c-d) and Czo (b).The laser
settings are a) 800 nm, 180 fs, 5.4 TW/cm?, b) 800 nm, 180 fs, 6.1 TW/cm?, ¢) 532 nm, ns
range, d) 400 nm, 120 fs, 0.26 TW/cm? and the direction of the laser polarisation is
parallel to the white arrow. From ref.54

The PES of Cgo and C7o obtained with 800 nm and 180 fs laser pulses show a clear anisotropic image
(Figure 1.9 a and b) while the PES of Cg from ns laser pulses is isotropic (Figure 1.9 ¢).®* As mentioned
previously, for laser pulses on the order of ps or ns the equilibration among all degrees of freedom
(vibrational and electronic system) occurs and therefore the PES is expected to be isotropic as shown in
Figure 1.9 c.” The laser intensities for the shown VMIs in Figure 1.9 (a) 5.4 TW/cm? and b) 6.1 TW/cm?)
are below the threshold for field ionisation of fullerenes (> 13.3 TW/cm?).% Also, additional screening
effects due to the high electron density in Ceo are suggested to increase this field ionisation threshold
and to hinder the barrier suppression.?®72 Hence, the thermally emitted electrons are expected to be
isotropic and show no change of the apparent temperature with the emission angle.3*®* Further
investigations of this asymmetry of the thermal electron emission have revealed that the thermally
emitted electrons can get an extra “push” along the laser polarisation direction which can be explained
by classical electrodynamics.33%* According to the thermal model based on the Weisskopf formula, the
photoionisation rate can be extracted and correlated with the fragmentation pattern of Ceo in the mass
spectra.?” Hence, the electrons are assumed to be emitted on a timescale on the order of 100 fs, so during
the laser pulse.* Therefore the released electron will receive a momentum kick from the vector potential
of the transient time-varying electric field.335* The maximum increase that the electron can experience
in its kinetic energy is 2U,,, if the electron is ejected at the peak of the vector potential, corresponding
to zero instantaneous electric field.>® If the electron is emitted outside the temporal envelope of the time-
varying field or at the peak of the electric field, it will not get a momentum kick in the direction of the
laser electric field.® The kinetic energy of the photoelectrons from direct photoionisation are not

affected as they are typically emitted at the peak of the electric field.** As a result, the kinetic energy of
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the photoelectron produced via direct photoionisation can be related directly to its electron binding
energy (equation (1.6)).%® As described previously, the maximum momentum kick, that the emitted
electron can receive, is proportional to U,, so the asymmetry depends on the wavelength (equation
(1.1)).% Figure 1.10 shows the clearly asymmetric electron distribution at 800 nm (d, e) in contrast to

the spectra using 400 nm (a, b).3364
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Figure 1.10: Experimental results of Ceo using 400 nm, 120 fs, (1.4 + 0.2) TW/cm? (a, b,
c)and 800 nm, 182 fs, (6.7 £0.2) TW/cm? (d, e, f) laser pulses. The first row (a, b) displays
the inverted VMIs (plotted in logarithmic colour scale for display purposes) with the
laser polarisation direction along the p; axis. In the second row the angular-resolved
PES parallel and perpendicular to the laser polarisation are shown (b, e€). The
corresponding mass spectra are displayed in the bottom row.53

Despite the laser intensities being different for the two measurements in Figure 1.10, the mass spectra
and the perpendicular temperatures are similar, which indicates the fullerenes have absorbed the same
total amount of energy.®® Hence, the perpendicular temperature can be used to measure the absorbed
energy which has also been proposed by Huismans et al. using angular-resolved PES and a statistical

model based on the Weisskopf formalism similar to the previously described thermal model .87

The asymmetry in the PES can be characterised by comparing the apparent temperatures obtained
parallel and perpendicular to laser polarisation direction. The difference of the parallel and

perpendicular apparent temperatures, AkgT,, is plotted against U,, in Figure 1.11.
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Figure 1.11: Difference of the parallel and perpendicular apparent temperatures, AkgT,,
plotted against U, for arange of wavelengths and pulse durations.®

The graph in Figure 1.11 supports the proposed mechanism because the difference in the apparent
temperatures, AkgT,, falls approximately between U, and 2U, for a range of wavelengths.®® The
thermal emission model could also reproduce the trend in asymmetry although the apparent

temperatures along the laser polarisation direction were consistently underestimated (Figure 1.12).427:64
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Figure 1.12: Parallel (squares for experimental data and dashed lines from
computations) and perpendicular (circles are experimental data and solid lines from
computations) apparent temperatures plotted against the laser intensity for different
laser wavelengths and pulse durations.53

Although the model is simple, the calculated temperatures fit quite well with the experimental values.
The discrepancies between the model and the experimental apparent temperatures parallel to the laser
polarisation direction may be due to other effects, which are not considered in the applied model, like
internal polarisation, recollision effects or unresolved ATI peaks.3*62 Nevertheless the proposed simple

model agrees qualitatively well with the observed trends in the experimental data. 3353

37



Beside the difference between the parallel and perpendicular apparent temperatures, the PES of Ceo also
show that more electrons are emitted parallel than perpendicular to the laser polarisation direction
(Figure 1.13).7
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Figure 1.13: Angular-resolved PES of Ceo showing 0-10° (black line) and 80-90° (red line)
segments in respect to the laser polarisation direction at 800 nm (left) and 540 nm (right)
excitation. The inset shows the same PES, respectively, with the intensity plotted on a
logarithmic scale. The area underneath the distributions is related to the emitted
electron number for the 0-10° (black area) and the 80-90° (red area) slice.

The area underneath the distribution is correlated to the number of emitted electrons. Figure 1.13 shows
clearly that the area for the 0-10° distribution (grey area) is much larger than for 80-90° (red area) with
respect to the laser polarisation direction. Also, the difference between the number of emitted electrons
at 0-10° and 80-90° is clearly greater for 800 nm pulses than for 540 nm pulses. To characterise this
difference, the ratios between the number of counts for 0-10° and for 80-90° are plotted against the laser

intensity for various wavelengths in Figure 1.14.7
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Figure 1.14: The ratios between the number of counts for 0-10° and 80-90° angular
segments plotted as afunction of laser intensity for different wavelengths including the
modelled ratios.”
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From Figure 1.14 a clear intensity dependence of the count ratio for the 800 nm measurement can be
noticed as the count ratio increases with higher laser intensities.” This observation is interpreted as a
suppression of the confining ionisation barrier by the electric field.” It is similar to the field ionisation
described in chapter 1. 1, in which case the ionisation potential oscillates in time with the electric field
of the laser.” The greatest suppression will be parallel to the polarisation axis because the suppression
of the barrier is directional.” The modelled values are overestimating the experimental ratios for higher
laser intensities, so this model needs further refinement to take account of variables such as the laser

wavelength.

If a molecule has undergone a statistical energy equilibration, it will have a distribution of highly excited
electrons, so the needed electric field strength is lower than for an unexcited molecule to overcome the
ionisation potential.”* Although the Keldysh parameter is much higher than 1, even for the highest
experimental intensities (according to the equation (1.2)), which indicates the intensities are below the
threshold for field ionisation.” However, the electrons can be excited enough to decrease their binding
energy greatly, so the ionisation potential is effectively decreased, allowing field ionisation to occur.™
It is important that the frequency of the electric field is not too high, so the electrons have time to tunnel
through the suppressed barrier before the field changes sign and the barrier is back at its maximum.’™
Therefore the field ionisation is dependent on the wavelength and this effect is seen clearly in the
measurements using 800 nm, but not for shorter wavelengths.” This effect was called the electric-field-
induced barrier suppression and the model was developed by Gordon Henderson.™ As part of this thesis
the electric field-induced barrier suppression model will be complemented by experiments on Cg Using
700 nm laser pulses and the results will be presented in chapter 4. 3. 1.

1.5. 2. Highly Excited Electronic States in Fullerenes

Another feature in the PES of fullerenes is a peak structure superimposed on the thermal electron
emission background (Figure 1.7 a-c).%® The small peaks above the photon energy can be described by
ATI as the peaks are separated by the photon energy.* The peak structure below the photon energy
showed 3 to 4 prominent peaks which were assigned initially to Rydberg series with angular momenta
of 1 =3,5, 7 (Figure 1.15).%
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Figure 1.15: Angular-resolved PES (angular segment 0°-10°, parallel to laser
polarisation) of Ceo with the thermal background removed, with mass spectrum as an
insert; 400 nm, 120 fs laser pulses of intensity 0.3 TW/cm?2.7

After the detection of SAMOs in Cgo using low-temperature scanning tunnelling spectroscopy (LT-STS)
(Figure 1.16)! and recent studies in the gas phase combined with density functional theory (DFT)?®, by
Hartree-Fock,? and time-dependent DFT (TD-DFT) calculations, the peaks at lower kinetic energies

could be assigned to the single-photon ionisation of SAMOs (Figure 1.15).7
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Figure 1.16: LT-STS of a Ceo molecule isolated on a Cu surface. These dl/dV images
evolve from the LUMO+2 with a 7 molecular character to the s, px, py, pz and dy, SAMO
character as the measurement voltage is increased while the current is kept constant.
From ref.3!

The SAMOs are similar to low-lying members of low angular momentum Rydberg series.®® However,
they are different to conventional Rydberg states because the electron density is centred on the centre
of the hollow cage and not on the atoms in the molecule, also they have a significant charge density
inside the cage, at least for the lowest s and p SAMOs.* The SAMO states will converge to conventional
Rydberg series if the principal quantum number increases.® Hence, the electron density will move
farther away from the molecule until the Coulomb force will dominate the interactions.3* The SAMOs
are populated and ionised during the same laser pulse in the gas phase due to their high ionisation rate
and short lifetime as shown in a recent model based on Fermi’s golden rule and TD-DFT calculations.”"
On the basis of these results the peaks I to IV in the PES of Ce (Figure 1.15) could be identified as 3s,
3p, 3d and 4s SAMO states (n based on the number of nodes).”3* These assignments were possible by

determination of the PADs and the anisotropic values, £, of the peaks supported by TD-DFT calculations
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(Figure 1.17).7 The g values range from —1 to 2 and represent the interference between the outgoing
free-electron waves at the ionisation (see chapter 1. 4). The precise analysis of the PADs will be

described in chapter 2. 2. 2.
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Figure 1.17: g of Ceo (points) as afunction of photoelectron kinetic energy for a) s SAMO,
b) p SAMO and c¢) d SAMO. The lines are showing the computed g values at the TD-
DFT/B3LYP/6-31+G(d) (solid line) and at the TD-DFT/CAM-B3LYP/6-31+G(d) level.”

The clear peak structure of the SAMOs in the PES (Figure 1.15) can be explained by the modelled
photoionisation widths and photoionisation lifetimes using TD-DFT.” The photoionisation widths, I,
are computed for a given Kinetic energy of the photoionised electron, ¢, and integrated over all angular

distributions using following equation (1.17):7%76

11e) = p(e) 1St el-F - ¥y (1.17)
Where —E - u is the dipolar coupling due to the electric field of the excitation pulse and the density of
states, p(¢), is given by

3

p(e) = k (%) (1.18)

With k referring to the wavevector in the k- space and L is the dimension of a box to which the electron

wavefunction is normalised as a plane wave.”
The photoionisation lifetime, y (¢), is inversely proportional to the photoionisation widths:

2
y(e) = o) (1.19)

The results of the calculated photoionisation widths for Ceo 0f the SAMO states are orders of magnitude
larger than those of isoenergetic non-SAMO states (the lowest 500 excited states were computed)
(Figure 1.18 a).”™
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Figure 1.18: a) Computed photoionisation widths, I', as a function of the photoelectron
kinetic energy of all calculated excited states (first 500 states) and b) displaying the
photoionisation lifetime of SAMO and non-SAMO states including a few corresponding
Dyson orbitals (isocontour at about 0.00002 |e|/a3). These calculations were conducted
by Benoit Mignolet using TD-DFT.3575

Furthermore, the TD-DFT calculations showed that only the SAMO states will photoionise on the
timescale of the laser pulse (Figure 1.18 b).” As a result the PES is dominated by single-photon
ionisation of SAMOs for relatively low laser intensities.” In the laser focus, where other excited states
do not photoionise within the fs laser pulse timescale due to their very low ionisation widths, these
excited valence states can contribute to the excitation leading to thermal electron emission, as described
previously in this chapter.”>’” The exact population mechanism of the SAMOs and isoenergetic states
is unknown, but it is assumed that the states are probably populated through multiphoton processes
which involve different mechanisms like 1C from intermediate states.>*’” Additionally, high vibrational
energy in the molecule supports rapid distribution of energy into the Rydberg and SAMO states since
PES experiments on vibrationally “cold” Cso (80 K) by Boyle et al. showed no significant Rydberg

population.4"®
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1. 6. Studies on Polycyclic Aromatic Hydrocarbons
(PAHS)

Previous PES studies on PAHs have revealed a similar thermal ionisation mechanism as for
fullerenes.*>% Since the PAHSs are smaller, it is easier to calculate their electron dynamics and due to
their lower density of states, the timescale may be longer for equilibration which makes it possible to
probe experimentally. This approach would enable theoretical calculations on the electron dynamics
which could complement the experimental measurements to get a better understanding of the
mechanism. This is in contrast to fullerenes which are large molecules and therefore calculations on the

electron dynamics in Ceo are impossible to conduct due to the immense computational costs.

Additionally, quantum mechanical studies on coronene and pentacene conducted by Benoit Mignolet

showed molecular orbitals with similar electron density to the SAMOs in fullerenes (Figure 1.19).3*
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Figure 1.19: A few calculated molecular orbitals of coronene that are similar to the
indicated orbitals at the TD-DFT/CAM-B3LYP/6-31(2+)+G(d) level by Benoit Mignolet.34

Coronene and pentacene are smaller molecules than fullerenes and contain an additional kind of atom,
hydrogen atoms. As mentioned above, theoretical studies on the electronic states of coronene and
pentacene show highly excited molecular orbitals with diffuse electron density features resembling the
SAMOs in fullerenes.®* Mignolet et al. computed the electronic structure of the 200 lowest excited states
of the coronene molecule (Den) at the TD-DFT/CAM-B3LYP/6-31(2+)+G(d) level.3* Three of the
calculated molecular orbitals are shown in Figure 1.19 that are similar to the s-, p- and d-SAMO of
Ceo.34 The pentacene molecule has been optimised at the DFT/B3LYP/6-31++G(d,p) level by Mignolet
et al.* The theoretical studies also revealed that the photoionisation cross-sections of the SAMOs in
coronene and pentacene are significantly higher than for non-SAMO states under experimental
conditions typically used in this thesis, even if the difference is much smaller than for fullerenes (Figure
1.20).3* According to these studies, measurements of the PES of coronene and pentacene should show

peaks originated from the photoionisation of these states, in analogy to fullerene SAMOs.
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Figure 1.20: Calculated photoionisation widths of coronene and pentacene plotted
against the photon energy. The computations were conducted by Benoit Mignolet at the
TD-DFT/CAM-B3LYP/6-31(2+)+G(d) level for coronene and at the TD-DFT/B3LYP/6-
31++G(d,p) level for pentacene.3*

In this context it is also worthwhile to take a look at similar studies on the excitation and photoionisation
mechanisms of other PAHSs like naphthalene and anthracene after ultrashort laser irradiation. PES
studies on Rydberg states of naphthalene and anthracene identified two different ionisation mechanisms,
a direct ionisation and ionisation after IC similar to Rydberg Fingerprint Spectroscopy.*®™ Also, the
comparison of the results revealed a higher IC rate for anthracene than naphthalene which was explained
by more degrees of freedom in anthracene than naphthalene.”®’® Therefore, studies on the
photoionisation of molecules are good probes for highly excited states and their dynamics. Similar
studies on fullerenes or other PAHs can lead to analogous results in respect to the molecular size
dependency. Hence conclusions from the mechanisms in PAHs might be transferred to fullerenes,
because the exact population mechanism of the Rydberg states and SAMOs is still unknown for

fullerenes and needs to be identified.33

PES studies on PAHs will give a better understanding of the properties of highly excited states like
Rydberg states or SAMOs and their dynamics. In addition the excitation and ionisation mechanisms of
these excited states may be easier to be identified and probed using the comparison of theoretical models
and experimental results. This gave the motivation to theoretically investigate the excited electronic
states of a series of different PAHs and to compare the calculations to PES results, which will be
presented in chapter 1.
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2. Experimental and Theoretical Methods

In this work mass spectrometry and photoelectron spectroscopy are used to determine the electronic
structure, along with the excitation and ionisation mechanisms of the studied molecules. The
experimental setup consists of a fs laser system and a vacuum chamber equipped with a VMI detector
and a TOF-MS which are described in the following sections. The theoretical methods applied to study

the excited states of PAHSs are explained in the last part of this chapter.

2. 1. Laser System

In the laser system, an oscillator with a titanium-doped sapphire crystal (Ti:Sapph) (Coherent Mantis)
creates the fs laser pulses. The Ti:Sapph crystal as the gain medium has an emission of the required

bandwidth to generate a fs Gaussian shape pulse according to the Fourier relationship:&
At x Av = 0.441 2.1)

with At as the FWHM pulse width in time and Av as the FWHM spectral width in frequency space.
Hence the Ti:Sapph oscillator used provides the fundamental sub-35 fs laser pulse at 800 nm with a
corresponding bandwidth of 80 nm and a repetition rate of 80 MHz after mode-locking.®* The Ti:Sapph
crystal is pumped by a quantum well laser (Coherent OPS) to excite the titanium atoms and to produce
a continuous wave (CW) output.?* For the generation of fs pulses the cavity length is changed at an
appropriate speed to induce high-power fluctuations.* Once a power fluctuation becomes sufficiently
high, a slight Kerr lens effect is formed in the gain medium.8%8! Due to the arrangement of the cavity
this instantaneous power fluctuation is amplified and results in the dominant pulse which will form the
mode-locked laser pulses.®! This method is referred to as passive mode-locking and a spectrum of the

output laser beam after the Mantis is shown in Figure 2.1.808!
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Figure 2.1: Spectrum of Mantis output taken with Ocean Optics HR2000 spectrometer
showing a central wavelength of 800 nm and a FWHM of about 80nm.

In Figure 2.1 the spectrum of the fs laser beam shows a local minimum around 810 nm that is due to
spectral hole burning in the gain medium.8? The mode-locked average output power from the Mantis is
typically about 500 mW which is not sufficient power for the operation of the non-collinear optical
parametric amplifier (NOPA) or the experiments. Therefore the fs laser beam from the oscillator is

directed to a Ti:Sapph regenerative amplifier (Coherent Legend Elite) to be amplified (Figure 2.2).

800 nm Output from Mantis

fs Ti:Sapph 80 MHz / | \

oscillator N Pulse
(Mantis) stretcher pulse  [—eeid
outplit
/ P compressor
/
Ti:Sapph // \ I
Pockels cell End mirror

regenerative
amplifier Pump laser (532 nm)
(Legend) End mirror Ti:Sapph crystal

-
\ I | 7 /
\ Pockels cell M4 waveplate

Figure 2.2: Fs laser setup of the oscillator and the amplifier. On the right hand side the
cavity of the amplifier is shown.

Initially the pulses are stretched over time to reduce their intensity as the peak intensities are very high
due to the short pulse duration. The stretched pulses are amplified in a cavity containing a Ti:Sapph
crystal which is pumped by a frequency doubled Nd:YAG ns laser (Coherent Evolution). Pockels cells
in front of each of the two end mirrors of the cavity control the polarisation of the pulses to time the
entry and the pulse ejection in the cavity. Therefore, the vertically polarised seed pulse enters the cavity
and passes through a A/4 waveplate and an inactive Pockels cell. Then it is reflected off the end mirror

and the pulse double-passes the waveplate and Pockels cell becoming horizontally polarised.
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Immediately after the pulse leaves the Pockels cell, a voltage is applied to negate the effect of the A/4
waveplate. Hence the pulse is trapped in the cavity and can be transmitted by the Ti:Sapph crystal. The
pulse takes typically 20-30 round trips in the cavity for maximum amplification. Afterwards a quarter-
wave voltage is applied to the Pockels cell’s output changing the pulse polarisation back to vertical to
allow it to leave the cavity through the reflection off a broadband polariser. The Pockels cell electronics’
timing is controlled by a signal delay generator (Coherent, SDG) with respect to the pump laser. After
the amplification the laser pulses are recompressed to shorter pulse durations again which have a central
wavelength of 800 nm with a bandwidth of about 10 nm, a pulse duration of about 120 fs, an average
power of 3.5 W at a repetition rate of 1 kHz and a horizontal polarisation. The spectrum of the output

beam from the regenerative amplifier is shown in Figure 2.3.
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Figure 2.3: Spectrum of Legend output taken with Ocean Optics HR2000 spectrometer
with a central wavelength of about 800 nm and a FWHM of about 9 nm.

The amplified laser beam can be split and directed to the desired optical elements depending on the

experiment (Figure 2.4).
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ﬁ 1 kHz
3.5mJ

Ti:Sapph N
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regenerative To 4" harmonic setup
amplifier To vacuum chamber

(Legend) B 65(R):35(T)

NOPA
(TOPAS White)

Figure 2.4: Fs laser setup of oscillator, amplifier and NOPA where BS stands for beam
splitter.
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For experiments using wavelengths between 490 nm and 1100 nm the amplified laser beam is directed

into a commercial NOPA (Light Conversion TOPAS White) which produces sub-35 fs pulses of about

\

Output

30-50 mW average power at a repetition rate of 1 kHz (Figure 2.5).8

BBO crystal

Telescope Compressor

Beamsplitter

= >

- \}
Pump
Beamsampler Sapphire plate/White-light generator
Pulse-phase shaper

Figure 2.5: Schematic of the optical layout of TOPAS White.83

In the NOPA 2% of the incoming pump beam is focussed onto a sapphire plate to generate a fs white-
light continuum (WLC).% This WLC pulse serves as a seed for a two-stage NOPA that employs a single
B-barium borate (BBO) crystal.®® The main part of the incoming beam is directed to a different BBO
crystal to generate the second harmonic (SHG), 400 nm, as a pump beam.® This pump beam is split
and used to pump the first and second stage of the parametric amplifier.3 In the first stage the signal
pulse is produced by non-collinear overlapping of the seed pulse with the first pump pulse in the BBO
crystal.® Depending on the delay of the first pump pulse with respect to the chirped seed pulse the
wavelength of the signal pulse can be tuned.® In the second stage the created signal pulse is overlapped
with the second pump pulse in the same BBO crystal to be amplified.®® The amplified signal pulse is
passed through a compressor which is composed of two fused silica prisms to optimise for the shortest

pulse duration.

2.1.1. One-colour Experiment

For measurements using 800 nm the output from the Legend is aligned through a A/2 plate to rotate the
laser polarisation axis 90° so the laser beam is vertically polarised. The laser power is controlled either
through rotating the waveplate followed by a polariser which transmits vertically polarised light or a
neutral density attenuator before the waveplate. The laser beam is then focussed into the vacuum
chamber using a lens with a focal distance of 30 cm. On the other side of the vacuum chamber the laser

power is recorded with a power meter.
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The optical setup for the 800 nm experiments on ScsN@ Ceo and Cs; is shown in Figure 2.6 a). For later
measurements the height of the vacuum chamber was adjusted and the periscope could be removed. The

modified optical setup used for Li@Cgo (and coronene) measurements is shown in Figure 2.6 b).

fs Ti:Sapph 80 MHz
oscillator N f=30cm
(Mantis) 800 nm lens = Power
f :13 l;HZJ polariser e Vacuum meter
Ti:Sapph m A/2 plate =fe chamber
' , BS 65(R):35(T) gy
regenerative 7
amplifier Periscope
(Legend)
800 nm ND attenuator
fs Ti:Sapph 80 MHz |
oscillator N A/2 plateme f=30cm
(Mantis) 800 nm lens = Power
f :13 I;H;J Vacuum meter
Ti:Sapph : N chamber
. BS 65(R):35(T)
regenerative N
amplifier N
(Legend) Bs 65(R):35(T)

Figure 2.6: Optical setups for experiments using 800nm for a) ScsN@Cgo and Cg as well as
for b) Li@Ceo and coronene.

The optical layouts using the output beam of the NOPA are shown in Figure 2.7 a) for ScsN@Cgo and
Cg2 measurements. As mentioned above the optical setup was slightly changed after the adjustment of
the chamber height, so the optical setup using the NOPA output for Li@Cgo and coronene was modified
(Figure 2.7 b).
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Figure 2.7: Optical setups for experiments using NOPA for a) ScsN@Cg and Cs, as well as
for b) Li@Ceo and coronene.

2.1. 2. Two-colour Experiment

For pump-probe experiments the fundamental output of the Ti:Sapph regenerative amplifier was split
into two beams by a 65:35 beam splitter (BS). The transmitted beam is directed to the NOPA to adjust
the desired wavelength for the probe pulse (Figure 2.8). The reflected beam is aligned through an
assembly of optics to generate the 4™ harmonic (200 nm) of the fundamental (800 nm) as shown in

Figure 2.8.
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Figure 2.8: Scheme of the 4" harmonic laser setup

The setup to generate the 4'" harmonic starts with directing the fundamental beam over a long path using
7 mirrors and 2 beam splitters, so the pump (4™ harmonic) and probe pulse (NOPA output) overlap in
time in the vacuum chamber (Figure 2.8). The laser pulse power is decreased by one neutral-density
filter (79% transmission for 800 nm) before the beam size is reduced by a telescope (M = 0.5) using a
convex (f = 10 cm) and a concave (f = -5 cm) lens. After the telescope the laser is aligned through a
SHG BBO crystal to generate the 2" harmonic (400 nm) of the fundamental. As the fundamental travels
faster through the optical elements than the generated 2" harmonic, a calcite plate is used to compensate
for the group velocity delay so the pulses overlap temporally again. The formed 2" harmonic has a
polarisation axis perpendicular to the fundamental input and therefore the polarisation axis of the
fundamental has to be rotated through a dual waveplate (zero order A/2 at 800 nm and A at 400 nm) by
90°. Hence both pulses reach the third harmonic generation (THG) BBO crystal at the same time with

the same polarisation axis to produce the 3 harmonic (267 nm).

After the 3 harmonic setup the laser light is separated by a dichroic mirror where the 3™ harmonic is
reflected, but the fundamental and the 2" harmonic are transmitted (Figure 2.8). The 3" harmonic beam
is directed to a fourth harmonic generation (FHG) BBO crystal. The fundamental is separated from the
2" harmonic by a dichroic mirror and its polarisation axis is rotated through a A/2 plate to match with
the 3" harmonic polarisation axis. Also the fundamental is aligned through two mirrors on a translation
stage to ensure the time overlap of the fundamental and the 3" harmonic in the FHG BBO crystal.
Consequently, the 4th harmonic (200 nm) is produced and directed into the vacuum chamber by a
dichroic mirror which simultaneously separates the fundamental and a part of the 3" harmonic from the

4% harmonic.
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The beam output of the NOPA is aligned through mirrors on a translation stage to vary the time delay
between the pump and probe pulse (Figure 2.8). Subsequently the probe pulse is focused into the

vacuum chamber through a 50 cm-focal lens.

Figure 2.9 shows the experimental laser setup for the pump-probe studies in this work.

R (20 omc (SRR

Figure 2.9: Experimental laser setup for 4" harmonic generation and TOPAS White
output alignment through the translation stage. The two concave mirrors before the
SHG have been replaced by a telescope (M = 0.5) using a convex (f = 10 cm) and a
concave (f =-5cm) lens as described in the text and in Figure 2.8.

2.1. 3. Laser Beam Characterisation

The pulse duration, beam waist and laser intensity of the laser beam were determined for all laser

wavelengths applied in the measurements.

The laser pulse duration was measured using a commercial autocorrelator (APE Pulsecheck) after the
laser beam had passed through most of the optics used in an experiment, such as the attenuator,
waveplate, polariser and optical viewport such as the one on the vacuum chamber which lets the laser
beam pass through to the interaction region. The technique applied by the autocorrelator is an optical

method to determine the pulse duration as a fs laser pulse cannot be measured by an electronic device
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due to their typical measurable timescale being just below one nanosecond (about 7 GHz). In this
approach the beam is split into two parts and recombined in a SHG BBO crystal to produce the 2"
harmonic of the incoming beam.® The 2" harmonic will be most intense when both fundamental pulses
overlap in time because the generation of the 2" harmonic depends on the square of the intensity of the
fundamental. Hence, the signal of the 2" harmonic can be recorded as a function of the delay between
the two fundamental pulses to obtain a second order autocorrelation. A Gaussian function gives the best
fit for the temporal profile of the input laser beam, so the full width at half maximum (FWHM) of the
fundamental can be deconvoluted from the measured FWHM dividing it by 1.414.8 Typical
autocorrelations measured for the output beam from the Legend and the TOPAS White set to 625 nm
are displayed in Figure 2.10. For other wavelength settings than 635 nm of the TOPAS White the pulse

duration is different due to the intensity profile of the WLC spectrum.
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Figure 2.10: Autocorrelation of Legend output (left-hand side) and TOPAS White output
set to 625 nm (right-hand side). The obtained pulse duration of the Legend output (800
nm) was (123 £ 5) fs and (44 = 5) fs for the TOPAS White output of 625 nm.

The laser intensity has to be determined in the focus for every measurement to get comparable data for
experiments conducted with different laser systems. Various techniques can be used to obtain the laser
intensity such as observing the multiphoton ionisation of xenon at 800 nm via Freeman-type resonances
for different laser powers which will be explained in detail in chapter 2. 2. 2. The approach used to
estimate the laser intensity in this work for laser wavelengths other than 800 nm was to measure the
beam waist in the focus to obtain the laser intensity by equation (2.2).

; 16ln(2) E, 18789 E, (22)
= * ~ 1. B
0 T At * T * w2 At * T * wy?

Where |o is the peak intensity of the laser pulse given in W/cm?, Ej, is the total pulse energy measured

in J, 4t is the pulse duration and wp is the beam waist of the laser beam. Since the laser beam has a
Gaussian spatial profile, the beam waist is the radius from the propagation axis at which the intensity
decreases to 1/e? of the maximum peak intensity. Therefore, the intensity profile of a Gaussian beam

can be described by equation (2.3) assuming the laser beam propagation is along the z axis.34 %
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I(x,y) = I, exp (—2 W xﬂ)z;z(y ~ ¥0)* ) (2.3)

With xo and yo located at the centre of the beam, while x and y are transverse Cartesian coordinates.
The total power P, of the laser beam is given by:

P T (2.4)
Py, =1, f f 1(x,y)dxdy = EIOW0

—00 —00

In this thesis the knife-edge method was employed to measure the beam waist in the focus after the

lens.8485 For this a razor blade was placed perpendicular to the beam propagation at the focal point and

behind it a power meter recorded the laser power. The experimental setup for this approach is shown in
Figure 2.11.

fs Ti:Sapph 80 MHz
oscillator N
(Mantis) 800 nm
/ 1 kHz
3.5mJ
Ti:
! Sapph BS 65(R):35(T)
regenerative
amplifier 30¢m plane-
(Legend) BS 65(R)235[T'} convex lens
\ 490 nm —
1100 nm Power
NOPA meter

(TOPAS White)

Figure 2.11: Optical setup to determine the laser beam waist in the focus using a 30 cm
lens by the knife edge method.

First the razor blade was positioned at the focus of the laser beam along the z axis. Then the razor blade
was moved along either the x axis or the y axis and the change of the pulse energy of the laser beam
was recorded. If the knife edge is moved along the x axis, the transmitted power P(x,) is obtained by

the integral:

© Xa (2.5)
P(x,) =Py — I J Jl(x,y)dxdy

— 00 —0o

Which can be solved by applying equation (2.4) and (2.5) to:

P(x,) = %[1 —erf (M)] (2.6)

Wo
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This equation can be fitted to the experimental data to obtain the beam waist in the focus or unfocussed
beam. This procedure was repeated for two other positions of the razor blade along the z axis, slightly
off the focus. Then the smallest measured beam waist was taken as the laser beam waist in the focus. A

typical result of a beam waist measurement is shown in Figure 2.12 for 540 nm unfocussed and using a

30 cm lens.
4
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Figure 2.12: Experimental result for the focussed (top row) and unfocussed beam waist
(30 cm lens) (bottom row) measurement of 540 nm using the knife edge method. The
unfocussed beam waist in the vertical direction (along the x axis according to Figure
2.11) is (1.66 £ 0.10) mm and (2.27 = 0.09) mm in the horizontal direction (along the y
axis). The focussed beam waist (30 cm lens) waist in the vertical direction is (0.067 £
0.005) mm and (0.029 + 0.001) mm in the horizontal direction.

The focussed beam waist,w,, can also be calculated from the measured unfocussed beam waist, w,,
with the following equation, again under the assumption of a Gaussian beam profile:
22 f (2.7)

wy = — X
T T 2xw,

With A as the laser wavelength and f as the focal length of the lens, which is 30 cm in the described

setup. The calculated focussed beam waist is compared to the measured focussed beam waist in Table
2.1
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Table 2.1: Summary of the focal beam waists and areas based on the experimental
measurement of the unfocussed and focussed 540 nm laser beam waist using a 30 cm
lens.

Vertical focussed | Horizontal focussed | Area in focus

beam waist (f=30 cm), | beam waist (=30 cm),

A= WO,V XWO,h X1

Method Wo Wo

Calculated from
unfocussed beam (31.1+1.9) um (22.8 £ 0.9) um (2228 + 223) pm?

waist

Measured
focussed  beam (67 £5) um (29 £ 1) um (6104 + 666) pm?

waist

For the comparison it is easier to calculate the area in the focus based on the beam diameter for each
axis because the laser beam spot is oval, not perfectly round (Table 2.1). Hence the measured focussed
beam area is about twice as large as the estimated area from the unfocussed beam waist. However, the
focal area estimated from the unfocused beam waist measurements is based on the assumption of using
a perfect lens, so this estimation only gives the smallest possible focussed beam area, but in reality this
focussed beam area or waist is typically larger. The results of the unfocussed beam waist measurement
will still be included in further calculations of the laser intensity and the according calibration factor to

have an upper limit for the laser intensity.

The obtained beam areas in the focus (Table 2.1) are used to calculate the laser intensity in the focus
using equation (2.2), for example for a pulse energy of £, = 7.5 puJ and a pulse duration of At = (35 +

1) fs, results are shown in Table 2.2:

Table 2.2: Calculated laser intensity in the focus of a 540 nm, 7.5 pJ and (35 + 10) fs
laser beam using a 30 cm lens applying equation (2.2).

Calculated laser intensity in the focus using 540 nm and

Method a 30 cm focal lens

Estimated focal beam area (18.1 + 2.8) TW/cm?
Measured focal beam area (6.6 £ 1.1) TW/cm?

The errors are calculated by the error propagation of the experimentally obtained values.
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Subsequently the conversion factor, S, from the pulse energy to the laser intensity can be obtained for

this particular wavelength, pulse duration and focal lens by:

_Ik (2.8)
SI—E_p

in units of

ujxem?’

The results for the determination of the conversion factors of the laser intensity for 540 nm and 800 nm
are summarised in Table 2.3, and are also compared to the conversion factors obtained by the xenon
VMI (XeVMI) which will be explained further on in chapter 2. 2. 2.

Table 2.3: Summary of the conversion factors for the laser intensity obtained by 3
different methods for 800 nm and 540 nm.

Laser wavelength, pulse

duration and focal

length of the lens
800 nm, 120 fs, 30 cm lens 540 nm, 35 fs, 30 cm lens
Method used

to determine laser

intensity in the focus

Measured unfocussed beam

waist and calculated laser

2
intensity in the focus using (9.2+1.8) - 101 W/:Im

QAiaa-muﬂﬁf
w
the perfect lens equation

(equation (2.7))

Measured focussed beam
2 2
waist and calculated laser (2.48 + 0.54) - 101 W/# (8.8 +£1.8) - 10 W/u—c]m

intensity using equation (2.2)

Measured laser intensity in
focus using XeVMI (see (6.21+0.13) - 10% %}mz (9.36 + 0.10) - 101 _W/:]mz
chapter 2. 2. 2)

The comparison shows that the method of using the unfocussed beam waist measurement assuming a
perfect lens gives the highest conversion factor and therefore the highest possible laser intensity. As
mentioned previously this intensity conversion factor can only be used as an upper limit because the

realistic experimental value is lower due to the perfect lens assumption.
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In the case of the 800 nm laser beam directly from the legend output (Figure 2.6) the conversion factor
calculated from the focussed beam waist measurements is less than half of the factor determined by the
XeVMI method (chapter 2. 2. 2). This is probably due to the fundamental laser beam not having a
perfect Gaussian beam profile, which is assumed for the laser intensity calculation based on the beam
waist measurements. Therefore, these intensity conversion factors will differ more from the factor
obtained by the XeVMI method because this method is based on experimental literature results of the
xenon ionisation using fs laser pulses. This could also explain the larger spread of the conversion factors
for 800 nm compared to 540 nm, as the output from the TOPAS White has a beam profile closer to a
Gaussian beam (Table 2.3). In conclusion, for the fundamental laser beam of 800 nm the XeVMI method
is more reliable for the determination of the laser intensity conversion factor than measuring the laser

beam waist, probably due to the fundamental output diverting from a Gaussian beam profile.

For the 540 nm laser beam, which is the output of a NOPA (TOPAS White, see chapter 2. 1. 1) pumped
by the fundamental, the conversion factor obtained by the XeVMI method lies within the error of the
factor calculated from the focussed beam waist measurement (Table 2.3). Hence, the output of the
NOPA has a beam shape closer to a Gaussian beam than the fundamental laser beam. Therefore, the
measurement of the beam waist in the focus can be used to calculate the conversion factor for the laser
intensity of the NOPA output. However, the conversion factor calculated from the beam waist
measurement of the unfocussed laser beam gives only an upper limit of the conversion factor as
mentioned above and should not be used for the conversion of the pulse energy into the laser intensity.
The laser intensity calibration factors, which were determined for other wavelengths used in this thesis,

are summarised in the appendix 8. 1.

After the laser intensity is determined and the laser pulse duration has been measured, the laser fluence,

F, can be calculated in the focus:

- (2.9)
F = mXAtxlon.gél'XAtxlo

The fluence, F, is the time-integrated intensity and usually given in units of ”{l—z

2. 2. Photoelectron Spectrometry

This section will introduce the vacuum chamber and briefly describe where the mass spectrometer, the

VMI detector and the cold trap are placed.

The vacuum chamber consists of an interaction chamber with a hot source located underneath it (Figure

2.13). The pressure in the whole vacuum chamber is usually kept below 10-8 mbar for the measurement.
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For calibration measurements xenon gas is introduced into the chamber so the pressure is adjusted to be

between 2 x 10®to 2 x 10~ mbar.

Interaction chamber

Hot source Q‘ | E/

Figure 2.13: Scheme of the vacuum chamber

The hot source contains the sample which is heated to a certain temperature depending on the substance,
producing a molecular beam. The Cgo powder of 99.95 % purity and the ScsN@Cgo powder of 97 %
purity was purchased from SES Research. The Cg, sample was kindly provided by John S. Dennis
(Queen Mary University of London). The Li@Ceso sample was provided by Idea International as a
Li@Ceo[PFs]” salt of 95% purity. The coronene sample was purchased from Sigma Aldrich at 97%
purity. The Ceo, SCsN@Cgo, LI@Cgo and coronene powders were filled into a quartz ampoule without
further purification. The received Cg, sample was dissolved in freshly distilled carbon disulphide (CS>).
The solution was then filled into a quartz ampoule and the solvent evaporated by applying a light
nitrogen gas flow into the ampoule. This procedure was repeated ten times to ensure that a sufficient
amount of the Cg, sample was placed in the ampoule. The quartz ampoule containing the sample was
placed in the heating rod of the hot source which is made of molybdenum. Then the Ceo, Cg2 OF
ScsN@Csgo sample is heated to about 450 to 500 °C to transfer the molecules into the gas phase. The
Li@Cso powder is carefully heated to about 350-370 °C to sublime it whilst avoiding decomposition of
the endohedral fullerene.®” The coronene sample is also carefully heated to about 180-195 °C to avoid
decomposition of the molecule during the sublimation. In this manner an effusive molecular beam is
created which rises up to the interaction chamber. The laser beam is focused between the extraction

plates (HV1 and HV>), so the molecules can be ionised and their photoproducts can be extracted to the
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corresponding detector, depending on the applied potential to the extraction plates (Figure 2.13 and
Figure 2.14).

i , 420 mm i 160 mm R
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Figure 2.14: Schematic setup of the TOF-MS and the VMI

Mass spectra of positive ions can be recorded if the extraction plate HV1 (typically about 2000 V) has
a higher positive potential than HV: (typically about 700 V) according to the Wiley-McLaren extraction
scheme.® The electrode HV,/2 has half of the applied voltage to HV- to ensure a smoother potential
drop. The electrode G; is grounded, so after the ions have been accelerated, they can enter the field free
region of the TOF-MS. At the end of the TOF region the ions are detected by a pair of micro-channel
plates (MCP) in the chevron configuration (Figure 2.14).

VMiIs of the photoelectrons can be recorded when the extraction plate HV; (usually about —2000 V) has
a higher negative potential than HV1 (usually about —1450 V) whereas the electrode G; is grounded.
The signal of the accelerated electrons is amplified by two MCPs and visualised by a phosphor screen.

The image on the phosphor screen is detected by a charged-coupled device (CCD) camera (Figure 2.14).

The extraction plates are located in a horizontal pi-metal cylinder as shown in Figure 2.13 to protect the
electron trajectories from outside influences like the earth’s magnetic field. This p-metal cylinder has a
square opening for the laser to enter the interaction region and another opening on the other side to exit
the chamber again. In the same way the p-metal cylinder has an opening to the hot source and another
one on the top side of the cylinder, so the effusive molecular beam can access the extraction plates and

exit the cylinder again.

A cold trap was constructed to freeze-out the background gas and improve the signal to noise ratio in
the measurements. It is either placed above the p-metal cylinder or the TOF region of the mass
spectrometer. The designed cold trap consists of a lower container and an upper container and all parts

are made of stainless steel (Figure 2.15).
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Figure 2.15: Outline of the cold trap

The upper container was taken from an old experimental setup and is double walled. The double walled

space is pumped down to a pressure of about 102 mbar and is separated from the vacuum chamber. The

lower container is connected with the upper container through a stainless steel tube with an inner

diameter of about 6 mm. Liquid nitrogen (LNy) is poured into the upper container to fill the lower

container which is located in the vacuum chamber right above the square opening of the p-metal

cylinder for the molecular beam or above the TOF region. Trials using the cold trap showed that the

pressure in the vacuum chamber decreased during the sublimation of the sample from the hot source

(typically 5 x 108 mbar to below 10-8 mbar) as well as the background in the recorded mass spectra

(Figure 2.16).
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Figure 2.16: Mass spectra recorded under the same experimental conditions, except in
the left spectrum the cold trap has not been used as it has been used to record the right
spectrum. It is clearly that the cold trap reduced the noise in the range of about 100 —

300 m/z significantly.
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2.2. 1. Mass Spectrometry

As mentioned in the previous chapter a linear TOF-MS with a Wiley-McLaren arrangement of the
extraction plates was used to analyse the positive ions under the same conditions as used for recording
the photoelectron experiments.® In this manner the positive ions are extracted from the ionisation spot
and accelerated into a field-free region using a two-stage acceleration, where the flight time of the ions

is measured over a known distance to determine their mass to charge ratio (m/z).
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Figgre 2.17: Schematic setup of the linear TOF-MS with Wiley-McLaren extraction
region

The energy (E,) gained by the ion in the extraction and acceleration region is equal to its charge (z)
multiplied by the applied potential (U) which is converted into Kinetic energy (Ej) in the field-free
region:

E,=z-U- Ek=%m-v2 (2.10)

Hence, the time the ions take to travel through the TOF tube is dependent on their m/z ratio. However,
the ions are not being produced in a point source, so there is some geometrical variation on where the
ions can be created. The Wiley-McLaren extraction arrangement compensates for this variation as the
ions go through two electric fields with different strengths. Hence ions created closer to the field-free
region will gain less energy and have slower velocity in the field-free region than ions produced further
away from the TOF tube. The extraction voltages are optimised for the best mass resolution so the ions
created with the same m/z ratio but at different points get to the detector at the same time. The detector
used is a commercial MCP detector (Jordan TOF Products Inc., part no. C-0701) with a pair of Chevron-
style MCPs (Photonis USA, part no. MCP 18/12/5 D 40:1 (PS30220)). The voltage applied to the
detector, typically -4.3 kV, is divided by a voltage divider to apply voltages of about -1946 V, -1061 V
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and -176 V over the electrodes VD1, VD2 and VD3, respectively. In this manner the voltage across a
single MCP is not greater than 1kV and the electron cascade generated by the impact of the ion is
accelerated towards the anode through each MCP (Figure 2.17). The anode detects the current produced
by the electron cascade on the vacuum side and on the atmosphere side the signal is directed to a 1.8
GHz preamplifier (TA1800, FAST ComTec). The signal is amplified ten times and sent to a digital 500
MHz oscilloscope (MS06054A, Agilent Technologies) which is triggered by the photodiode signal from
inside the Legend. The oscilloscope usually accumulates 200 spectra and sends them to a computer via
a USB cable. A LabVIEW program (Mass_spec.vi) is used to control the oscilloscope and add the
accumulated spectra. The TOF mass spectra are converted to m/z ratio through the calibration of known

mass peaks in the spectrum like the xenon isotope distribution or Ceo* peaks (Figure 2.18).
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Figure 2.18: Mass spectrum of Li@Ceo Using xenon as the calibration of the mass scale.

2.2.2. Velocity Map Imaging

The VMI technique will be explained in this section. Also a description of how the PES and PADs are

obtained will be given.

After photoionisation the released photoelectrons are detected using the VMI technique to obtain the
photoelectron kinetic energy and angular distribution information. The VMI method focuses electrons
with the same initial momentum through electrostatic lenses onto a single spot of a detector regardless

of their original extraction position, within a few millimetres (Figure 1.4).52 These photoelectrons are
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detected using a commercial detector (Photonis USA Inc., part no. 31376). The detector consists of a
pair of Chevron-style MCPs and a phosphor screen which is coupled with fibre optics to the atmospheric
side. An additional electrode before the MCPs ensures a proper grounding of the field-free region in
front of the detector (Figure 2.19). Typical voltages applied across the electrodes in the detector are
Vmcp = 1750 V and Venosphor = 4750 V (Figure 2.19).
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Figure 2.19: Schematic showing the arrangement of the VMI detector.

On the atmospheric side the generated image is recorded by a CCD camera (Allied Vision Technology,
Stingray Model F146B) which is connected through a FireWire cable to a computer.5? The camera
resolution is 1388 x 1038 pixels with a maximum transfer rate of 15 frames per second and a maximum
shutter speed of 82 ms. The images are accumulated using two different programs, one for continuous
acquisition and one for single count acquisition, written in LabVIEW by Dr J. O. Johansson.>® The
continuous_acquisition.vi program adds up images over many laser shots, typically about 100,000
images. An equivalent number of images is taken as background measurements while the laser beam is
blocked in front of the chamber. Afterwards the background images are subtracted from the signal
images and the resulting images are summed using a MATLAB program written by Dr J. O.
Johansson.*® In the continuous acquisition measurements the number of counts per image is on the order
of 107; however, for experiments using lower laser power the typical counts per image are 0 — 30. In
this case a single count acquisition program is used which applies a user-defined threshold to each image
to record only true counts and set all other pixels to zero. The centre of mass for each spot is found by
a built-in routine and added as one count to the corresponding coordinate in the new image. This
technique is referred to as centroiding and obtains a higher resolution as a typical one electron spot of
about 5 to 10 pixels in diameter is reduced to one pixel.8*% Usually the centroided images have to be

smoothed along the polar angle but not the radii to maintain the radial resolution before the inversion
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(Figure 2.20). For this procedure a further MATLAB program is used which is adapted from work by
Linda Winkler.®*
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Figure 2.20: Comparison between a) a raw VMI image of Cgo using 570 nm recorded with
centroiding, b) the same VMI image smoothed and c) their corresponding angle
integrated PES vs. velocity of the photoelectrons.

Any raw VMI image has to be inverted because it is a 2-D representation of a 3-D distribution of the
ejected photoelectrons (for more details see chapter 1. 3). A modified version of the Polar Onion Peeling
program (POP)% is used to perform the inversion of the raw image. Firstly the program converts the
raw 2-D projection from Cartesian, G(x,z), to polar coordinates, h(r, 8). Then the contribution of events
outside the x/z plane at y=0 (centre slice through the 3-D distribution), to the 2-D projection are
subtracted having incrementally decreasing radii using the Abel integral (Figure 2.21 and equation
(1.10)).

Figure 2.21: A sketch of a newton sphere showing the centre slice at y=0 and its
projection onto a detector using the Abel transform of this distribution.

This method is based on onion peeling in polar coordinates.®® Starting from the maximum radius
h(1ax 6) Where it is assumed that no electrons are present with kinetic energy radii larger than the

detector. The intensity of the h(1,,,, 8) distribution is fitted to the angular distribution:
10) = N() ) Bu(r)Pa(cos(0)) (2.11)
n

with P,(cos(8)) as a Legendre polynomial of the n-th order (up to n=4 in the original POP program)®?,

N (r) as an intensity factor and 3,,(r) as the anisotropy parameter. The basis function used for a certain
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radius is an idealised radial distribution function to generate an isotropic polar image, h;g.q; (7, 6) for
electrons at the radius rmax, in brief ;g .0 (fnaxs 7, 6). This image is used with the experimentally

observed intensity factor and anisotropy parameter to get the idealised image:

Byt Uinasi .0) = iear(inai 7, 0) N() D 1Py (—cos(®)) (212

r

With the

factor accounting for the polar pixel number at radius, r, compared to the number at the

Tmax

maximum radius, Ty Rei (hnax; 7, 0) represents the g-contribution of electrons with the same kinetic
energy as electrons at r,,,,, Which is subtracted from the raw image, h(r, 8). This procedure is repeated
for incrementally decreasing radii until the centre is reached. Whenever the hg;, image has been
calculated for each radius and removed from the raw h(r,8) image, the centre slice of the 3-D
distribution in the x/z plane at y=0, or ¢ = 0 respectively, will be left and is described as an inverted

image.

As previously mentioned, only Legendre polynomials up to n=4 are used in the original POP program.
The authors of the original POP program were mainly concerned with one- or two-photon processes
and included only up to n=4 because the number of the polynomials depends on the amount of the
photons absorbed during the process. Since the processes concerning the results of this thesis contain
the absorption of more photons, the program has been modified by Dr Gordon Henderson to include
Legendre polynomials up to n=10.7* The modified program, POP_092011.m, is written in MATLAB
and named GPOP.

The inverted image is retrieved as a function of the measured values which are proportional to the
number of electrons arriving at a certain point. The corresponding velocity distribution is extracted
through the integration over all angles as a function of CCD camera pixels. To obtain the PES as a
function of the kinetic energy of the electrons, the inverted image is calibrated with a well-known PES
like the spectrum of xenon at the same measurement settings.®2% The resonant photoionisation of xenon
via Freeman Resonances has been extensively studied and the electronic structure of xenon is well
known.®-%" Therefore the characteristic PES of xenon can be used to calibrate the velocity scale of

PES®* recorded at different laser wavelengths and also the laser intensity for a wavelength of 800 nm.%

2.2.2.1. Calibration of Photoelectron Kinetic Energy Distributions

For the conversion of the kinetic energy scale from CCD camera pixels to eV in the PES usually the
difference between two peaks in the XeVMI is used to calculate the calibration factor. Direct
multiphoton absorption in xenon atoms, resulting in ATI peaks, can be used for calibration because the

peaks are separated by the energy of one photon due to the atom absorbing one or more photons
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coherently than are needed to ionise it. Depending on the laser wavelength used for the ionisation of
xenon, either the peak of the 2P3; ion state and the following AT peaks of the same state can be analysed
for the calibration or the energy difference of 1.306 eV between the two xenon ion fine structure levels,
%P4, and 2Py, can be used.®*® An example of a XeVMI calibration spectrum using 570 nm, (39 + 1)
fs, 29 wJ with extraction voltages set to HV1= -1450 V and HV2=-2000 V is shown in Figure 2.22.

XeVMI, 570 nm, 29 pJ

Uncalibrated angle integrated PES of Xe,
8.0x10°7 2p_, 570 nm, 39 fs, 29 uJ
]
A T 6.0x10° 4
e
g
©
o > 4.0x10°
@
c d
2
= 4
= 2.0x10"
~ X 1.ATIP,,
2.ATI?P,,
0'0_ T T
0 50000 100000 150000

kinetic energy/ pixels?

Figure 2.22: Inverted XeVMI on the left and on the right the corresponding angle
integrated PES using 570 nm, (39 £ 1) fs, 29 pJ with an uncalibrated kinetic energy scale
in pixels2.

On the basis of the fit functions the peak positions are found to be at (12319 + 13) pixels?, (56408 + 39)
pixels? and (100183 + 113) pixels? for the 2Pz, 1. ATI 2P3 and 2. ATI 2P state respectively. Assuming

the average distance between the analysed peaks in pixels?

N p—— (1.AT1 2P3/2) - x. ( 2P3/2) = (56408 — 12319) = 44089 + 41 (2.13)
Biari-zami= xc (2.ATI 2P3/2) — x. (1.4TI 2p3/2) = (100183 — 56408) (2.14)
= 43775 + 120
Dp_sarr + Ayapso :
O(h) = P—1ATI - LATIZ24TI _ 4204, +63 (2.15)

is equal to the photon energy (2.18 eV), the calibration factor k is calculated as follows:

2.18 eV eV (2.16)
=—————=(4962+0.007) X 10~°
43932 pixels? ( - )

pixels?

The resulting calibration factor is applied to the kinetic energy scale and the calibrated PES is obtained

as shown in Figure 2.23.
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Figure 2.23: Inverted XeVMI on the left and on the right the corresponding angle
integrated PES using 570 nm, (39 + 1) fs, 29 pJ with a calibrated kinetic energy scale in
ev.

Likewise the calibration factor can be obtained from the XeVMI for some other wavelengths using the
energy difference of 1.306 eV between the xenon ion peak states, 2Psj, and 2P12.%4% An example for a
resulting calibrated PES of xenon is shown in Figure 2.24 for 540 nm, (35 £ 10) fs, 36 pJ.

XeVMI, 540 nm, 36 uJ

1.2x10°

angle integrated PES of Xe, 540 nm,
35fs, 36 pJ

1.0x10°

8.0x10°

6.0x10*

4.0x10°

intensity/arb. units

1.ATI P,
2
1.ATI?P,,

2.0x10°

0.0

Kinetic energy/ eV

Figure 2.24: Inverted XeVMI on the left and on the right the corresponding angle
integrated PES using 540 nm, (35 + 10) fs, 36 pJ with a kinetic energy scale in eV using

a calibration factor of k = (4.8 +0.1) x 1075 v

pixels?’

In the same manner the calibration of the kinetic energy scale is conducted for every measurement series

performed where the laser wavelength or alignment or the extraction voltages have been changed.
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2.2.2. 2. Laser Intensity Calibration using Multiphoton lonisation of Xenon

As mentioned previously, the laser intensity in the focus cannot be only determined by the measurement
of the laser beam waist but also through the analysis of a series of XeVMI spectra as a function of laser
power. This approach is based upon the approximation of the AC Stark shift as the ponderomotive shift,
Uy, of the states in the xenon atom introduced by the electric field of the fs laser beam (chapter 1. 1).
Therefore, the Stark shift will increase with laser intensity and certain states can be shifted into
resonance which will open different ionisation channels, termed as REMPI.%4% This principle is shown

in the following schematic diagram of some xenon Rydberg states shifting with increasing laser
intensity (Figure 2.25).%:%

14.0
E, =070 eV
IP
13.54
10p
13.0 /%
3 | d / “ ool
© 125 / _— Eoo
L : 8hv =
I 12.40 eV
12.0 I
I
I
I
115 '1.81E+13 .

T T T T T T
5.0x10" 1.0x10% 1.5x10% 2.0x10" 2.5x10"
Intensity/Wcm

Figure 2.25: Schematic diagram of resonance shifting in xenon at 800 nm of the 4f (red

line), 59 (blue line), 6f (pink line) and 10p (green line) states considering the
ponderomotive shift depending on the laser intensity.%

On the basis of this scheme and the literature®® the 4f Rydberg state of xenon will be shifted into
resonance at a laser intensity of about 18.1 TW/cm? using 800 nm. Therefore, a series of XeVMIs using

800 nm, (120 £ 5) fs laser pulses are taken as a function of laser power and the results are shown in
Figure 2.26.
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Figure 2.26: Inverted VMI images of xenon and the corresponding angle integrated PES
for different laser pulse energies (as labelled in the figure) using 800 nm, 120 fs and a
30 cm focal lens. The 4f state is indicated with the arrows when it shifts into resonance.
The green dashed lines show the position of the 5g (1.00 + 0.05 eV) and 6f (1.17 + 0.05
eV) or 10p (1.23 + 0.05 eV) state respectively.

The angular distribution of the 4f Rydberg state displays four pronounced nodal planes which is a
distinctive pattern for the contribution of partial waves of at least | = 4 (g waves) to this photoionisation
channel.®® This characteristic is detected in the VMIs in Figure 2.26 at a laser pulse energy of 29 uJ and
30 uJ, but not for a pulse energy of 28 pJ and 27 pJ. Also, the PES (Figure 2.26) show a peak appearing
around 0.7 eV for laser intensities of 29 pJ and 30 pJ which is expected for the 4f state (see Figure
2.25).% On the basis of these results it can be estimated that a pulse energy of 29 pJ for the fundamental

laser output from the regenerative amplifier of 800 nm, 120 fs using a 30 cm focal lens corresponds to
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a peak laser intensity of 18.1 TW/cm? in the interaction region. This leads to a laser peak intensity

calibration factor of

181 x 10'2 W/cm?

S W /cm? (2.17)
- 29

= (6.21 +0.21) x 10!

This obtained intensity calibration factor is compared to the calibration factors calculated from the laser
beam waist measurement and discussed in more detail in section 2. 1. 3, Table 2.3. The conclusion of
this comparison is that the calibration factor using the XeVMI is most accurate for the laser intensity
calibration in the case of the 800 nm laser beam directly from the regenerative amplifier and falls in
between the values estimated from the measurements of the beam waist focussed and unfocussed (see
chapter 2. 1. 3).

According to this principle a similar laser intensity calibration is conducted to determine the calibration
factor for the laser beam of 540 nm from the NOPA (TOPAS White) output (Figure 2.7). In this case a
photon energy of about 2.30 eV (540 nm) cannot reach an f Rydberg state in the xenon atom resonantly
through multiphoton ionisation, but at a laser intensity of about 13.1 TW/cm? the 6d Rydberg state
should be shifted into resonance using 540 nm (see Figure 2.27) resulting in the 2P, state of the xenon

ion.
14.0
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hv=2.30 eV E. =1.33¢eV|
13.5 kin
13.0
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3 12.5 | —
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Figure 2.27: Schematic diagram of resonance shifting in xenon at 540 nm of the 6d (red
line) and 7d (pink line) states considering the ponderomotive shift depending on the
laser intensity.

Therefore, a series of XeVMIs has been recorded for different laser pulse energies (12 pJ, 14 pJ, 20 uJ
and 36 wJ) using 540 nm to observe at which laser pulse energy the 6d Rydberg state is shifted in
resonance and becomes visible in the spectrum (Figure 2.28).
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Figure 2.28: Inverted VMI images of xenon and the corresponding angle integrated PES
for different laser pulse energies (as labelled in the figure) using 540 nm, (35 + 10) fs
and a 30 cm focal lens. The 6d state is indicated with the arrows when it shifts in
resonance and ared dashed line in the PES.

According to the results in Figure 2.28 the 6d Rydberg state of xenon appears in the spectra at a laser
pulse intensity of 14 uJ. Therefore, the pulse energy of 14 pJ can be estimated to correspond to a laser
intensity of 13.1 TW/cm? for a laser output from the NOPA (TOPAS White) of 540 nm, (35 + 10) fs

using a 30 cm focal lens. The resulting calibration factor is

_ 131 x 102 W/em?
e 14y

W /cm? 218
— (9.36 + 0.67) X 1011% (2.18)




In section 2. 1. 3, Table 2.3 this calibration factor is compared to another method used to obtain the
laser intensity calibration factor in more detail, as mentioned previously. The outcome of the
comparison for the laser beam from the NOPA (TOPAS White) is that the beam waist measurements
of the focus are reasonably good to determine the calibration factor for the laser intensity. The
calibration factor which has been obtained by measuring the focal beam waist and will be used further

on for experiments using a 30 cm focal lens and a 540 nm, (35 + 10) fs laser beam, is

W /cm? (2.19)

S, = (8.8 + 1.8) x 101
W

After the laser intensity has been determined, the laser fluence, F, can be calculated as previously

described in chapter 2. 1. 3.

2.2.2. 3. Analysing Photoelectron Angular Distributions

The position-sensitive VMI detector (Figure 2.19) does not only provide angle integrated PES but also
provides information on the angular distribution of the photoelectrons. This information can be accessed
through the division of the VMI image into angular segments of 10° intervals using the MATLAB
program Pizza PES_from_inverted_VMI.m written by Dr Olof Johansson to extract the angular-
resolved PES (Figure 2.29).
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Figure 2.29: Inverted VMI of Cg using 500 nm, (4.5 + 0.3) TW/cm? and (90 + 10) fs laser
pulses and the corresponding angular-resolved PES. Adapted from ref.””
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After the subtraction of the thermal electron background Lorentzian peaks are fitted to the peaks in the
angular-resolved PES by eye (fitting procedure is explained in appendix 8. 2).%° Then the PAD for a
specific Kinetic energy can be experimentally obtained by plotting the area of a particular peak as a
function of polar angle (Figure 2.30) and fitting equation (1.12) to the data points to determine the g

value (see chapter 1. 3).565°
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Figure 2.30: PAD of the labelled peaks in Figure 2.29 at 540 nm, (10 + 1) TW/cm?, (35 %
10) fs laser irradiation of Ceo.

The experimentally determined S value can be compared to results of TD-DFT calculations of the
anisotropy parameter calculated for a given excited state to aid the assignment of the peaks. These
theoretical calculations have been carried out by Prof Frangoise Remacle and Dr Benoit Mignolet and

the results are discussed in chapter 3. 1.77>77

2. 3. Theoretical Methods

In this thesis time-dependent (TD) and time-independent DFT was used to investigate the electronic
structure of PAHSs. The time-independent DFT method is based on the two Hohenberg-Kohn theorems.*®
The first Hohenberg-Kohn theorem shows that an electron density, p(r), depending on three spatial
coordinates, determines the ground state properties of a many-electron system. This gives the basis for
decreasing a many-body problem of N electrons with 3N spatial coordinates to a problem with just
three spatial coordinates, by using functionals of the electron density. Furthermore, the time-dependent
DFT is developed through the extension of this theorem to the time-dependent domain (which will be
described later on). The second Hohenberg-Kohn theorem, also called the variational theorem, shows
that the energy functional, E[p(r)], is minimal when the electron density corresponds to the density in
the ground state. Hence the Kohn-Sham approach is introduced with a system of non-interacting
electrons moving in an effective potential.’®® However, the created density of this fictitious non-

interacting system is the same as for a system of interacting electrons. The Kohn-Sham equation®® is:

p(r") (2.20)

lr — 7'l

+ VXC(TL')) ®;

hz 2 3.7
& = _%Vi + Vert (1) +fd r
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In which the first term is the kinetic energy of an electron in the orbital ¢;, the second term, V... (r),
describes the classical attractive electron nuclei Coulomb potential, the third terms stands for the
Coulomb interaction between the charge distribution of all other electrons with the electron in the orbital
@; (classical Coulomb repulsion) and the last term represents the exchange correlation potential that is

given by the first functional derivative of the exchange-correlation energy functional:

8Exc[p(r)] (2.21)

Vxc(r) = 5p(r)

Vxc(r;) depends on the density, so equation (2.21) has to be solved self-consistently. The exact exchange
correlation potential is not known, therefore, approximations are made to find an expression for Vy(r;).
There are many different functionals and the choice of a functional should depend on the character of
the states of interest and its intended application. For the study of diffuse excited states and Rydberg

states, long-range corrected functionals such as CAM-B3LYP are used in this work.

The wavefunction is expressed by a single Slater determinant composed of Kohn-Sham orbitals ¢; ()

and therefore the density is given by the sum over all occupied orbitals:

n (2.22)
p() = ) oI

j=1

For the calculation of the excited states time-dependent DFT is used, so the time-dependent Schrédinger
equation has to be solved to analyse the response of the molecule to a time-dependent perturbation, in
this case for a time-dependent electric field.
ih%ly(r, t) = H¥(r,t) (2:23)

The Runge Gross theorem'% is the foundation of TD-DFT and shows that there is a unique mapping for
a given initial wavefunction between its time-dependent density, p(r,t), and the time-dependent
external potential. Since the potential is defined up to an additive purely time-dependent function, only
the phase of the wavefunction can change but not its density. Including the analogues of the first and
second Hohenberg-Kohn theorems®®, which were described previously, the time-dependent

wavefunction W(r, t) is determined up to a time-dependent phase factor a(t):
w(r,t) = Ylp®)](t)e " *® (2.24)

Hence the one electron time-dependent Schrddinger equation is expressed as:

2

;4 t) = hV2+ t+fd3’
ldtwi(n)— om Vi v(r,t) T

p(r',t) dAxc[p]
[r—r'|  Sp(r,t)

(2.25)

> Pi (T! t)
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The term v(r,t) states the sum of the classical Coulomb potential and the external time-dependent
potential which contains the electric field V (r, t). In the parenthesis the last term describes the exchange
and correlation effects and is also known as the exchange-correlation kernel, i.e. the functional
derivative of the exchange-correlation potential. As well as in the time-independent case, the time-
dependent Kohn-Sham theory is accurate but the exchange correlation action function, Ax.[p], is

unknown and approximations have to be made.

As previously described for the time-independent case, the time-dependent wavefunction is represented
by a single Slater determinant composed of time-dependent single electron orbitals, ¢, (r), and the time-

dependent density is the sum of the density of each occupied orbital.

n (2.26)
p(0) = ) loi(r, O

j=1

The program Gaussian 09%%2 was used which included the quantum chemistry Kohn-Sham DFT
implementation with different functionals and Pople basis sets (in particular split valence double zeta
basis sets). In this case each basis function consists as a sum of Gaussian primitives. The calculations

were performed at Prof. Francoise Remagle’s computational facilities at the University of Liege.

In the first run the electronic structure with excited states was modelled for a smaller PAH using
different functionals and basis sets to analyse the best agreement with literature data and to keep the
computational time short. In this case naphthalene was chosen to investigate the most suitable functional
and basis set. The functional CAM-B3LYP and the basis set 6-31(2+)+G(d,p) were found to have the
best agreement with the literature and the shortest computational time (for more details on the results

see chapter 1), this combination was then used to model other PAHSs.

Firstly, a ground state optimisation was conducted and the resulting structure was used for the TD-DFT
calculations with its symmetry superimposed. The excited states were calculated up to the first 100
states. The output orbitals were viewed in GaussView, adjusting the isocontour value, and the visual
shape of the electron density was used to determine the orbital as s, pz, Px, Py, Oxy, dyz, Ox2y2 and dy2

states.

Furthermore, Benoit Mignolet computed the Dyson orbitals of the SAMO-like excited states identified
in the studied PAHs, and modelled the PAD of these states depending on the kinetic energy of the
outgoing electron.”™ Dyson orbitals correspond to the wavefunction of the ionised electron.” They
are defined as the one-electron wavefunction (also called quasi-particle wavefunction) obtained from
the overlap of the many-electron wavefunction of the neutral molecule and that of the cation.™>1% A
given Dyson orbital consists of several SAMO/Rydberg orbitals since the excited states are composed
of several transitions from the HOMO to SAMO and/or Rydberg orbitals of the same symmetry.’>103
The SAMO states consists predominantly of SAMO excitations and the Rydberg states of Rydberg

excitations.”>103
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3. Investigation of Superatom Molecular Orbitals
(SAMOSs) in Fullerenes

3. 1. Introduction

The SAMOs are diffuse excited electronic states similar to Rydberg orbitals with low angular
momentum quantum numbers, 1 =0, 1, 2, and a principal quantum number, n, of at least 3 (based on the
number of nodes).” In contrast to conventional Rydberg states, the SAMOs are centred in the middle of
the fullerene cage and possess electron density inside the cage, due to the hollow cage structure (Figure
3.1).73375

n=3 n=3 n=3
[ =0 [ =1 | =2
s SAMO p SAMO d SAMO

Figure 3.1: Isocontour amplitudes (0.002 |e|/a®) of the SAMOs of Cgo calculated at the
TD-DFT/CAM-B3LYP/6-31+G(d) level.”

These states were originally assigned in Ceo by Petek et al. using STM on a single Cgo molecule absorbed
on a copper surface (see chapter 1. 5, Figure 1.16).3! In the gas phase the SAMO states could be
identified in Ceo and Cyo by Johansson et al. using angular-resolved photoelectron spectroscopy (which
was described in chapter 1. 5).7 A typical VMI image and the corresponding PES of Cgo are given in
Figure 3.2.7
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Figure 3.2: Inverted VMI image of Cgo at 500nm, (90 + 10) fs, (4.5 £ 0.3) TW/cm? is shown
on the left hand side and the corresponding angle-integrated PES on the right hand
side. The thermal electron background and the peak assignment is displayed in the PES
(adapted from ref.7).

The spectrum shows a thermal electron background (red dashed line in Figure 3.2, also for Co"-74) which
is caused by thermal emission of electrons from the electronic subsystem before the absorbed energy
couples to the vibrational subsystem, as introduced in chapter 1. 5 and will be discussed in further detail
in chapter 1. The second feature of the Cgo and Czo PES is the peak structure superimposed on the
thermal background (Figure 3.2) which has been determined to originate from the SAMO states (as
introduced in chapter 1. 5). As mentioned in chapter 2. 2. 2, after the subtraction of the thermal electron
background, Lorentzian peaks are fitted to the peak structure (explained in detail in appendix 8. 2) to
analyse their properties, like peak position, width and the PAD of the peak. In Figure 3.3 an example of

a peak fit result is shown for Cgo at 500 nm.
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Figure 3.3: The Cso PES from Figure 3.2 (from ref.”) with the peak fitting results of the
present work. For peaks fitted by 2 functions the mean value of the two peak positions
is taken for the position of the state; s SAMO (red line), p SAMO (pink and green line),
d SAMO (blue and violet line), 2s SAMO (purple line); the brown line is the sum of all
peak fits.
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The photoelectron kinetic energies of the SAMOs from the spectrum in Figure 3.3 are summarised in
the following table (Table 3.1) with the associated binding energies and anisotropy values.””>7” The
errors in the peak position are estimated during the fitting procedure which is done by hand, while the

errors of the f values are obtained by error propagation.

Table 3.1: Summary of the experimental data of the SAMO peaks from the PES in Figure
3.3 comparing to the calculated electron binding energies at the TD-DFT/B3LYP/6-
31+G(d) and the TD-DFT/CAM-B3LYP/6-31+G(d) level.”. 7577

s SAMO p SAMO d SAMO 2s SAMO

exp. Exi
: n (0.62+0.02) eV  (0.99+0.02) eV (1.44+0.02)eV  (1.65%0.03) eV

(kinetic energy)

exp. Ebi
_p . . (1.86+£0.02) eV  (1.49%0.02)eV (1.04+0.02)eV  (0.83+0.03) eV
(binding energy)

calc. Epin 2.14 eV 1.26 eV 0.77 eV -
(binding
energy) 2.10 eV 1.14 eV 0.62 eV -
exp. p value

: 1.97 £ 0.06 0.30 £ 0.04 0.17 £0.01 1.75+ 0.06
(anisotropy value)
calc. B 1.96 0.98 -0.22 -
value
(e 1.87 1.79 152 -

value)

Table 3.1 also shows the computed electron binding energies of the SAMO states using the TD-
DFT/B3LYP/6-31+G(d) level and the TD-DFT/CAM-B3LYP/6-31+G(d) level.””® In case of C7o the
experimentally obtained SAMO binding energies are also compared to calculations at the TD-
DFT/B3LYP/6-31+G(d) level (Table 3.2).747

Table 3.2: Comparison of the Cs experimental data on the Epn of SAMOs to the
computational results at the TD-DFT/B3LYP/6-31+G(d) on C.7”

s SAMO p SAMO d SAMO 25 SAMO
(1.86+0.02) eV (1.42+0.02)eV  (0.99 +0.03) eV --
2.20 eV 1.19-1.24eV 0.73-0.79 eV --
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The experimentally obtained anisotropy values are also compared to theoretically modelled values for

Ceo and Cyo vs the kinetic energy of the photoelectron, as seen in Figure 3.4.77

1+ = C, ® C,, (results of this work)-

= e C, .
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---- Cal. C,, (CAM-B3LYP) \ v
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Figure 3.4: Comparison between the experimentally obtained and theoretically
modelled (TD-DFT/B3LYP/6-31+G(d) and TD-DFT/CAM-B3LYP/6-31+G(d)) anisotropy
values for the s (a), p (b) and d (c) SAMO plotted against the kinetic energy of the
photoelectron.”®’” The purple data points were obtained in the present work to
complement previous studies from ref.”>77

It is obvious that the trend of the calculated B values is following the experimental values, but there are
a few small discrepancies between the experimental data and the modelled as well as between the results
of the calculations using different functionals (Figure 3.4). First of all, the anisotropy parameters for the
s SAMO state (B ~ 2) are well described by the theoretical model at both computation levels using
CAM-B3LYP and B3LYP (Figure 3.4 (a)). According to the Cooper-Zare formula (see chapter 1. 4)
and these results, the s SAMO was thus clearly identified in Ceo and C7o.”” The theoretical B values for
the p SAMO are still in good agreement with the experimental values for the calculation using B3LYP
whereas the computational results using CAM-B3LYP differ (Figure 3.4 (b)). This is the same case for
B values of the d SAMO where the variation even increases between the theoretical results using CAM-
B3LYP and B3LYP (Figure 3.4 (c)). While the experimental anisotropy parameters are in better
agreement with the theory using the B3LYP functional, the electron binding energies seem to comply
with the results of the CAM-B3LYP functional better (Table 3.1 and Figure 3.4). On the basis of the
CAM-B3LYP including corrections for the long-range interactions the excitation energies for Rydberg
states are given relatively accurately, but the modelling of other properties might deteriorate using this
functional.1%41% In which case the B3LYP functional shows a better description of the anisotropy values
than the CAM-B3LYP functional. Nevertheless, overall the experimental and computational results are
in a fairly good agreement with the result that four of the well pronounced peaks in the PES of Cg and
Cro have been assigned to s, p, d and 2s SAMO with experimental binding energies of (1.9 £ 0.2) eV,
(1.5+£0.1) eV, (1.0£0.1) eV and (0.9 £ 0.1 eV) respectively.

The identification of the SAMO states in Ceo and Cro in the gas phase provides incentive to study their
properties and in which way those can be tuned. In this regard other fullerene systems, like Cg, and
endohedral fullerenes like ScsN@Cgo and Li@Ceo, Were investigated to analyse the existence of SAMOs
in these molecules, their characteristics, and how the change in the molecular structure affected the

SAMO states. The results are summarised in the following sections.
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3. 2. Results

3.2. 1. Cs2 - Results on SAMOs

The fullerene Cg; has 9 possible isomers, based on the
isolated-pentagon rule, of which 6 of them are supposed to
be stable due to their closed electronic shell, but only 1
isomer, 3 (Cy) (Figure 3.6 based on theoretical studies), has
been extracted experimentally without any stabilising
exohedral derivatives or any encapsulated metal atoms or
ions.16-108 A typical mass spectrum recorded of the Cg,
sample is displayed in Figure 3.6. The mass spectrum of
Cs2 always showed a small Cga™ mass peak next to the Cg,*
peak, but the Cg* signal dominated the spectrum
throughout the measurements by a Ce,/Cg4 ratio of about
3:1. Hence we can assume that the main contribution to the

PES is caused by the first ionisation of the Cs, molecule.
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Figure 3.5: Angle integrated PES of Cg at 519 nm,
(90 + 10) fs, (2.8 = 1.0) TW/cm? with the according
inverted VMI image. The thermal electron
background and the peak assignment is
displayed in the PES.””

isomer 3 (C,)

CSZ
+
ng\ c [84
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m/z

Figure 3.6: Molecular structure of
Cs2 isomer 3 (Cy) based on
theoretical studies!®” on top and
mass spectrum of Cg using 400
nm, (120 + 10) fs, (0.56 + 0.50)
TWicm?2.77

The PES of Cg, were recorded at different
laser wavelengths (400 nm, 520 nm, 544
nm, 632 nm and 694 nm) and the mass
the

condition as

spectra were taken at same
the
corresponding PES. Figure 3.5 shows a

typical PES of Cg at 519 nm.

experimental

The PES of Cg, shows a peak structure superimposed on a thermal electron background which is similar

to the features in the Cgo PES (compare to Figure 3.2). The thermal electron emission of Cg, will be

discussed and compared to Cgo and Cyo in detail in chapter 4. 4.
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For the analysis of the superimposed peak structure the fitted thermal electron background is subtracted

from the PES which gives a background-subtracted spectrum as shown in Figure 3.7.

2

intensity/arb. units

Figure 3.7: Comparing a thermal background subtracted, angle integrated PES of Cseo,
514 nm, (90 * 10) fs, (2.7 = 0.8) TW/cm? to Csgz, 519 nm, (90 * 10) fs, (2.8 + 1.0) TW/cm?
plotted against the electron binding energy (Ewin) (according to the method described
in chapter 1. 2). The peak assignment to the corresponding SAMO of the Cg2 spectrum
is shown in the graph, but the peak around 0.60 eV with the asterisk is unidentified.

The PES of Cgz and Cep are plotted against the electron binding energy, Evin, which can be done due to
the assumption of a one photon ionisation from the excited electronic state as described in chapter 1. 2
(Rydberg Fingerprint Spectroscopy). All the PES of Cg, show a similar peak structure to the PES of Ceo
at the studied wavelengths and the peaks are observed at the same binding energies for Csg; as for Ceo
(Figure 3.7 and Table 3.3).”” The peak at Eyin = (0.60 + 0.04) eV (marked with an asterisk in Figure 3.7)
has not been identified in the Cg2 PES, however it also appears in the Cego Spectrum. In previous studies
on Cegp using PES the peak at Epin = (0.57 £ 0.02) eV was assigned to the 4h Rydberg state, but the peak
around Epin = (0.61 + 0.02) eV could not be assigned unambiguously either to the 5f or 6d Rydberg
state.#30.78 The assignment of the peaks at higher Ein (> 0.75 eV, Figure 3.7) to certain SAMOs in the
Cs2 spectrum has been based on their electron binding energy and their anisotropy values, 8, compared
to the previously studied Ceo PES (see section 3. 1). Therefore, the 2s SAMO assignment has been
indicated in the Cg, PES even though no identifiable peak coincide with it (Figure 3.7). The s SAMO
peak seems to be slightly shifted to lower binding energies for Cg, compared Ceo but this possible shift
is still within the experimental error (Table 3.3). The errors of the peak positions are estimated through
a fitting procedure of Lorentzian functions to each peak by eye. However, the peak pattern seems to be
slightly more structured in Cg, than in Ceo Which could be due the lower symmetry of Cs, introducing a

splitting of the p and d SAMO states that are degenerate in the symmetric Ceo. For a better comparison,
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the Epin of the SAMO states are summarised in Table 3.3 for Cgo, C70 and Cgy, as well as the TD-DFT

results on Cgs.””

Table 3.3: Summary of the binding energies of the lowest SAMO states in Cgo, C70 and
Cs2 observed experimentally and theoretically for Cey, C70 and Cgs at the TD-
DFT/B3LYP/6-31+G(d) level.””

s SAMO p SAMO d SAMO 2s SAMO
Expt. 1.90+0.01 1.47 +0.02 1.02+0.01 0.87 £ 0.02
B3LYP 2.14 1.26 0.77 =
Expt. 1.86 £ 0.02 1.42 £ 0.02 0.99 +0.03 0.83 +0.03
B3LYP 2.20 1.19-1.24 0.73-0.79 0.61
Expt. 1.90 +0.04 1.42 +0.05 1.03+0.03 0.86 + 0.03
B3LYP 212 1.22-1.28 0.72-0.83 —

The experimental results for Cg; can be matched with the TD-DFT outcomes for Cgs, because the
computations showed very similar energies of the SAMOS in Cgs compared to Ceo, SO it can be assumed
that the same applies to Cg2.”” On the contrary Zhao et al. have reported that the binding energy of the
s SAMO is 0.2 eV higher in Cg, than Cgo based on their DFT studies.® Nevertheless, laser spectroscopy
results are more comparable to TD-DFT calculations which give excitation energies to the different
states whereas DFT calculations only provide the energy of occupied and virtual MO. Therefore,
experimental results for Cs, can be compared to TD-DFT studies on Cgs.”” Sometimes the theoretical
calculations give a range of Epin as in the case of p and d SAMOs of Cz and Csgs, Which is a result of

suppressing the degenerate p and d states compared to Ceo, as mentioned previously.

Table 3.3 clearly shows that all experimental electron binding energies are similar for each state and the
values are in some cases even within the stated error. The calculations predict higher binding energies
for the s SAMO state than observed experimentally but lower energies for the p and d SAMOs.

However, the computed values are in reasonable agreement with the experiment.

Furthermore, the PAD of these peaks were determined using the technique described in chapter 2. 2. 2
for their assignment to the particular SAMO state. The obtained 3 values are plotted against Exin and

compared to the findings of Ce and Cro (Figure 3.8).
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Figure 3.8: Experimentally obtained anisotropy values for the s, p and d SAMOSs in Ceg
(black squares), Cyo (red circles) and Cs, (green upwards pointing triangles) plotted
against the electron kinetic energy.”” The graphs also include only the theoretically
modelled B values for Cgo at the TD-DFT/B3LYP/6-31+G(d) (black line) level.””

On the basis of the obtained anisotropy value of p ~ 2 (Figure 3.8) and the electron binding energy of ~
2 eV (Table 3.3) the s SAMO state could be clearly assigned in the Cs, PES (Figure 3.7).”” The PAD
for the p SAMO in Cg; is slightly different to the PAD of Cgo and Cyo as it has been observed likewise
for the PAD of the p state in C7 compared to Ceo.”” It seems like the p-values of the p SAMO in larger
or less symmetric fullerenes (like Cgy) start to increase at lower kinetic energies than for smaller
fullerene cages with higher symmetry (like Ceo). The same observation of PAD is noticeable for the d
SAMO comparing Csz to Ceo just less distinctive. These differences in the PADs can be explained by
the known sensitivity of the PADs to small changes to the molecular potential like molecular size or
symmetry, however in this case these disparities are not large enough to influence the binding energies
(Table 3.3).”” Due to the properties of Rydberg states (see chapter 1. 2) which are independent of the
molecular structure, only small changes in the binding energies of fullerenes may arise as the fullerenes
have a similar molecular structure.”” In return, the calculated binding energies also support this
conclusion by not showing larger differences from each other than the experimentally observed

0nes_7,75,77
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3.2. 2. ScisN@Csgo - Results on

The investigation of Cg, revealed the influence of the
fullerene cage size on the highly excited electronic
states, in particular the SAMOs. For studying the effect
of encapsulated atoms or molecules in the fullerene cage
on their electronic structure, endohedral fullerenes have
to be probed. The highly excited states of the endohedral
fullerene ScsN@Cgo have been analysed to investigate
the effect of the trapped molecule. In this case the
previously discussed results in section 3. 2 have to be
considered regarding the impact of a change in the
fullerene cage size and symmetry on the electronic
structure as the findings from ScsN@Csgo are compared
to the results of Ceo, C7o and Cgo. A direct comparison
between the electronic structure of ScaN@Cgo and of an
empty Cgo fullerene cage is not possible due to the
different symmetry point groups of the fullerene cage
containing a molecule (1,)*% and the empty cage (Dsq
and D») (based on experimental NMR (nuclear magnetic

resonance) studies).1%-112

A typical mass spectrum of ScaN@Cso is shown in Figur

SAMOs

sc.N@c;,
Sc,N@C
Cp S |
0 250 500 750 1000 1250 1500
m/z

Figure 3.9: Molecular structure of
ScsN@Cso based on DFT
calculations113.164 as well as
experimental NMR studies® on top
and mass spectrum of ScsN@Csgo
using 503 nm, (90 + 10) fs, (3 = 1)
TWicm?2.77

e 3.9 which has the singly charged ScsN@Csgo*

species as the dominant signal. This was the case for all investigated experimental conditions including

200

Sc,N@C,,, 506 nm, 4.1 £ 0.5 TW/cm
—— thermal background

different laser wavelengths (400 nm, 503
nm, 506 nm, 547 nm, 600 nm and 800

nm). The traces of Cgo and Cyo in the mass

2

spectra may be due to contamination in
the ScsN@Cgo
Therefore, the main contribution to the

original sample.
photoelectron spectra is assumed to be
from the first ionisation of the ScsN@Cso

molecule. Figure 3.10 is an example for
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Figure 3.10: Angle integrated PES of ScsN@Csgo
506 nm, (90 £ 10) fs, (4.1 + 0.5) TW/cm? with t
corresponding inverted VMI. The thermal electr

background and the peak assighment is shown
the PES.””
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and Cgz: a peak structure below the photon energy superimposed on a thermal background.” The
comparison between the thermal background subtracted PES of ScsN@Cg and the PES of Ceg clearly
points out that the peak structure is less pronounced and the peaks are broader for ScsN@Cgo than for
Ceo (Figure 3.11).

NN
oo
1

intensity/arb. units

0.0 0.5 1.0 1.5 2.0
Ebin/eV

Figure 3.11: Comparing a thermal background subtracted, angle integrated PES of Cseo,
500 nm, (90 + 10) fs, (4.5 + 0.3) TW/cm? to ScsN@Cgo, 506 nm, (90 * 10) fs, (4.1 + 0.5)
TW/cm? plotted against the Epin (according to the method described in chapter 1. 2). The
peak assignment to the corresponding SAMO of the ScsN@Cg spectrum is shown in
the graph, but the peak around 0.60 eV with the asterisk is unidentified.

Analogous to the assignment in the Cg2 PES (see section 3. 2. 1 or 3. 1), the peaks in the ScsN@Cso
spectrum (Figure 3.11) have been assigned to certain SAMOs based on their electron binding energy
and their anisotropy values, 8, compared to Ceo PES. Hence, the s SAMO could be identified by fitting
a Lorentzian function at Epin = (1.96 £ 0.08) eV and obtaining its PADs, which resulted in g = 2.12 +
0.09, even without an unresolved s peak in the PES of ScsN@Cgo (Figure 3.11). The 2s SAMO has been
indicated in the ScsN@Cgo PES without an identifiable peak, but unfortunately no g value could be
determined due to the absence of an coinciding peak. The SAMO peaks are broader in the ScsN@Cgo
PES than compared to the Ce (Figure 3.11). This broadening of the SAMO peaks can be caused by the
lower symmetry of the ScsN@ Cgo Which introduces a splitting of the different p and d states as discussed
for Cgo. Additionally, the encapsulated ScsN molecule probably has an effect on the binding energy and
electron density of the states. The peaks of the ScsN@Cgo PES have been characterised by analysing
the binding energies and PAD of the peaks (Table 3.4 and Figure 3.12).
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Table 3.4: Summary of the SAMO binding energies of Csy, C70, Cs2 and ScsN@Cso
observed experimentally.””

s SAMO p SAMO d SAMO 2s SAMO
Expt. 1.90+0.01 1.47 +0.02 1.02+0.01 0.87 £ 0.02
Expt. 1.86 +0.02 1.42 +0.02 0.99 £ 0.03 0.83 £ 0.03
Expt. 1.90+0.04 1.42 £ 0.05 1.03£0.03 0.86 £ 0.03
Expt. 1.96 £ 0.08 1.50 £ 0.05 1.04 +£0.08 0.68 + 0.09
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Figure 3.12: Anisotropy values of Cg (black squares), Cz (red circles), Cs2 (green
upwards pointing triangles) and ScsN@Csgo (cyan squares) plotted against Exin.”” The
graphs also include only the theoretically modelled B values for Cg at the TD-
DFT/B3LYP/6-31+G(d) (black line) level.””

Table 3.4 summarises the determined binding energies of the SAMO states in ScsN@Cgo. Due to the
broadening of the peaks it has been difficult to determine the peak position, so this uncertainty is
included in the estimated error. These binding energies are similar to the ones observed in Cgo, C70 and
Cs2 which supports the conclusion that the structural change between these molecules is not large
enough to affect the binding energies of the SAMO states.”” DFT calculations by Huang et al. showed
a smaller relative energy difference between the SAMO states (about 0.2 eV between s and p SAMO)
compared to the experimental results of this work.'** However, as it was mentioned previously in this
chapter, TD-DFT calculations are needed to model excitation energies because DFT computations only
provide the electronic structure of the ground state. Comparing the anisotropy values of ScsN@Csgo to
the other studied fullerenes a difference in the trend for the p SAMO can be seen in Figure 3.12. This
observation follows the tendency previously observed for Cg, where the B values are slightly higher and
increase at lower kinetic energies for larger fullerenes with lower symmetry (chapter 3. 2 and Figure
3.12). However the anisotropy values for the s SAMO and d SAMO states seem to be consistent for all

studied fullerenes.””
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3.2.3. Li@Ceo - Results on SAMOs

Until now the influence of the fullerene cage size on the
electronic structure has been investigated and a first step
has been made to analyse the effect of an encapsulated
atom, or molecule, on the excited electronic states of the
fullerene, by probing the endohedral fullerene ScsN@ Cago.
Unfortunately, the results obtained from ScsN@Csgo

cannot be compared directly to an empty Cgo fullerene

cage to give an unambiguous conclusion on the impact of

Li@C;
an encapsulated molecule (see chapter 3. 2. 2). Therefore, b) @
another endohedral fullerene with a lithium atom inside a

Ceo fullerene cage was studied, Li@Cego. In the ground

state the Li atom is located about 0.15 nm off centre of c,
6
the cage on the inner surface of a Ce ring of the fullerene \
(Figure 3.13 a). This is in contrast to some other Xe'
endohedral fullerenes where the encaged atom or : s
. . . 0 100 200 300 400 500 600 700
molecule is located in the centre of the cage, like for m/z

La@Ceo and ScsN@Cgo.!“6 Nevertheless, another Figure 3.13: a) Idealised molecular
o . ) structure of Li@Cs based on
intriguing fact about the Li@Cso molecule is that the experimental studies’118; p) a
fullerene cage has the same symmetry group as the empty mass spectrum of Li@Ceo[PFe]
. sample at Toven = 329 °C using 540
Coo cage, In, in contrast to other metallo-endohedral ;7 (35 + 10) fs and (8.9 + 0.8)
species. 1118 Hence a direct comparison of Li@Cgo to Cgo T W/CM?.
is possible to determine the effect of an atom encapsulation on the electronic structure, unlike ScsN@Cso

where a direct comparison of the same cage is not possible.

Previous studies on the Li@Cgo material showed that the encapsulated Li atom donates an electron to
the Cgo cage!®?° and the electronic ground state is ionic in nature, so the molecule is essentially
composed of a Li* ion and a Ceo™ cage.*? 2 Experimental studies on Li@Ceo from the literature have
reported that the molecule behaves like the Cgo anion.'?2 The pure Li@Cso material is believed to
exist as a combination of dimer and trimer structures, which may be precursors to polymers.tt7:125
However, the relatively weak inter-cage bonds are believed to break on evaporation which results in
endohedral fullerene radicals.!*>? Therefore, these radicals can decompose or react with oxygen or
polymerise, which has been observed in particular in presence of solvent impurities. 115120125127 The
neutral Li@Ceo has been reported to be a better radical and electron acceptor than Ceo, S0 the Li@Ceo
molecule has to be stabilised in ambient conditions, e. g. with an appropriate counter anion like PFe’

118,128 Hence, the stabilised Li@Cgo[PFs] salt was used for the experiments in this thesis.
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Figure 3.14: LD FT-ICR mass spectrum of the
Li@Ceo[PF¢] sample. cyclotron resonance mass

spectrometer (LD FT-ICR MS) did
not show any noticeable Cgo contamination (Figure 3.14, for negative mode see appendix 8. 3, Figure
8.4).

In the context of this result an examination of the applied oven temperature for the hot source during
the recorded measurement for Li@Ceo is needed, which has been about 350 - 370 °C (see chapter 2. 2).
However, the experiments on Cgo have had an oven temperature of about 500 °C (see chapter 2. 2) and
the oven temperature has had to be raised to at least 470 °C to obtain a Cgo* signal in the mass spectrum.
Therefore, it is possible that Li@Ceo decomposes during the evaporation process, or the sample
decomposes slowly in the hot source over time. Additionally, the presence of the Li@Cso lowers the

evaporation temperature of Ceo according to a positive deviation from Raoult’s law.

3.0x10° " 540 nm, (35 £ 10)fs, T,__= (320 £ 5) °C Li@c, To test if the presence of Li@Ceo has an
— Li@C,,, (33.4+0.8) TW/cm® effect on the Ce  evaporation
" — Li@Cq*Cyy (26.4 £ 0.8) TW/om® CgO\ temperature, a small amount of Ceo
§ 2.0x10°1 Cég lLi@ng powder has been added to the Li@Cso
g sample and mass spectra have been taken
§ Loxl® (Figure 3.15). After the Cf-so addition the
z Ceo" mass peak has clearly increased. The
ratio of the Li@Ceo*/Ceo™ peak also
0.0 P A N e shifted towards Ceo* despite the oven

200 300 400 500 600 700

m/z temperature being just around 320 °C.

Figure 3.15: Mass spectra taken of pure Thesame change can be observed for the

Li@Ceo[PFe] and Li@Ceo[ PFs] with Cso sample at an I . . e 24

oven temperature of (320 + 5) °C using 540 nm, (35 doubly ionised species Li@Ceo™/Ceo™"

+ 10) fs, (33.4 = 0.8) TW/cm? and (26.4 + 0.8) The outcome of this results shows that
5 \

TWicm?®, respectively. Li@Ceo lowers the evaporation

temperature of Ceo S0 even neutral Ceo, which is not a decomposition product of Li@Ceo, can be present

in the molecular beam at oven temperatures below the usual sublimation temperature of pure Ceo.
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However, a decrease of the Li@Cgo" signal relative to the Cgo* has been observed over many days. This
has been previously documented and an approximate half-life of 40 minutes at a temperature of 500 °C
has been determined due to destruction or polymerisation of the sample in the oven.'?>1% Additionally
the ever-present Li* peak in the mass spectrum, which cannot be detected in the chamber without the
sample, supports the constant degradation of the Li@Ceo during the heating of the sample (Figure 3.13
and Figure 3.16). Therefore, a Li@Cgo Sample batch in the oven can be used over a period of about two

months.

The Cgo* peak in the mass spectrum can also result from any fragmentation of the Li@Cgo" ions in the
gas phase due to the loss of the Li* ion.*? This has also been previously postulated on the basis that the
emission of C, will strongly compete with the Li emission because the insertion energy for a Li* ion is
about 5 — 6 eV'¥® and the C, emission has a significantly higher activation energy of about 10.6
e\/131.132 87,125 The mass spectra of Li@Cgo at 800 nm at varied laser intensities show a fragmentation

pattern which can be analysed in this context (Figure 3.16).
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Figure 3.16: TOF-MS of Li@Cso acquired using 800 nm, (120 + 10) fs and laser intensities
of (19.1 = 0.5), (16.2 + 0.5), (12.5 + 0.5), (10.2 + 0.5) and (7.0 + 0.5) TW/cm? (black, red,
green, blue and cyan solid line respectively). The spectrum at (16.2 + 0.5) TW/cm? has
been taken at an oven temperature about 25 °C lower than the other measurements.

For laser intensities higher than (10.2 + 0.5) TW/cm? the fragmentation through C; loss from the
fullerene cage increases but the fragment distribution of the empty Ceo cage is higher in intensity than
for the endohedral Li@Ceo, as seen in Figure 3.16. Also from lower laser intensities upwards (> (10.2
+ 0.5) TW/cm?) the amount of doubly charged parent cation increases as a function of laser intensity,
but the Ceo®* peak is higher in intensity than the Li@Csgo?* peak. In comparison to the Li@Cgo*/Cso* peak
relation (Figure 3.16) it shows a stronger tendency to the Li-loss channel than to the double ionisation
path which may be due to the higher excitation energy of the doubly charged species.?> Furthermore,

the singly charged Ceo* and Li* peaks increase in relation to the Li@Ceo" peak at increasing laser
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intensities (> (7.0 + 0.5) TW/cm?) which indicates that the Li atom is being ejected from the Cq cage
by the laser pulse for higher pulse intensities (Figure 3.16). However, the mass peak ratio of the Li@Cgo*
to Ceo* is equal up to a laser intensity of about (12.5 + 0.5) TW/cm?. From a laser intensity of about
(16.2 £ 0.5) TW/cm? the Li@Cgo* to Ceo" ratio shifts slightly towards Cee* (Figure 3.16) but this change
can be still within the experimental fluctuations. A further test of the Li@Cso*/Ceo* mass peak ratio has

been conducted using 540 nm, (35 £ 10) fs and a range of different laser intensities (Figure 3.17).

20x0° L7y Li@C,,, 540 nm, 35 + 10 fs
Li@C,
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Figure 3.17: Mass spectra series of Li@Ceo[PFs] at several laser intensities (as labelled
in the graph) using 540 nm, (35 % 10) fs at Toven = (328 £ 2) °C. The m/z axis has been
calibrated using the Xe* signal.

The recorded mass spectra series displayed in Figure 3.17 shows that the Li@Cego/Cso™ mass peak ratio
does not depend on the laser intensity, but the Li@Ceo" mass peak is definitely higher than the Ceo*
peak. Similar results have also been obtained for a series of mass spectra using laser wavelengths of
600 nm at various laser intensities (see appendix 8. 4, Figure 8.5). On the basis that the Li@Cego*/Ceo*
mass peak ratio does not depend strongly on the laser intensity, it can be concluded that the Cgo* mass
peak is probably not only due to the fragmentation of Li@Cgo caused by the laser pulse but mainly a

consequence of neutral Ceo present in the molecular beam being ionised by the laser, as discussed before.

The variation of the Li@Ceo*/Ceo™ mass peak ratio at different laser wavelengths (Figure 3.16 and Figure
3.17) could be due to the different first ionisation energy for Ceo* (IP(Ceo)= 7.6 €V)? and Li@Ceo (IP
(Li@Ceo)= 6.4 V)12 Hence a series of Li@Cego mass spectra, similar to the one in Figure 3.17, has
been recorded but for lower laser intensities (before fragmentation occurs, see appendix 8. 5, Figure
8.6) to investigate the laser intensity dependence of the ion yield.?®®" Since the ionisation probability,

P,, depends on the laser intensity as I™, with n being the number of photons needed to ionise the
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Figure 3.18: lon yield of Li@Cego and Cso plotted against
the laser intensity in a double logarithmic scale. The
graph includes the obtained slope, n, from the manual
fit of the data. The ion yields were extracted from the
mass spectra series in appendix 8. 5, Figure 8.6.

molecule, if no intermediate
resonances are involved in the
ionisation process (see chapter 1. 1),
a double logarithmic plot of the ion
yield against the laser intensity
should give the photon order needed
to ionise the molecular species.?6:39.87
In this experiment a photon energy
of 2.30 eV (540 nm) has been used
to ionise the sample. Therefore, four
photons are needed to ionise the Cgo
molecule (IP(Ceo) = 7.6 eV)®
whereas only three photons of the
same energy are necessary to ionise
the endohedral Li@Cgo fullerene
(IP(Li@Ce0) = 6.4 eV)191%5 The

experimentally obtained plot for the Li@Cso mass spectra series using 540nm, (35 £ 10) fs at different

laser intensities (see appendix 8. 5, Figure 8.6) is shown in Figure 3.18. On the basis of this graph a

gradient of about 3.7 £ 0.3 for Cg Was extracted indicating a four-photon ionisation process, while the

gradient for Li@Cgo 0f 2.9 + 0.3 consistent with a three-photon ionisation process. Hence these results

supports the existence of both Ceo and Li@Ceo in the used sample.8’

The comparison of the mass spectra of Li@Cgo at similar laser intensities but different laser wavelengths

should show the photon order needed to photoionise the molecule through a multiphoton process (Figure

3.19).
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Figure 3.19: Mass spectra of Li@Ceso[PFs] at different laser wavelengths: 400 nm, (120 £
10) fs, (0.8 + 0.3) TW/cm?, 383 °C (black line), 500 nm, (90 + 10) fs, (1.0 + 0.5) TW/cm?, 337
°C (red line), 540 nm, (35 + 10) fs, (9.0 + 0.8) TW/cm?, 329 °C (green line), 600 nm, (90 +
10) fs, (1.0 £ 0.5) TW/cm?, 300 °C (blue line), 800 nm, (120 + 10) fs, (4.0 + 0.6) TW/cm?,
382 °C (cyan line). Xenon was used in situ for the mass scale calibration. The
assignment of the mass peaks is given in the graph.

The spectra clearly show that the mass peak ratio of Li@Ceso*/Ceso* is the same for 400 nm and 800 nm
whereas for the other laser wavelengths the ratio shifts towards Li@Cego* (Figure 3.19). This outcome
suggests that less photons are needed to multiphoton ionise Li@Cgo than Ceo with 500 nm, 540 nm and
600 nm but for 400 nm and 800 nm the same number of photons is necessary for Li@Cego as for Ceo

(Table 3.5).

Table 3.5: Summarising the photon order needed to multiphoton ionise Li@Ceo (IP = 6.4
— 6.2 eV)12125 gand Cgo (IP = 7.6 V)2 at different photon energies.

Ceo Li@Ce0"/Cs0™ mass

Photon ratio (integrated mass

Wavelength | energy | [P ~6.4eV | IP=6.2eV | IP=168€V | neqks) from Figure 3.19

3.10eV

2.48eV 2.58=3 25=3 3.06=4 5:1

230eV 2.78=3 2.70=3 330=4 31

207eV 3.09=4 3.00 3.67=4 2:1

1.55eV 4.13=5 4 490=5 1:1
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According to Table 3.5 the ionisation energy of Li@Cg has to be between 6.4 - 6.2 eV to fit the photon
order related to the rough mass peak ratio of the integrated mass peak area shown in Figure 3.19. This
result is in agreement with the literature in which the IP of endohedral Li@Cso has been calculated to
be around 6.0 eV using DFT and experiments estimated an IP of about 6.4 eV 8119125 Additionally, the
findings based on Figure 3.18 are validating the calculated photon orders for the multiphoton ionisation
of Li@Ceo and Ceo.

In the following comparisons between the PES of Li@Cgo to Ceso Or to other fullerenes it should to be
noted that photoelectrons originating from Ceo are always present and overlapping with the
photoelectrons from the Li@Cego ionisation, as seen in the mass spectra (Figure 3.16, Figure 3.17 and
Figure 3.19). First the PES of Li@Ceo and Ceo are compared for laser wavelengths of 400 nm and 540

nm where the photon order is the same, or different, for the two molecules, respectively (Figure 3.20).

a) angular integrated PES

intensity/arb. units

b) mass spectra

Ceo Li@cso
C60 400 nm W\
2]
E 4 (real
S 1
o |Li@C,, 400 nm D
3 | ~—
> | |
2 |
@ 1C,, 540 nm A
E [
600 ' 650 ' 760 ' 7é0

m/z

Figure 3.20: Comparing a) the PES of Li@Cgo at 400 nm, (120 + 10) fs, (0.8 = 0.3) TW/cm?
and 540 nm, (35 % 10) fs, (9.0 £ 0.8) TW/cm? to Ce (similar laser conditions) and b) the
according mass spectra. The assignment of the SAMO states for Li@Ceo are shown in
the PES.
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The angle integrated PES of Li@Cso shows a thermal electron background with a superimposed peak
structure similar to Ceo and the other studied fullerenes (Figure 3.20, chapter 3. 2. 1 and chapter 3. 2. 2).
The thermal electron background will be discussed in more detail in chapter 4. 3. 2, whilst this chapter

focusses on the peak structure or SAMO states.

Comparing the PES at 540 nm of Li@Ceo and Ceo a shift in the s SAMO peak to a higher binding energy
is observed while the other SAMO peaks seem to stay at the same binding energies as for Cgo (Figure
3.20). This observation is less clear in the comparison of the PES at 400 nm but still visible. Taking into
account the observed mass spectra (Figure 3.19 and Figure 3.20) and the lower photon order of the
photoionisation of Li@Cgo Vs Ceo at 540nm compared to 400 nm (Table 3.5), it is best to compare the
PES of the two compounds at 540 nm to find any effects on the electronic structure or SAMO states

caused by the encapsulated Li atom.

Figure 3.21 compares the angle integrated, thermal background subtracted PES of Li@Cego and Ceo at
540 nm.

intensity/arb. units

0.0 0.5 1.0 15 2.0
E,./eV
Figure 3.21: Angle integrated and thermal background subtracted PES of Li@Cseo (green

line) and Cgo (olive line) at 540 nm, (35 * 10) fs, (9.0 + 0.8) TW/cm?2. The assignment of
the SAMO states for Li@Ceo is indicated on top of the PES.

Analogous to the peak assignment for Cs, and ScsN@Cago (see section 3. 2. 1 and 3. 2. 2), the peaks in
the Li@Cego spectrum (Figure 3.21) have been assigned to certain SAMOs based on their electron
binding energy and their anisotropy values, B, compared to Cg PES. Therefore, the 2s SAMO

assignment has been indicated in the Li@Cso PES without an identifiable peak assuming the same Epin
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as for Cgo (Figure 3.21). For other laser wavelengths, like 600 nm and 800 nm (see appendix 8. 6, Figure
8.7), the Li@Ceo PES show an identifiable 2s SAMO peak at Epin = (0.87 + 0.06) eV.

The s SAMO peak in the Li@Cg PES is much broader and shifted to higher binding energies, as
mentioned previously, than in the Ceo PES (Figure 3.21). The broadening of the s peak could be due to
a splitting of this peak which cannot be resolved due to the relatively broad spectral bandwidth of the
laser pulse (about 0.17 eV) and the close spacing of the two features. This splitting is maybe caused by

the overlapping photoelectron signal from the Li@Cgo and the Ceo.

The electron binding energies of the SAMO states obtained from the PES of Li@Ceo are compared to
other fullerenes in Table 3.6.

Table 3.6: Summarising the experimentally obtained electron binding energies of the
SAMO states of Cgg, C70, Cg2, SCaN@Cgo and Li@Cso.

s SAMO p SAMO d SAMO 2s SAMO
Expt. 1.90+0.01 1.47 +0.02 1.02+0.01 0.87 £0.02
Expt. 1.86 £ 0.02 1.42 +0.02 0.99 +0.03 0.83 +0.03
Expt. 1.90+0.04 1.42 +0.05 1.03+0.03 0.86 + 0.03
Expt. 1.96 +0.08 1.50 £ 0.05 1.04 +0.08 0.68 £ 0.09
Expt. 1.93+0.07 1.47 £ 0.06 1.03+0.04 0.87 £ 0.06

The binding energy shown in Table 3.6 for the s SAMO of Li@Ceo is the average of the Epin Obtained
from the PES at 400 nm, 500 nm, 540 nm and 600 nm (not for 800 nm as the photon energy is not
enough to one-photon ionise the s SAMO). Since it is not possible to separate the component due to
Li@Cso from the one due to Ceo, the difference between the s SAMO binding energy of Li@Ceso and Ceo
is small. However, this shift of the s SAMO binding energy is more credible for Li@Ceo than for
ScsN@Cgo because the peak position of the s state is clearly visible in the Li@Cgo PES (compare Figure
3.11 and Figure 3.21). Theoretical studies on the neutral Li@Ceo using DFT have also shown an increase
of the s SAMO binding energy due to endohedral doping of the Cg cage with a lithium atom.>3!
However, the shift of s SAMO state has been calculated to be about 2 eV which is much higher than the
experimentally obtained shift of the binding energy.>3 For the other SAMO states (p, d and 2s) the
calculations have also yielded the same binding energies as for an empty Ceo cage, in agreement with

the experimental results presented here.53!
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Additionally, the PADs of the SAMO peaks in the PES of Li@Ceo have been identified and compared
to the anisotropy values of Cgo (Figure 3.22).

14 T L
e . Cso T
ol Y L@C, e |

Cal. C, (B3LYP) g SAMO! \ - .
Lo cal.c, cAM-BaLYP) ‘ p SAMO

00 05 10 15 20 00 05 10 15 20 00 05 10 15 20 25 3.0
Ekin/ev

Figure 3.22: Anisotropy values of Ceo (black squares) and Li@Ceo (blue triangles) plotted
against Exin.”” The graphs also include the theoretically modelled 8 values for C¢ at the
TD-DFT/B3LYP/6-31+G(d) (black solid line) and at the TD-DFT/CAM-B3LYP/6-31+G(d)
(black dashed line) level.”

The f value for the s SAMO of Li@Ce is about 2 for the measured range of the kinetic electron energies
which is also in agreement with the experimental and calculated g values for Ceo (Figure 3.22 a). This
outcome corresponds to the theory of the PAD as only one partial wave is expected (p wave) from an s
orbital, unless a significant contribution of non s type molecular orbitals is added (see chapter 1. 4).
Also the obtained g values for the d SAMO in the Li@Csgo are very close to the Ceo equivalent and have
the same behaviour along the measured Kinetic energy (Figure 3.22 ¢). The similarity of the PAD for
the s and d state between Li@Cgo and Ceo can be explained by the theoretically calculated Dyson orbitals
of these states for Li@Ceo* ion (Table 3.7). These computations have been conducted by Prof Frangoise
Remacle and Dr Benoit Mignolet on the Li@Cego* which enabled more cost-effective closed shell TD-
DFT calculations, since the neutral Li@Ceso molecule exists as a radical that implies using open shell

calculations.
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Table 3.7: Comparison of the SAMO Dyson orbitals calculated for Ceo and Li@Ceo".””

Ceo Li@Ceo*

s SAMO
(isocontour
Ceo=
0.00002
le|/a® and
Li@Ceo=
0.002
lel/a®)

p SAMO

(isocontour

0.002
lel/a®)

d SAMO
(isocontour

0.002
lel/a®)
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The comparison between the Dyson orbitals for the s and d SAMOs of Cgo and Li@Cgo Shows only a
slight influence of the Li atom on the electron densities (Table 3.7). In particular, for the d SAMO the
majority of the electron density appears to be outside the fullerene cage where the influence of the Li
atom is notably screened. Therefore, just a small effect of the Li atom on the s and d SAMO is detected
(Figure 3.22). In case of the p SAMO state in Li@Cgo the Dyson orbital differs from an empty Ceo,
especially for the p, orbital (Table 3.7). Since the Li atom breaks the icosahedron of the fullerene cage,
the degeneracy of the p states is lifted and removed for the p, orbital. The encapsulated Li atom clearly
interferes with the p, SAMO state and deforms its electron density. This influence of the encapsulated
Li atom alters the core potential of the molecule which affects the relative phase shift of the outgoing
photoelectron partial waves due to scattering. Hence this effect is reflected in the PAD of the p states
where the anisotropy values of Li@Cgo show a difference for Exin < 1.0 €V in contrast to Cgo (Figure
3.22h).
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3.2. 4. Photoionisation Probabilities of SAMOS in Ceo

In the previous subchapters the effects of fullerene cage symmetry, size and insertion of an atom or
molecule into the cage on the electronic structure, in particular on the SAMO states, were analysed and
discussed. But even looking at the PES of Cgo using different photon energies, variations in the peak
intensities of the SAMO peaks can be clearly observed (Figure 3.23) which can have characteristic
information about the SAMO states.

intensity/arb. units
..______________m

T T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Ebm/eV

Figure 3.23: Angle integrated PES of Ceo at various wavelengths plotted against the
electron binging energy.35133

In order to find out about these properties the relative photoionisation cross sections of the SAMOs in
Ceo have been determined experimentally and compared to results from TD-DFT calculations conducted

by Benoit Mignolet.®

The result of the theoretical model is shown in Figure 3.24 where the calculated photoionisation widths
(previously explained in section 1. 5. 2) of the lowest SAMO states are plotted against the kinetic energy
of the photoelectron.® The calculated photoionisation width is proportional to the photoionisation rate

and directly related to the photoionisation cross-section.
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Figure 3.24: a) Computed photoionisation widths as a function of the photoelectron
kinetic energy of all calculated excited states (first 500 states) and b) of the lowest-lying
SAMO states using TD-DFT conducted by Benoit Mignolet.3575

The comparison of the photoionisation widths for the first 500 excited states (Figure 3.24 a) reveals that
the photoionisation width of the non-SAMO states increases with increasing photoelectron kinetic
energy.®>" In contrast to the photoionisation widths of the SAMO states which decrease with increasing
kinetic energy of the photoelectron according to Figure 3.24 b).% This result is in agreement with
previously identified trends in absolute photoionisation cross-sections for different molecular systems,
where the photoionisation widths are predicted to be similar for SAMO and non-SAMO states
converging to a value of < 0.01 for photoelectron energies above 2.5 eV.”>%-137 Because the absolute
photoionisation widths could not be determined in the conducted experiments, the relative
photoionisation ratios of the s and p SAMO as well as the s and d SAMO were identified for the
experimental data and compared with the corresponding ratios of the calculated photoionisation

widths.3®

For the experimental data of the photoionisation probabilities of the Ceo SAMOs it was crucial to make
sure the ratio of the SAMO peak intensities were not critically dependent on the oven temperature of
the hot source, the laser pulse duration or the laser pulse intensity within the ranges typically used in

the photoionisation experiments (Figure 3.25, Figure 3.26 and Figure 3.27).1%
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Figure 3.25: a) Cso PES using 540 nm plotted on a logarithmic scale for the intensity; c)
same PES after thermal electron background subtraction on alinear scale. The spectra
in black and red correspond to a pulse duration of (38 = 10) fs, (10.5 + 0.5) TW/cm? and
(99 * 2) fs, (4 £ 1) TW/cm? respectively. The comparison of the two different pulse
durations for b) the overall s, p and d SAMO to thermal background signal area ratio
and d) s to p SAMO peak area ratio including red, horizontal lines to guide the eye.133

According to the results in Figure 3.25 from measurements at a set wavelength (542 nm), oven
temperature (505 °C) and laser fluence (~ 0.4 J/cm?) but different laser pulse durations, (38 + 1) fs and
(99 = 2) fs, the ratio of the SAMO signal to the thermal background and the s to p SAMO ratio do not
change distinctively within the experimental error. Therefore it can be concluded that the pulse duration

is not a significant factor for the analysis of the relative intensity of the SAMO states.'*

Since earlier studies have shown the importance of initial vibrational energy for the population and
detection of the SAMO peaks,** measurements are performed to investigate any influence of the oven
temperature and hence the internal energy of Cgo on the SAMO ratios. PES of Ceo are recorded at a set
wavelength (540 nm), pulse duration, (35 + 10) fs, and laser intensity, (8.20 + 0.05) TW/cm?, for a series
of different oven temperatures (505 °C, 485 °C, 460 °C and 435 °C) which still induce significantly
higher vibrational temperatures than the low temperature molecular beam experiments performed by

Boyle et al 14133
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Figure 3.26: PES of Cg Using 540 nm, (35 + 10) fs, (8.20 + 0.05) TW/cm? laser pulses a)
on a logarithmic intensity scale and c) after thermal electron background subtraction
on alinear scale are shown for different oven temperatures, 505 °C (black line), 485 °C
(red line), 460°C (green line) and 435°C (blue line). The comparison of the different oven
temperatures for b) the overall s, p and d SAMO to thermal background signal area ratio
and d) s to p SAMO peak area ratio including red, horizontal lines to guide the eye.13

The measurements in Figure 3.26 show that the oven temperature in the studied temperature range is
not a critical factor for the relative difference in the observed photoelectron intensities of the SAMO
states, whilst it is an important factor for optimising the total count rate by controlling the target

density. 33

Furthermore, the influence of variable the laser power density on the SAMO peak ratio has been
investigated at a set laser wavelength (540 nm), pulse duration, (35 %+ 10) fs, and oven temperature (505
°C) for a number of different laser intensities, (5.8 + 0.1) TW/cm?, (4.7 £ 0.1) TW/cm?, (3.9 = 0.1)
Twicm?, (3.2 £0.1) TW/ecm? and (1.8 = 0.1) TW/cm?.133
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Figure 3.27: a) PES of Ceo plotted on alogarithmic scale for the intensity and c) the PES
after thermal electron background subtraction. b) Displaying the laser intensity
dependence of the overall s, p, and d SAMO photoionisation intensity relative to the
thermal electron emission and d) the s/p SAMO photoionisation intensity ratio
dependence on the laser intensity.33

The laser pulse intensity affects the relative magnitude of the SAMO states with respect to the total
thermal background significantly (Figure 3.27).13 The total thermal electron background increases with
a rising electron temperature for increasing laser intensity or fluence'??” more rapidly than for the
SAMO signal. Nevertheless, the relative intensities of the SAMO states remain constant for the range

of laser pulse intensities studied.*®

The outcomes of the above measurements testing the influence of the pulse duration, oven temperature
and laser intensity on the relative SAMO peak ratio show no dependency on these experimental
parameters in the studied range which corresponds to the typical variety of the measurement parameters
used in this thesis. Therefore, the relative photoionisation probabilities can be analysed experimentally

and the obtained results are reliable in the range of the studied experimental parameters.

To obtain the experimental photoionisation probability ratios the thermal background was subtracted
from the obtained PES and Lorentzian functions were fitted to the SAMO peaks.® The assignment of

the peak structure in the studied PES to the SAMO states has been done previously in the Campbell
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group on the basis of the binding energies and PAD compared to theoretical calculations.” A summary

of some of the analysed angle integrated PES of Ceo is shown in Figure 3.28.
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Figure 3.28: A few of the studied angle integrated PES of Cego after thermal background
subtraction at the indicated laser wavelength.3>

The electron binding energies of these peaks are identical for all investigated laser wavelengths. The
first s SAMO peak corresponds to a binding energy of about 1.9 eV, the first p SAMO band has a
binding energy of about 1.5 eV, the following peaks for the d SAMO band and the second s SAMO
state cannot be clearly distinguished in these angle-integrated PES because their binding energies of
about 1.0 eV and 0.9 eV are very close.” During the manual fitting process the binding energies and
peak widths were kept constant for each SAMO state while the relative intensities were adjusted to the

spectrum.®

The obtained photoionisation ratios of s to p SAMO and s to d SAMO states are compared to the

theoretically calculated ratios in Figure 3.29.
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Figure 3.29: Comparison of relative experimental SAMO peak intensities (squares) and
the theoretical photoionization width ratios of SAMO states plotted as afunction of laser
photon energy. Upper panel: ratio of the s and p peak intensities. Lower panel: ratio
of the s and d peak intensities. Theoretical values shown by dashed lines (ratio of
average values calculated for each band).”> The numbers at the top of the plots indicate
the number of photons needed to access the s and the p or d SAMO states, respectively
(not taking into consideration the substantial amount of vibrational energy that is
present in the hot fullerenes from the oven).3

The comparison shows a clear correlation between the predicted trend and the experimentally obtained
results within the region where the excited states can be accessed by the same number of photons, as
indicated by the numbers at the top of each plot (Figure 3.29).%® Beyond these regions the s SAMO can
be reached by one less photon than the higher states and therefore the s SAMO peak intensity is expected
to be significantly higher than the peak for the higher-lying states.®* This assumption is supported by
the measured SAMO ratios which are correspondingly higher in the described case.®® However the
calculations do not predict this occurrence as the exact population mechanism is not considered but just
an equal population of all states with the same probability is assumed.> The findings show that the
simple assumption of equally populated SAMO states is holding as long as the same photon order is

needed to energetically access the states.
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Considering that the same photon order is needed to access the d and 2s SAMO states, they should be
expected to give photoionisation ratios comparable to the calculations because these states have similar
binding energies and therefore would be accessible by the same number of photons throughout the
photon range investigated.® Nevertheless, due to the similar binding energies of the d and 2s SAMOs
the peaks are very difficult to distinguish and to assign in the experimental spectra.®® Also the
calculations indicate strong oscillations in the 2s photoionisation width (Figure 3.24 b). Therefore, it is
not surprising that the experimentally obtained photoionisation ratios of the d and 2s SAMO do not

agree with the calculations as well as the s/p and s/d SAMO ratios as shown in Figure 3.30.
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Figure 3.30: Comparison of relative experimental d and 2s SAMO peak intensities with
theoretical ionisation width ratios (average band values) as a function of photon
energy.s®
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3. 3. Discussion and Conclusions

3.3. 1. Discussion

For the discussion of the results on the SAMO states of the investigated fullerenes, the PES and

corresponding mass spectra are compared (Figure 3.31).
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Figure 3.31: Angle integrated PES (left column) and corresponding mass spectra (right
column) for Ceo (top row) excited with 500 nm, (90 + 10) fs, (4.7 £ 0.3) TW/cm?; Cyo
(second row) excited with 520 nm, (90 + 10) fs, (2.9 + 0.5) TW/cm?; Cg (third row) excited
with 519 nm, (90 * 10) fs, (2.8 £ 1.0) TW/cm?; Li@Ceo (fourth row) excited with 540 nm,
(35 £ 10) fs, (9.0 £ 0.8) TW/cm? ; and ScsN@Csgo (bottom row) excited with 506 nm, (90 +
10) fs, (4.1 £ 0.5) TW/cm?2.7” The thermal electron background fit is shown as ared line
in each PES and the assignment of the peak structure is shown in the Ce PES, top row.
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As mentioned in the previous chapters all the PES of the analysed fullerenes (Figure 3.31) show a
thermal background with a superimposed peak structure which has been assigned to the s, p and d
SAMO states.”” On the basis of Figure 3.31 it is obvious that the SAMO peaks become broader and less
pronounced with increasing size of the fullerene cage (Ceo — C70 — Cg2) and decreasing symmetry (In
— Dsn — C2).”7 Due to the breaking of the Ir symmetry a splitting of the degenerate p and d orbitals
occurs which is shown in the computational results for Co through a range of Epin 0f the p and d SAMOs
(Table 3.8).77

Table 3.8: Summary of the experimentally obtained Epin of the SAMO states for the
examined fullerenes, Ceo, Cro, Cs2, Li@Cs and ScsN@Csgo. The computed Epin of the
SAMOs are also shown at the TD-DFT/B3LYP/6-31+G(d) level for Ceo, C70 and Caga, as well
as at the TD-DFT/CAM-B3LYP/6-31+G(d) level for Cgo.7>"7

Fullerene s SAMO p SAMO d SAMO 2s SAMO

Expt. 1.86 + 0.02 1.49 +£0.02 1.04 £ 0.02 0.83+0.03

Calc. B3LYP 2.14 1.26 0.77 0.54

Calc. CAM-B3LYP 2.10 1.14 0.62 0.39
Expt. 1.86 + 0.02 1.42 +£0.02 0.99 +0.03 0.83+0.03

Calc. B3LYP 2.20 1.19-1.24 0.73-0.79 0.61
Ce2 Expt. 1.90 + 0.04 1.42 +0.05 1.03 £ 0.03 0.86 £ 0.03

Ces Calc. B3LYP 2.12 1.22-1.28 0.72-0.83 =

Li@Ceo Expt. 1.93 +0.07 1.47 +0.06 1.03 +£ 0.04 0.87 £ 0.06
ScsN@Cago Expt. 1.96 £ 0.08 1.50 + 0.05 1.04 £ 0.08 0.68 £ 0.09

According to Table 3.8 the encapsulation of an atom or molecule inside a fullerene cage seems to
increase the Epin of the s SAMO, like in the case of Li@Cso and ScsN@Cso, While the binding energies
of the p and d state are unaffected. Nevertheless, it has to be pointed out that the s SAMO peak is not
well resolved in the PES of ScsN@Cgo and it has been only possible to determine the s state through its
PAD. In terms of the Li@Cg PES the s SAMO can be resolved with a clear shift to higher Epin (Figure
3.31).
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Furthermore, the variation of the anisotropy values of the different SAMOs states plotted against the
photoelectron kinetic energy provides a more stringent test of the theoretical calculations on the

electronic structure of the molecule (Figure 3.32).”7
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Figure 3.32: Anisotropy values of Cgo (black squares), Cz (red circles), Cs2 (green
upwards pointing triangles), Li@Ceo (blue downwards pointing triangles) and ScsN@Csgo
(cyan squares) plotted against Exin for the s (left plot), p (middle plot) and d SAMO (right
plot).”” The graphs also include the theoretically modelled B values for Ceo at the TD-
DFT/B3LYP/6-31+G(d) (black solid line) and at the TD-DFT/CAM-B3LYP/6-31+G(d) level
(black dashed line).””

Firstly the anisotropy values for the s SAMO states (Figure 3.32 left plot) are consistent for all studied
fullerenes with = 2, as the electron-electron correlation between the residual electrons and the outgoing
electron does not have a significant contribution to the photoionisation of this state.”” However for the
p SAMO the trend of the S values shows a difference between the studied fullerenes, especially below
1 eV (Figure 3.32 middle plot).”” It seems like the $ values increase at lower Exi, for larger fullerenes
(Ceo — C70 — Cag2),” as well as for the encapsulation of an atom (Cso — Li@Cqgo). It is also interesting
to point out that the anisotropy values of the p state of Cg, follow closely the values of ScsN@Cgo whilst
the trend in the S values of the ScsN@Cgo seems to be very similar to the alteration in the PADs of
Li@Ceo. For the d SAMO (Figure 3.32 right plot) the S values are not affected until the fullerene cage
size is increased significantly (Ceo, C70 — Cg2) Which is also the case for ScsN@Csgo, but again the
endohedral molecule might have an influence on the 5 value which cannot be distinguished from the
effect of the increasing cage size. Nevertheless, the anisotropy values of the d state of Li@Cgo are almost
identical with the values of Cgo, so the encapsulated atom or molecule does not have a significant
influence on the d SAMO.
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3.3. 2. Conclusions

All studied fullerenes show a peak structure superimposed on a thermal background in the PES. The
peaks have been identified as s, p and d SAMOs based on the comparison of the Epin and the

corresponding PAD to previous studies on Ceo.

The observed broadening of the SAMO peaks for bigger fullerenes can be caused by the splitting of the
degenerate p and d bands due to the breaking of the I, symmetry. Unfortunately, this splitting cannot be
resolved in the experimental PES because of the broad bandwidth of the used laser pulses and the close
spacing of the non-degenerate states. The increasing number of atoms in higher fullerene molecules
increase the number of electronic states as well, which may enhance the energy distribution into the
electronic subsystem after the initial excitation.”” This explanation would support the assumption that
the thermal electron emission mechanism becomes more dominant in the photoionisation of larger
fullerenes.”” However, this would have an effect on the apparent temperature of the thermal electron

background which will be analysed in detail in chapter 1.

The ScsN@Cso PES indicates a shift of the s SAMO to higher Epin, however the s peak is not well
resolved. The PES of the endohedral Li@Cso Shows a clear shift of the well-pronounced s SAMO peak
to higher Epin compared to Ceo. Therefore, the conclusion can be made that the encapsulation of an atom
or molecule increases the binding energy of the s SAMO for the studied fullerenes, Li@Cgo and
ScsN@Cso, but does not significantly affect the Epin 0f the p and d SAMOs.

Although the binding energies of the SAMO states are not changing significantly, the ionisation energies
of the studied fullerenes are different. The ionisation potential of Li@Cgo (IP(Li@Cgo) = 6.4 eV)19125
is about 1 eV lower than of Ceo (IP(Cgo) = 7.6 V). Since the Epin of the SAMOs stay about the same
for Li@Ceo and Ceo, but the IPs vary, the excitation energies for the SAMOs are changing. Hence, it is
possible to tune the excitation energies by adjusting the ionisation energy via functionalisation. Also,

the accessibility of the SAMO states can be improved by the fullerene size or functionalisation.

From the PAD of the SAMOs it can be concluded that the anisotropy values of the s SAMOs are not
affected by changing the fullerene cage size neither the symmetry nor by encapsulating an atom or
molecule inside the cage. However, the PAD of the p and d SAMO states are influenced by a variation

in the size of the fullerene or the insertion of an atom or molecule inside the fullerene.

The effect of the fullerene cage size on the PAD can be explained by the lower symmetry for other
fullerenes than Ceo wWhich causes a splitting of the degenerated p and d SAMOs. Therefore, the
correlation between the outgoing electron and the residual electrons will change and this will definitely
differ the anisotropy value. For the # values of the d SAMO the increase of the fullerene cage has to be
bigger than for the p SAMO, possibly, because the electron density is expected to be located further

from the cage for the d state than for the p state.
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The encapsulation of an atom (or molecule) alters the PAD of the p SAMO but not the PAD of the d
SAMO. The encaged atom does probably modify the core potential of the endohedral fullerene so the
relative phase of the outgoing photoelectron partial waves is varied due to scattering. As mentioned,
before the electron density of the d state is assumed to be outside the fullerene cage, thus the endohedral
atom is effectively screened and has no significant effect on the orbital. This is also confirmed by the
modelled Dyson orbitals of Li@Ceo and Cgo. On the other hand, the endohedral fullerene ScaN@Csgo
shows a different PAD for the d SAMO compared to Cep but this is mainly due to the effect of the larger

fullerene cage (Cso) as explained previously, and the 8 values are closer to Csg,.

For a further characterisation of the SAMO states the photoionisation probability ratios of the s/p and
s/d SAMOs have been obtained experimentally (section 3. 2. 1).% These experimentally identified
SAMO ratios have been reproduced by the ratios of the theoretically calculated photoionisation widths
using TD-DFT.% The successful modelling of the ionisation properties of such a large and complex
system like a fullerene is remarkable and substantiates the predictive potential of quantum chemistry

techniques for analysing the electronic dynamics of complex molecular systems.3®
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4. Thermal Electron Emission from Fullerenes

4. 1. Introduction

The transient thermal electron emission and the electric field-induced barrier suppression models were
established to describe the thermal electron emission in the PES of Ceo and Cyo for laser pulse durations
between 50 fs to a few hundred fs and were introduced in chapter 1. 5.4%7:336364 Ag part of this thesis,
measurements on Cgo have been carried out to reproduce and to verify the thermal electron model. The

thermal electron background in the PES of fullerenes can be fitted by an exponential distribution,

I(Eyin) < exp(— IZ‘—"T"), (equation (1.16)) which is characterised by an apparent temperature T, with kg

as the Boltzmann constant (as described in chapter 1. 5). As the thermal electron emission from
fullerenes has been studied previously in Ceo and Cry, it is reasonable to assume that other fullerenes
will behave similarly in this regard *22> Furthermore, the experimental thermal electron emission of the
endohedral Li@Cgo has been compared to the thermal electron distribution of Cg. The model has been
applied to Li@Ce, by Eleanor Campbell, to reproduce the experimentally obtained apparent
temperatures of the thermal electron background. At the end of this chapter the experimentally obtained
apparent temperatures of the thermal electron emission for all investigated fullerenes (Ceo, C70,54777

Cs2, ScsN@Cgo and Li@Ceo) are compared and trends are discussed.

4. 2. Analysis Procedure

Firstly the procedure for the analysis of the thermal electron background in the PES will be explained.
The PES is plotted on a log-lin scale so the apparent temperature can be determined by fitting a straight
line to the distribution by eye. The inverse of the slope yields the apparent temperature according to the

equation (converted from equation (1.16)):

Ekin (4. 1)
kB Ta

log(l) = —

Due to other features in the PES like direct ionisation of SAMO peaks of Ein below the photon energy
and ATI peaks at higher Eyin than the photon energy, an automated least-squares fitting procedure cannot
be used. Therefore, the fits are made by eye and the errors are also estimated by eye. An example of a

fitted temperature and estimated errors is displayed in Figure 4.1. The upper limit is estimated by taking
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ATI peaks into account of the thermal background and the lower limit is assessed by fitting the lowest

possible temperature with a reasonable agreement with the spectrum.

——PES
—T,=(0.80+0.11) eV
—— upper limit

— lower limit

[}
¢}

Figure 4.1. Fitting procedure of the electron apparent temperature to an angle
integrated PES of Li@Cgo using 540 nm, (35 10) fs, (9.0 + 0.8) TW/cm? of the present
work. The fitted temperature is (0.80 £ 0.11) eV obtained from the red line. The pink and
blue line represent the upper and lower limits for the error estimation, respectively.

4. 3. Results
4.3.1. Ceo - Verification of the Thermal Electron Emission
Model

For the verification of the thermal electron model, experiments on Cey have been conducted using 700
nm, (78 £ 10) fs and 800 nm, (120 + 10) fs laser pulses at different laser intensities. A typical angular-

resolved PES and its corresponding mass spectrum of Cgo at 700 nm is shown in Figure 4.2.

angular-resolved PES mass spectrum ct
—0-10° 60
——80-90°
----T!=(1.08+0.08) eV
----T;=(0.72£0.05) eV

il R

0 2 4 6 0 200 400 600 800
E./eV m/z

Figure 4.2: Angular-resolved PES (left) and corresponding mass spectrum (right) of Ceo
using 700 nm, (78 %= 10) fs, (5.1 * 1.0) TW/cm? of the present work. The electron
distributions along (0-10°, black solid line) and perpendicular (80-90°, red solid line) to
the laser polarisation direction are shown including the fit of the thermal electron
background (according dashed line).
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The difference between the parallel and perpendicular apparent temperatures, AkgT,, which have been
obtained from the experiments using 700 nm and 800 nm, are plotted against U, in Figure 4.3 and

compared to literature values®3.

254 m 800 nm, 120 fs (new) 2U
| o 800nm, 130fs e
.0 © 800nm,180fs a
' ® 700 nm, 78fs (new)
' 625 nm, 50 fs
S 15- o 550nm, 92fs .
o | @ 400 nm, 120 fs - ’
= e -
é 1.0 P . . g ] - -
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] a 2 -
0.0 E’D” i |. T T T T T T T T T
0.0 0.2 0.4 0.6 0.8 1.0 1.2
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Figure 4.3: Difference of the parallel and perpendicular apparent temperatures, AkgT,,,
of Ceo is plotted against U, for a range of wavelengths and pulse durations. The solid
data points are newly obtained while the open squares are from ref.63

The new measurements using an 800 nm excitation wavelength have reproduced the values from the
literature for 130 fs laser pulses. Additionally, the experimental results at 700 nm lie between U,, and
2U,, except the value for the lowest laser intensity (Figure 4.3). This deviation can be explained by the
high noise level, which is present at such a low laser intensity at 700 nm, so the fitting of the thermal

electron temperature was difficult and the result has a large error (see appendix 0, Figure 8.8).

The experimentally obtained parallel and perpendicular apparent temperatures have also been compared
to literature values. The results from the experiment using 800 nm, (120 + 10) fs laser pulses is compared
to the literature values at 800 nm, 130 fs (Figure 4.4 a). The experimental results at 700 nm, (78 + 10)

fs laser excitation are compared to literature values at 625 nm, 50 fs (Figure 4.4 b).
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Figure 4.4: Experimental apparent temperatures of Cgo (red points) obtained for a) 800
nm, (120 £ 10) fs plotted against the laser intensity and b) 700 nm, (78 + 10) fs plotted
against U, (equation (1.1)). The obtained data points are compared to literature values
(black points and lines) from ref.63

In chapter 1. 5 the consistent underestimation of the experimental temperatures parallel to the laser
polarisation by the thermal model (Figure 4.4) has been explained by possible effects which are not

considered in the model.

In the case of the 800 nm measurements, the obtained apparent temperatures are in a good agreement
with the experimental literature values (Figure 4.4 a). Only the parallel temperature at a laser intensity

around 9 TW/cm? is lower than the literature value but the deviation is still within the error.

The determined apparent temperatures of the PES using 700 nm cannot be compared directly to the
literature values from ref.®® as the 700 nm measurements have been conducted to complement the
previous results and the model. However, the new temperatures can be compared to literature values at
625 nm to gain conclusions on any trend (Figure 4.4 b). The apparent electron temperatures increase
with increasing laser intensity and seem to follow a similar trend to the values of 625 nm. The onset of
the 700 nm values is at slightly lower temperatures than for 625 nm which may be due to the difference
in photon absorption cross-section, as this is the only fit parameter used in the computational model for

the thermal electron emission (section 1. 5, equation (1.14)).%3

On the basis of Figure 4.3 and Figure 4.4, the thermal electron emission model has been verified by
reproducing the experimental data for 800 nm and by complementing the literature values with the
apparent temperatures from the 700 nm experiment, especially for the perpendicular apparent
temperatures. In the case of the modelled parallel temperatures, the deviations to the experimental
values need further investigation to determine additional effects which have to be considered in the

model as mentioned in chapter 1. 5.

The electric field-induced barrier suppression model was introduced by Gordon Henderson™ and is

previously described in chapter 1. 5. The model attempts to provide an explanation for the increased
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counts of thermal photoelectrons in PES segments along the laser polarisation compared to segments
perpendicular to it for mainly longer wavelengths.” The above mentioned measurements on Cgo Using
700 nm laser pulses have also been used to test this model. The obtained data points have been displayed

with the previous results from Figure 1.14 from chapter 1. 5 (Figure 4.5).7

®m 800 nm

o 3.51 700 nm (new data)
8 A 625nm

- 3.04 ® 550nm
o v 400 nm %
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Figure 4.5: The ratios between the number of counts for 0-10° and 80-90° angular
segments plotted as a function of laser intensity for different wavelengths taken from
ref.”4, same as Figure 1.14, but also includes the new data points for 700 nm (orange
points).

The experimentally determined count ratios for Ceo using 700 nm are between the ratios for 800 nm and
625 nm or 550 nm, respectively (Figure 4.5). Also the 700 nm data points seem to follow the same trend
as the 800 nm data points. However, the modelled values show a larger deviation for laser intensities
>4 TW/cm? for the values at 800 nm. Therefore, the electric field-induced barrier suppression model
has to be refined to fit better to the experimental values, e. g. the laser wavelength dependence has to

be included. Then this model can be implemented into the transient thermal electron emission model.

4. 3. 2. Thermal Electron Emission from Li@Cso

Since the PES of Li@Ceo also shows a thermal electron background as mentioned previously in chapter
3. 2. 3, the thermal electron emission can also be characterised by the transient thermalisation model
(using IP(Li@Ceo) = 6.5 eV¥, assuming the same time constant for coupling to vibrational degrees of

freedom as for Ceo with 240 fs?’, with a photon absorption cross-section of 0.15 A2, 241 valence
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electrons, and 3.5 A? as the radius of the fullerene cage!?21%). In Figure 4.6 the apparent temperatures
of the thermal electron background of Li@Ceo and Cgo are compared for 800 nm, 120-130 fs laser pulses
at various laser intensities, as well as the differences between the parallel and perpendicular electron

temperatures with respect to the laser polarisation direction.
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Figure 4.6: a) Plot of experimental apparent temperatures (points) obtained for Li@Ceo
(blue points) and Ce (black points) using 800 nm, (120 + 10) fs against the laser intensity
and compared to results from the transient thermal electron emission model*2764 (lines)
calculated by Eleanor Campbell (see chapter 1. 5). b) Difference between the parallel
and perpendicular electron temperatures, obtained from plot a), plotted against the
ponderomotive shift (equation (1.1)). The dashed lines in b) indicated the maximal gain
in kinetic energy of the electrons from the vector field, 2U,, and a gain of U, (see chapter
1. 5).

The apparent temperatures are lower for Li@Cego than Ceo Which is reproduced by the thermal model
(Figure 4.6). Also the asymmetry of the thermal electron background seems to be lower for Li@Ceo
than Ceo according to Figure 4.6. The lower apparent temperatures of Li@Cso may be due to the lower
ionisation potential of Li@Cego (IP(Li@Cso) = 6.4 €V)**125 than Cgo (IP(Ceo) = 7.6 V)%, so less energy
is needed to ionise Li@Cgo and therefore the electron temperature is lower. It has also to be noted that
the oven temperature for the Li@Ceo (Toven = 380 °C) has been lower than for the Cep experiments (Toven
=500 °C) and the mass peak ratios of Li@Cso*/Cso* has been roughly about 1:1 constantly (see Figure
3.16, chapter 3. 2. 3). This already indicates that the Li@Ceo signal is overlapped by the Cgo signal (as
discussed in chapter 3. 2. 3). Therefore, the thermal electron signal may be originated mainly from Ceo
which only has a lower apparent temperature due to the lower oven temperature. To test this, the ratio
of the thermal electron counts of the parallel to the perpendicular PES segments with respect to the laser

polarisation is compared to the 800 nm data points from Figure 4.5.
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Figure 4.7: The ratios between the thermal electron counts for 0-10° and 80-90° angular
segments plotted as a function of laser intensity for Ceo (black points, data taken from
ref.”) and Li@Cseo (pink points) at 800 nm.

The thermal count ratio for Li@Ceo fits well to the ratio for Ceo for higher laser intensities from about
10 TW/cm? upwards based on Figure 4.7. For lower laser intensities the count ratio seems to be lower
for Li@Ceo than Cgo, but the Ceo ratios are still within the error of the Li@Cg measurement. The errors
are estimated to be quite large for the Li@Ceo count ratios due to the lower signal and higher noise in
the measurements, especially for lower laser intensities. Nevertheless, for a laser wavelength of 540 nm,
where the Li@Cso* is more dominant than the Ceo* mass peak (see chapter 3. 2. 3, Figure 3.19), the
apparent temperatures are still lower for Li@Ceo* than Ceo* (Figure 4.8 b) which supports the findings

from the experiments at 800 nm, too.

4. 4. Comparison of the Studied Fullerenes

The thermal electron temperatures of all the studied fullerenes can be compared to Cgo and Cyo for
different wavelengths and some data points are available at a few varying laser intensities. Therefore,
the apparent temperatures perpendicular to the laser polarisation direction are compared for a range of
wavelengths (Figure 4.8).
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Figure 4.8: Comparison of the apparent temperatures perpendicular to the laser
polarisation for Cg3>647477  C7o™77, Cg’’, Li@Ce and ScsN@Cgo’” using laser
wavelengths of a) 400 nm, 120 fs; b) 520 — 550 nm, 35 — 99 fs; ¢) 600 — 650 nm, 50 — 90
fs; d) 800 nm, 120 fs.

For an excitation wavelength of 400 nm Cgo shows the highest perpendicular electron temperature in
relation to the other displayed fullerenes (Figure 4.8 a).1"” For Cz and Cg, the temperatures seem to be
slightly lower than for Cgo but the values are still within the errors for the Ceo temperatures (Figure 4.8
a), whereas the Li@Csgo temperatures are clearly lower than for Cg. In the case of a laser wavelength
520 — 550 nm the difference between the thermal temperatures of Li@Ceo and Cgo is even clearer (Figure
4.8 b). For this wavelength the C7, temperature as well as the ScsN@Csgo temperature are lower than for
Ceo (Figure 4.8 b). However, the thermal temperature of Cg, seems to rise more rapidly with increasing
laser intensity than for Cg for wavelengths of 520 — 550 nm which needs to be verified, since this
measurement has only been taken once (Figure 4.8 b). This supports the reliability of the Csg, thermal
temperature for the 600 — 650 nm measurement being higher than for Ceo (Figure 4.8 c). For this
wavelength (600 — 650 nm) the thermal electron temperature of Czo also seems to be higher in
comparison to Cgo but is still within the estimated error of the Cgo temperature. On the contrary, the
thermal electron temperatures of Li@Ceo and ScsN@Csgo are the same as for Ceo at a wavelength range
of 600 — 650 nm (Figure 4.8 c). In the case of the thermal electron temperatures using 800 nm, Li@Ceo
has lower values than Ceo though are still within the error of the Ceo temperatures (Figure 4.8 d).
Interestingly, the apparent temperatures of Cs are higher than for Ceo at 800 nm, but the difference

between the values is very small and close to the range of the errors (Figure 4.8 d).
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Comparing the difference in the apparent temperatures parallel and perpendicular to the laser
polarisation, AkzT,, provides information on the degree of asymmetry in the thermal electron emission
(Figure 4.9).
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Figure 4.9: Difference between the parallel and perpendicular electron

temperatures, AkgT,, of Ceo, C70%*74, Li@Cso and ScsN@Cso”” using 800 nm, 120 fs laser
pulses plotted against the ponderomotive shift (equation (1.1)). The dashed lines
indicated the maximal gain in kinetic energy of the electrons from the vector field, 2U,,
and a gain of U, (see chapter 1. 5).

In Figure 4.9, the apparent temperature difference, AkzT,, are compared for the studied fullerenes, as
shown in Figure 4.8, only for the laser wavelength of 800 nm, as the largest degree of asymmetry in the
thermal electron background is expected for this longer wavelength than for lower ones (650 nm, 600
nm etc.) (as explained in chapter 1. 5). The comparison shows that almost all data points fall between
U, and 2U,, as previously shown in chapter 1. 5 in Figure 1.11. Hence, this result also supports the
transient thermal electron emission mechanism for the studied fullerenes in which case the emitting
electrons can receive a momentum kick along the laser polarisation direction.®® The apparent
temperature difference of Li@Cgo for the highest and lowest ponderomotive shift are slightly lower than
U, (Figure 4.9). However, the data point for the highest ponderomotive shift has an error range including
a value of U,. The deviating apparent temperature difference of Li@Cso needs to be reproduced to

assure if their variance from the model is true.

Overall the similarity of the temperatures and the asymmetry of the VMI provide support for the thermal
electron emission mechanism because the excitation spectrum of each molecule should have little effect
on it.”” Nevertheless, according to the transient thermal electron emission model the apparent
temperature of Li@Ceo is expected to be lower than for Ceo (See Figure 4.6 a) which has reproduced the
trends obtained in Figure 4.8 for comparing Li@Ceo to Ceo. The lower electron temperature of Li@Ceo
can be explained by its lower ionisation potential compared to Ceo (as explained previously in this

chapter), so Li@Ceo ionises with less energy and probably quicker. Hence the thermal electron

122



temperature decreases as seen in Figure 4.8. Expanding on this explanation all fullerenes larger than Ceo
would be expected to have a lower thermal temperature due to the higher heat capacity based on more
available electrons, but this is not clear looking at Figure 4.8. A slightly higher electron temperature for
Ceo had been observed previously in comparison to Cz, which had been explained by the lower heat
capacity of Cg.12"” This observation is in agreement with the experimental results using 400 nm and
520 — 550 nm (Figure 4.8 a, b), but not for 600 — 650 nm and 800 nm (Figure 4.8 c, d). Therefore,
especially the increase in the electron temperature for Ce, (Figure 4.8 b, ¢) and Cro (Figure 4.8 d) requires

further investigation.
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5.Computational and Experimental Studies on

Polycyclic Aromatic Hydrocarbons (PAHSs)

5. 1. Introduction

Previous studies on PAHSs revealed similar photoionisation mechanisms and excited electronic states
(in analogy to SAMOs) to fullerenes (see chapter 1. 1). Based on these findings theoretical calculations
have been conducted on various PAHs using TD-DFT in the program Gaussian 09% (see chapter 2. 3).

The outcomes of this computational investigation will be presented in this chapter.

5. 2. Computational Studies

5.2.1. Benchmarking

Firstly a variety of different functionals and basis sets (Pople, split valence double zeta basis sets) have
been tested to get the best comparable results to literature values with an acceptable calculation time
(not more than 24 hours for the excited state calculation). For this test run, naphthalene was chosen
because experimental data on the Rydberg states were available from the literature.??'%* The following

table (Table 5.1) summarises the tested functional and basis sets with a short description:
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Table 5.1: Summary of the tested functionals and basis set on naphthalene.

wB97XD long range corrected functional including empirical dispersion4°
MOG6HF full Hartree-Fock exchange which eliminates self-exchange interactions at

long range!*

B3LYP most commonly used hybrid functional including a mixture of Hartree-Fock
and DFT functional'#?

CAM-B3LYP long range corrected version of B3LYP using the Coulomb-attenuating
method4®

6-31++G(d,p) used - core orbital basis (1s) function: 6 gaussian primitives
wB97XD functional . . . _ . o
- inner valence orbital basis functions: 3 gaussian primitives; outer valence

orbitals basis functions: 1 gaussian primitive

- non-hydrogen atoms: 1 sets of p(sp)-type diffuse basis functions (4
diffuse basis functions per atom); H atoms: 1 s-type diffuse function

- heavy atoms: 1 set of d orbitals as polarisation functions; H atoms: 1 set
of p orbitals as polarisation

6-31(2+)+G(d,p)

same as above except the following
- non-hydrogen atoms: 2 sets of p(sp)-type diffuse basis functions; H
atoms: 1 s-type diffuse function
6-31(2+)(2+)G(d,p)

same as above except the following
- non-hydrogen atoms: 2 sets of p(sp)-type diffuse basis functions; H
atoms: 2 sets of s-type diffuse basis functions
6-31(3+)(3+)G(d,p)

same as above except the following
- non-hydrogen atoms: 3 sets of p(sp)-type diffuse basis functions; H

atoms: 3 sets of s-type diffuse basis functions

The procedure to obtain the binding energies of the excited electronic states was as follows. First the
ground state structure is optimised using the chosen functional and basis set with the symmetry point
group imposed. In the case of naphthalene, the symmetry point group is Cav. As a quick test of the
reliability of the computational result, the calculated vertical IP is compared to the literature value,
where the variance should not exceed 5% of the value. The adiabatic IP has been calculated only for a
few functionals and basis sets as further verification of their accuracy. The computed IPs of the different

functionals and basis sets are summarised in Table 5.2 for naphthalene.
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Table 5.2: Comparing computed IPs of naphthalene to literature values at different
theory levels.

Naphthalene vertical IP/eV adiabatic IP/eV

Experimental literature values 8.15+ 0.02 144 8.14 £0.01

Calculated values vertical IP/eV adiabatic IP/eV

WB97XD/6-31(2+)+G(d,p) 7.99 -

MOGHF/6-31(2+)+G(d,p) 8.51 ~
B3LYP/6-31(2+)+G(d,p) 7.91 ~
CAM-B3LYP/6-31(2+)+G(d,p) 8.05 7.94
WB97XD/6-31++G(d,p) 8.31 -
CAM-B3LYP/6-31(2+)+G(d,p) 8.05 7.94
CAM-B3LYP/6-31(2+)(2+)G(d,p) 8.05 7.94

CAM-B3LYP/6-31(3+)(3+)G(d,p) 8.05 --

All computed IPs are within 5% of the literature value and below the experimental /P, except at the
MO6HF/6-31(2+)+G(d,p) and wB97XD/6-31++G(d,p) level (Table 5.2). The MO6HF** functional
neglects the self-exchange interactions at long range and uses the full Hartree-Fock exchange (Table
5.1) which may lead to a larger deviation. However, the wB97XD functional is long-range-corrected
and includes empirical dispersion (Table 5.1), but the complementing basis set also needs to be large
enough to enable a good approximation. In Table 5.2 the outcomes show that the basis set 6-
31(2+)+G(d,p) has to be used with the wB97XD functional to obtain reasonably good results, whereas
the 6-31++G(d,p) basis set is probably too small for the calculation of the IP of naphthalene. Altogether
the best results are obtained with the CAM-B3LYP functional and a basis set of 6-31(2+)+G(d,p) at
least (Table 5.2). Larger basis sets with the CAM-B3LYP functional do not give a noticeable
improvement in the IPs (Table 5.2).

Then the optimised ground state structure is used to calculate the excited electronic states using TD-
DFT. The resulting MO are viewed in the GaussView program and by eye it is determined if the electron
density has a shape similar to s, p or d orbitals. An example of excited states which have been identified

as s, p or d SAMO-like orbitals in naphthalene are shown in Figure 5.1.
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Figure 5.1: SAMO-like orbitals (isocontour value of 0.003 |e|/a®) identified in
naphthalene as a) s, b) p and c) d states. The MOs are larger than the computational
cells, so the orbitals are cut at the cell borders.

The binding energies of these states is obtained through the subtraction of the excitation energy from
the vertical IP for each state. The resulting binding energies can be compared to literature values as

shown in Table 5.3 for naphthalene.

Table 5.3: Calculated binding energies of different excited states of naphthalene at the
CAM-B3LYP/6-31(2+)+G(d,p) level compared to literature values.

s Pz Py Px
8.05 eV
5.55 eV 5.91eV 5.94 eV 5.94 eV
2.50 eV 2.14 eV 2.11eV 2.11eV
(2.57 +0.09) eV (2.14 +0.09) eV
(2.55 + 0.09) eV/14 (2.35 + 0.09) eV

This procedure was conducted on naphthalene for the different functionals and basis sets (see Table
5.1), so that the binding energies of some states could be compared. The obtained binding energies at

the various theory levels are summarised graphically in Figure 5.2.
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Figure 5.2: Comparing the calculated binding energies of different excited states of
naphthalene obtained using various a) basis sets and b) functionals (with 6-
31(2+)+G(d,p) basis set). The computed results are also compared to literature values
from ref.??

On the basis of Figure 5.2 the functional CAM-B3LYP with the basis set 6-31(2+)+G(d,p) was chosen
as the most suitable theory level. The larger basis sets (Figure 5.2 a) increase the computational time,
but do not have a significant improvement on the binding energies because the basis set 6-
31(2+)+G(d,p) already gives values close to the literature. The CAM-B3LYP functional shows the best
agreement with the literature values for the binding energies of the s and p state, while the other
functionals, which also include long range interactions like wB97XD and MO6HF, are farther off the

literature values as well as B3LYP (Figure 5.2 b).

Therefore the excited states of the following PAHs were calculated at the CAM-B3LYP/6-
31(2+)+G(d,p) level. The molecules for the 1% series, called linear series, were benzene, naphthalene,
anthracene, tetracene, pentacene and hexacene. The molecules of the 2" series, also called planar series,
were phenanthrene, pyrene and coronene. The molecules of the 3" series, also called 3-D series, were

cubane, adamantane and dodecahedral Cy.

5.2.2. Computational Results on PAHs

All molecules revealed excited states with electron densities located over the whole molecule in analogy
to the SAMO states in fullerenes. Some Dyson orbitals (see chapter 2. 3) of these excited states are
displayed in Table 5.4.
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Table 5.4: Displaying a few s and p, Dyson orbitals of naphthalene, pentacene,
phenanthrene and cubane computed by Benoit Mignolet based on TD-DFT calculations
from this thesis. The isocontours (isocontour value of 0.002 |e|/a®) of the orbitals are
shown as a cut through and along the molecular plane.

compound s state p: state

naphthalene

pentacene

phenanthrene

cubane
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The three series will be discussed separately to analyse the variation of the binding energies for the
excited states. First the binding energies of the identified s, p and d SAMO-like states are compared for

the several compounds within the 1% series in Figure 5.3.

benzene naphthalene anthracene tetracene pentacene hexacene
C,H, C,Hg C,H C.H cC,_H,6C H

14 10 18 12 22 14 24 16

3.0

s state
p, state

p,, P, state
d. .state (ord .)
Y-z x5y

dx state
y
d_ state

Xz

number of carbon atoms

Figure 5.3: Epin comparison of the first s, p and d SAMO-like states for the 15 series of
PAHSs plotted against the number of carbon atoms in the corresponding molecule. The
compound names and chemical formula are summarised on top of the graph.

The error bars in the Epin for some states indicate the range of the binding energies which the states may
have as the precise assignment has been difficult. The trend in the binding energies is obvious that the
energies decrease with increasing molecular size while the symmetry of the molecules remains the same
(Da2n), except for benzene (Den) (Figure 5.3). This trend is clear for the s, py, px, dy2-22 and dy, state,
whereas the p,, dx; and dyy states show fluctuations in their binding energies. For molecules larger than
anthracene it became difficult to distinguish between the different d states which could have resulted in
misinterpretation of some MOs, which can be seen by the additional dyy state energy for pentacene.
Nevertheless, the binding energies of naphthalene can be compared to experimental literature values
which show a good agreement as shown in Table 5.3. This supports the findings of the computations on
the 1% series of PAHSs.

The comparison of the binding energies for the 2" series is shown in Figure 5.4.
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phenanthrene pyrene coronene
C,H Cc,H Cc,H
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2.5 1
> 2.0+ -\‘\c s state
Q: p, state
0 ] p,, P, State
154 *® - d, - state (ord. .)
w /; dxy state
1.0 1 d, state

14 16 18 20 22 24
number of carbon atoms

Figure 5.4: Epin comparison of the first s, p and d SAMO-like states for the 2" series of
PAHs plotted against the number of carbon atoms in the corresponding molecule. The
compound names and chemical formula are summarised on top of the graph.

Due to the increasing symmetry within the 2" series from phenanthrene (Can) via pyrene (Dan) up to
coronene (Den), the p and d states become more degenerate which makes the comparison from molecule
to molecule more difficult (Figure 5.4). The s and p; orbitals are decreasing in their binding energies for
larger molecules while the energies of the other states are either fluctuating (py, dxy) or increasing (py).
The fluctuations can be caused by the different symmetry groups of the molecules where the assignment
of the various p and d orbitals changes (e.g. dy, orbital of pyrene becomes dyy orbital of coronene with

respect to the molecular plane).

The 3" series of PAHs has mainly degenerate p and d orbitals due to the high symmetry of the

molecules. The Epin of the various states are compared in Figure 5.5 for the 3' series.
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Figure 5.5: Epin comparison of the first s, p and d SAMO-like states for the 3 series of
PAHSs plotted against the number of carbon atoms in the corresponding molecule. The
literature Epin Of the first SAMOs in Cgo and Cyo are also included in the graph but note
Ceo and Crowere computed at the CAM-B3LYP/6-31+G(d) and the B3LYP/6-31+G(d) level,
respectively.”” The compound names and chemical formula are summarised on top of
the graph where appropriate.

Also the molecules in this series have different symmetry groups, On, Tq and I for cubane, adamantane
and Cy, respectively. Nevertheless, for larger molecules the binding energies of the SAMO-like states
are decreasing which is consistent for molecules of the same symmetry group like In, C2 and Ceo (Figure
5.5).

Overall a common trend in the binding energies of the SAMO-like states within each PAH series is seen
where Epin decreases with increasing molecular size regardless of the symmetry, especially noticeable
for the s and some p orbitals (Figure 5.3, Figure 5.4 and Figure 5.5). Hence the energies of the s and p;

orbitals are compared for all studied PAHSs in Figure 5.6.
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Figure 5.6: Enin comparison of the first s and p, SAMO-like states for all studied PAHs
scaled according the number of carbon atoms in the corresponding molecule.

The binding energies of the s and p, SAMO-like states clearly decrease with increasing molecular size
(Figure 5.6). However, the molecules with the highest symmetry point groups, which have also a hollow
core, show a higher Ey;, for the s and p, orbitals than compounds of similar molecular size (haphthalene
CioHs compared to adamantane CigHis, or Cz (dodecahedral) compared to tetracene CisHiz or

pentacene CzoHia).

The calculated results on naphthalene could be verified by experimental values from the literature as
mentioned in the beginning of this chapter. For pentacene, hexacene and pyrene no relevant
experimental studies could be found in the literature. Cubane is thermodynamically unstable and highly
strained, so the studies in the literature cover only theoretical calculations or experiments on its
derivatives.'#’ PES spectra of anthracene from the literature show two peaks at a binding energy of 1.15
eV and 1.38 eV.*87° These peaks may correspond to a d state with a calculated Epin = 1.25 — 1.55 eV.
The photoionisation of tetracene has been studied in the literature with intense laser pulses.**® The PES
of tetracene have been obtained at high laser intensities (780 nm, 80 fs, 100 TW/cm?) and show a
smooth, exponentially decreasing signal with some structure below a photoelectron kinetic energy of
about 10 eV.1* Unfortunately, the spectra are not well resolved for lower electron kinetic energies, so
no peaks can be identified.*® Experimental PES studies on the Cy anion in the literature show a peak
structure for binding energies above 2.2 eV.1%1% A peak around Epin = 2.25 eV has a similar
binding energy as the calculated Eyin of the s state at 2.24 eV. However, the binding energies of the
SAMO-like state can be different for the anion due to the additional electron and negative charge, which

may explain the absence of peaks with comparable Eyi, for the p and d states, 1.84 — 1.88 eV and 1.34
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—1.36 eV respectively. Absorption spectroscopy results from the literature of phenanthrene isolated in
a neon matrix identified excited electronic states (Epin (Ss) = 1.80 eV and Epin (S7) = 2.04 eV) with
binding energies similar to the py and p; states, 1.86 eV and 2.00 eV respectively.'®* The Rydberg states
of adamantane have been extensively studied in the literature, but the experimental electron binding
energies do not match the computed one for the SAMO-like states.’>2>* However, some peaks in the
excitation spectrum of adamantane (IP = 9.25 eV)'? have not been assigned yet.'>> A relatively strong
peak around 6.58 eV in the spectrum may correspond to the s SAMO-like state with a binding energy
of 2.68 eV.1%® However another PAH, coronene, has been investigated within this thesis work by fs PES
to obtain experimental validation of the computational results. In the following part the experimental

findings on coronene will be presented.

5. 3. Experimental Results on Coronene

The angle integrated PES of coronene have been recorded at a laser wavelength of 400 nm and 800 nm

(Figure 5.7) with the experimental setup as described in chapter 2. 1. 1.
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Figure 5.7: Angle integrated PES of coronene using 400 nm, (120 + 10) fs, (0.7 £ 0.1)
TW/cm? (black line) and 800 nm, (120 * 10) fs, (4.0 £ 0.1) TW/cm? (red line) laser pulses.
The dashed brown lines indicate the peak position of 1 to 4.

The spectra of coronene show a thermal electron background with peaks superimposed on it, similar to
the fullerene spectra (Figure 3.31). Hence, Lorentzian functions are fitted to the four peaks in Figure
5.7 after the thermal background subtraction to identify these peaks. The obtained Eyin and anisotropy

values of the four peaks are summarised and compared to the modelled values in Table 5.5.
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Table 5.5: Summary and comparison of the experimentally obtained binding energies
and anisotropy values, B, to theoretically modelled values.

Experimental results Theoretical results
Ebin/eV B Ebin/eV B State
2.00 + 0.05 1.00 + 0.03 1.98 1.70 S
1.64 +0.03 0.95 + 0.06 1.67 0.96 P
2
1.77 £ 0.03 1.07 + 0.63 1.63-1.80 2.00,1.84 Px: Py
1.36 £ 0.05 0.80+0.11 1.35-1.41 - dy2-22
1.20+0.10 0.86 +0.11 1.09-1.22 1.32 d

The binding energies of the peaks are in good agreement with the Epi, 0f the s, p and d states of the
theoretical calculations (Table 5.5). However, the experimental  values do not match well with the
modelled anisotropy values, except for the p, state and peak 2. It has to be mentioned that the analysis
of the anisotropy values has been difficult due to a broad signal underlying the peaks 1-4 even after the

thermal background subtraction (Figure 5.8).
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Figure 5.8. PES of coronene: a) angle integrated, thermal background subtracted
spectra using 400 nm, (120 * 10) fs, (0.7 = 0.1) TW/cm? (black line) and 800 nm, (120 *
10) fs, (4.0 = 0.1) TW/cm? (red line) laser pulses; b) angular-resolved, thermal
background subtracted PES parallel (0-10°, black line) and perpendicular (80-90°, blue
line) to the laser polarisation direction obtained from a) 400 nm; ¢) 0-10° spectrum from
b) including the peak fit for each state (magenta) and the sum (green). The dashed
brown lines in both spectra indicate the peak position of 1 to 4 or the assigned states,
respectively.

Therefore, the anisotropy of the peaks 1-4 can be distorted by this broad signal which could not be
removed. This may result in a reduced P value of these peaks as the broad signal is present for all angular
segments of the PES (Figure 5.8 b). Additionally, the photoionisation widths or probabilities of the
SAMO-like states and non-SAMO-like states in coronene (see chapter 1. 1, Figure 1.20) are closer and
almost overlapping, unlike the large difference in magnitude for Ceo (see chapter 3. 2. 1, Figure 3.24).
This makes it more likely to detect signals from valence states in the PES, too. Therefore, the broad
signal might be originated from valence states as observed similarly for other molecules like 2,5-
norbornadiene and phenol.*31%6157 This described influence of the valence states on the anisotropy

values of the peaks 1-4 in coronene has to be considered for the following discussion.

In this context it is worthwhile to take a look at the theoretically calculated p values of the SAMO-like

states for coronene (Figure 5.9).
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Figure 5.9: Modelled anisotropy values of coronene (orange line) and Ceo (black line)
plotted against the photoelectron kinetic energy for the a) s, c-e) p and b) d states,
including the experimental results from Table 5.5. The computed values were obtained
by Benoit Mignolet at the TD-DFT/CAM-B3LYP/6-31(2+)+G(d,p) level for coronene and
at the TD-DFT/CAM-B3LYP/6-31+G(d) level for Ceo.”” The asterisk at the d state points
out that the B values for coronene of the d state are taken from previous calculations of
Benoit Mignolet at the TD-DFT/CAM-B3LYP/6-31(2+)+G(d) level (chapter 1. 1).

Comparing the anisotropy values of coronene s, p and d states to Ceo, it is noticeable that the B values
are similar, except for the p; state, and have just a slight derivation from the Ceo  values (Figure 5.9).
In the case of the s state the B values of coronene diverge from 2 for higher kinetic energies which
indicates that the s state of coronene has a larger amount of non s type MO character than for Cg (See

chapter 1. 4 and 3. 3). For the two py and py states, the anisotropy values of coronene follow the same
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trend as the ones for the p SAMO of Ceo, as well as for the d state (Figure 5.9 b-d). However, the 8
values of the p, state of coronene vary significantly from Cgo (Figure 5.9 €). This is probably caused by
the planar symmetry of the coronene which is lower and lifts the degeneracy of the p states compared
to Ceo. Hence the states with an electron density located over the molecular plane (p) are stabilised
compared to MO with density within the molecular plane (py, px). These findings are also supported by

the shapes of the corresponding Dyson orbitals which are displayed in Figure 5.10.

a) b)

Figure 5.10: Dyson orbitals of a) s, b) p,, ¢) py and d) px state of coronene computed by
Benoit Mignolet at the TD-DFT/CAM-B3LYP/6-31(2+)+G(d,p) level (isocontour value of
0.002 |e|/a®) . The pictures a) and b) include the molecular axes.

The Dyson orbital of the s state for coronene is not completely spherical but slightly elongated along
the molecular plane (Figure 5.10 a). Hence, the modelled anisotropy value of the s state for coronene
may diverge even more from the experimentally obtained values because the theoretical calculation of
the PAD for large molecules with low symmetry is difficult (see chapter 1. 5).” This has been shown
in previous chapters (1. 5 and 3. 1) where the modelled B values are following the trend of the

experimental results but the values do not match exactly.
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Nevertheless, based on the Euin, the peaks 1-4 (Figure 5.7) can be assigned to the states with
corresponding binding energies, as shown in Table 5.5. Additionally, the perfect agreement between
the experimental and theoretical  value of the p, State supports the assignment of peak 2 to the p state.
Further measurements on coronene at different wavelengths are needed to recognise a trend in the

anisotropy values which can be compared to the calculations, especially for the s and d states.

Furthermore, the thermal electron temperatures perpendicular to the laser polarisation of the coronene

PES have been analysed and compared to the apparent temperatures of fullerenes (Figure 5.11).
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Figure 5.11: Comparison of the apparent temperatures perpendicular to the laser
polarisation for coronene with Cgg3>647477 C07477, Cgp’7, Li@Cso and ScsN@Csgo’” using
laser wavelengths of a) 400 nm, 120 fs and b) 800 nm, 120 fs.

For the laser wavelength of 400 nm and 800 nm the thermal electron temperature perpendicular to the
laser polarisation direction is clearly lower for coronene compared to Ceo, but similar to the endohedral
fullerene, Li@Cg (Figure 5.11). The ionisation potential of coronene is about (7.21 + 0.02) eV*% which
is lower than the Cgo (IP(Ceo) = 7.6 €V)Z. Hence, the apparent thermal electron temperature is expected
to be lower for coronene than Cqo, as already seen for the apparent temperatures of Li@Ceso (IP(Li@Csgo)
~ 6.4 eV)1%1% and Cg (see chapter 1). For the investigation of the reasons behind the thermal electron
temperatures of coronene being similar to Li@Ceo, the parallel and perpendicular apparent temperatures
to the laser polarisation direction of coronene and Li@Ceo are compared to each other, as well as the
corresponding modelled temperatures (Figure 5.12). The calculated temperatures of Li@Ceo are the
same as in Figure 4.6 while for coronene the following parameter were used and computed by Eleanor
Campbell: IP(CxH12) = 7.29 eV'®, 108 valence electrons, assuming the same time constant for
coupling to vibrational degrees of freedom as for Cg with 240 fs?’, with a photon absorption cross-
section of 0.15 A2,
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Figure 5.12: a) Plot of experimental apparent temperatures (points) obtained for
coronene (pink points) and Li@Ceo (blue points) using 800 nm, (120 + 10) fs against the
laser intensity and compared to results from the transient thermal electron emission
model427:84 (lines) calculated by Eleanor Campbell (see chapter 1. 5). b) Difference
between the parallel and perpendicular electron temperatures, obtained from plot a),
plotted against the ponderomotive shift (equation (1.1)). The dashed lines in b) indicate
the maximal gain in kinetic energy of the electrons from the vector field, 2U,,, and a gain

of U, (see chapter 1. 5).

It has to be noted that the modelled temperatures of coronene are preliminary results as certain input
parameters have been kept the same as for Ceo. These parameters, like the time constant for coupling to
vibrational degrees of freedom and the photon absorption cross-section, are unknown for coronene at
the moment and can only be assumed. However, even the theoretically approximated apparent
temperatures of coronene (pink lines) are quite close the modelled Li@Cso temperatures (blue lines)
and lower than the computed temperatures of Cgo (black lines) (Figure 5.12 a). This outcome is in
agreement with the experimentally obtained apparent temperatures (Figure 5.11). According to the
thermal model results, the apparent temperatures of coronene are supposed to be slightly higher than
for Li@Ceo, but these differences are too small to be detected as the experimental error is larger (Figure
5.12 a). Additionally, the coronene results of the thermal model are preliminary as mentioned before,
because some input parameters are yet unknown for coronene. However, the experimental temperatures
of coronene seem to be lower than for Li@Ceo, and the temperature values are almost always within the
error range of both molecules (Figure 5.12 a). The similarity in the apparent temperatures of coronene
and Li@Cgo may be due to a combination of the lower density of states or lower number of electron for
coronene and a higher 1P than for Li@Ceo. Nevertheless, the exact reasons need further studies, like on

the time constant for coupling to vibrational degrees of freedom of coronene and Li@Ceo.

The comparison of the differences between the parallel and perpendicular electron temperatures clearly
shows a lower degree of asymmetry in the coronene thermal electron emission than for Li@Cgo or other
studied fullerenes (Figure 5.12 b) and Figure 4.9). This observation needs further investigation as it
seems that the asymmetry of the thermal electron emission is dependent on the molecular size or on the

density of states.
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6. Conclusions and Outlook

This thesis confirmed the presence of SAMOs in other fullerenes than Cgy and Cro, as well as in
endohedral fullerenes and polycyclic aromatic hydrocarbons. In this work investigated the ionisation
and excitation mechanisms of fullerenes and PAHSs in the gas phase using fs laser pulses. Previous work
has identified the ionisation mechanisms on the fs timescale to be due to single photon ionisation of
SAMO states and transient thermal electron emission. The same ionisation mechanisms has been found
in Cgy, the endohedral fullerenes, ScsN@Cso and Li@Cgo, and coronene within the present work using
PES. The observed peak structure superimposed on a thermal background in the spectra has been
attributed to one-photon ionisation of diffuse, excited electronic states. Based on the analysis of the
PADs of the peaks and the similarity to the Ceo and Cro spectra, these peaks have been assigned to s, p

and d SAMO states, which was also supported by theoretical studies.

The structure of a fullerene, regarding molecular size and symmetry, has been found to have an effect
on the SAMOs. The SAMO peaks are broader for higher fullerenes due to a splitting of the degenerate
p and d states because of the decreased symmetry compared to I, for Ceo. Unfortunately, this splitting
cannot be resolved in the current experimental PES setup as the bandwidth of the laser pulses is too
broad for the close spacing of the non-degenerate states. In future experiments the laser pulses can be
chirped or filtered to gain the desired resolution whilst maintaining the laser power and short pulse
durations. The encapsulation of an atom or molecule increases the binding energy of the s SAMO for
the studied fullerenes, Li@Cso and ScsN@Cso, but does not affect the Epin of the p and d SAMOs.
Nevertheless, the PADs of the s state are not affected by the encapsulation of an atom or molecule inside
the fullerene cage or changes of the cage size. However, the anisotropy values of the p SAMOs can be
varied through insertion of an atom or molecule or variation of the cage size. On the contrary, alteration
of the fullerene size influences the PAD of the d SAMO state, while the encapsulation of an atom or
molecule does not have an effect. A deeper understanding of the link between the interaction of the
encapsulated molecule and the SAMO states of the fullerenes requires further investigation of other
endohedral fullerenes. This knowledge might enable the development of SAMO-based applications,
especially Li@Cgo, within molecular electronics like organic solar cells as acceptor molecules for

example.160-162

Furthermore, the photoionisation probability ratios of the s/p and s/d SAMOs for Cso Were characterised
experimentally which were reproduced by TD-DFT calculations exceptionally well. This positive
outcome supports the predictive potential of quantum chemistry techniques for such large and complex
molecules, like fullerenes. Additionally, the assumption of an equal population of all SAMOs through
fast energy redistribution after multiphoton excitation is endorsed. For a detailed comprehension of the
population mechanisms involved in highly excited states like Rydberg states or SAMOs, time-resolved

measurements would provide more information. Preparatory work was completed to accomplish this
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and such measurements will be conducted in a follow up study. Since theoretical calculations on the
electron dynamics of large molecules are currently impossible to conduct on such large molecules as
fullerenes due to the enormous computational cost, initial TD-DFT studies were carried out on PAHs

with a view to developing more detailed dynamical studies.

Theoretical studies within the present work predicted similar excited states to SAMOs in all studied
PAHSs. These TD-DFT computations were verified by experimental results obtained from coronene as
part of this thesis and literature values of naphthalene. The binding energies of these SAMO-like states
are decreasing with increasing molecular size, in particular for the s state. Molecules with a spherical
shape have an increased stability of their SAMO-like states compared to PAHs of comparable molecular
size which is expected due to the hollow core potential and the increased symmetry. Experimentally the
SAMO-like states were identified in the coronene spectra, and a broad, underlying signal in the PES
from valence states was detected. Further measurements, like absorption spectroscopy, are necessary to
identify the origin of this broad signal. Also, findings from these coronene measurements should give a
recognisable trend in the anisotropy values of the SAMO-like states, comparable to the calculations
from this thesis. Hereafter, theoretical calculations on electron dynamics can be conducted for PAHSs to
complement future time-resolved experimental studies to get an insight into the excitation mechanisms
of SAMO-like states.

Another ionisation mechanism of fullerenes, the thermal electron emission was analysed and verified.
The transient thermal electron emission model and the electric field-induced barrier suppression model
were verified within the present work by reproducing previous results on Ce at 800 nm and
complementing the experimental data using 700 nm laser pulses. The thermal model was successfully
applied to Li@Cqo to reproduce the experimental trend in the apparent temperatures. Discrepancies
between the model and the experimental values for the apparent temperatures parallel to the laser
polarisation direction were observed. The reasons behind these deviations need further investigations.
Other effects, such as internal polarisation, recollision effects or overlapping ATI peaks, might have to

be included in the model which are not considered yet.

In conclusion, the comparison of the studied fullerenes assumed that the thermal electron emission
mechanism becomes more dominant in the photoionisation of larger fullerenes. Since the thermal
electron temperatures mainly decreased with increasing size of the fullerene cage, while the SAMO
peaks become less pronounced. Nevertheless, not all studied fullerenes showed this trend for all laser
wavelengths, like Cgp, Which has to be analysed in more detail for a better understanding. Also the
transient thermal electron model can be applied to coronene to comprehend why the thermal electron
temperatures of coronene are the same as for Li@Cgo. The detailed understanding of the thermalisation

process would improve the design of optoelectronics and energy-harvesting devices.!®
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6. 1. Pump-Probe Experiment Outlook

Previously it has been mentioned that preparatory work was completed to study the electron dynamics
in the molecules to investigate their excitation and photoionisation mechanisms. The molecules are
excited by a pump laser pulse and a delayed probe laser pulse photoionises the excited molecules. The
created ions or photoelectrons can be detected and their spectra can give information about the
properties of the electronic structure of the molecular system. By varying the delay between pump and

probe pulse the dynamics in the molecular electronic structure can be recorded.

As mentioned in chapter 1. 2, the population mechanisms for the Rydberg states and SAMOs of
fullerenes might be similar to those of other molecules analysed by Rydberg Fingerprint
Spectroscopy.1®-22334879 Hence the molecules might absorb one or more photons and reach one or more
excited intermediate states.* The Rydberg states and SAMOs of the previously excited molecules could
be rapidly populated through effective IC from these intermediate states. 3377 The lifetime of these
intermediate states should be less than the laser pulse duration (about 120 fs) in the one-color
experiments because the excitation and ionisation of the highly excited states occurred during one laser

pu|se_7,33,50,77

The experimental pump-probe setup, as described in chapter 2. 1. 2, was built to analyse the dynamics
that lead to the population of the SAMOs and Rydberg states after exciting the fullerene molecules with
fs laser pulses. The pump pulse at a wavelength of 200 nm is used to excite the fullerene molecules into
an intermediate state from which the Rydberg states and SAMOs are populated through effective IC.
Then the pulse with a wavelength of about 530 nm probes the Rydberg states and SAMOs of these
excited molecules. The pump and probe laser beams were spatially overlapped through the vacuum
chamber. To find the overlap of both laser pulses in time the mass spectra of Ceo were recorded for
different positions of the translation stage in the probe pulse setup. The ion signal intensity of Ce* was
recorded as a function of the time delay between the pulses. Whenever the pulses overlapped in time,

the ion signal increased (Figure 6.1).
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Figure 6.1: Mass spectra of Ceo (left) and recorded Ceo* ion signal intensity as a function
of the delay between the pump and probe pulse (right); positive delay times represent
the pump pulse arrives before the probe and negative times are vice versa.

Preliminary, the cross-correlation of the two laser pulses was roughly estimated to be about 230 fs based
on a Gaussian fit to an OH* mass signal. A different molecule or a better technique needs to be explored
to measure the cross-correlation of the laser pulses more reliably within the vacuum chamber. A simple
exponential fit function was fitted to the Cgo™ spectrum using the obtained cross-correlation with a decay
time of about 60 fs. However, the experiment has to be improved to get an accurate measurement of the
cross-correlation of the laser pulses in the vacuum chamber. Unfortunately, no PES could be recorded
due to a strong scattering of the 200 nm laser beam in the vacuum chamber causing an oversaturation
of the VMI detector. For resolving this issue, baffles have been constructed for the viewports on the
vacuum chamber to deflect any scattering of the 200 nm laser beam from the viewports. These have to

be installed and tested on the experimental setup.

6. 2. General Outlook

A detailed understanding of the SAMOs and their properties will assist in the investigation of
fundamental excitation and ionisation mechanisms within larger molecules comparable to fullerenes.
This may help to understand electron dynamics or charge transfer processes in electronic materials
which would in turn contribute to the design of new materials for specific applications. Additionally,
this knowledge may play an important role in understanding the chemistry of neutral and charged

fullerenes in space.

The successful prediction of ionisation properties of such a large and complex system as a fullerene by
quantum chemistry using TD-DFT gives confidence in the predictive potential of this theory for probing
the electron dynamics of complex molecular systems. This result supports the application of quantum

chemistry for modelling electronic mechanisms in complex systems reliably. Since SAMOs have been
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confirmed to be accessible in molecules smaller than fullerenes in the present work, theoretical
calculations may be used to predict the electron dynamics during the excitation and ionisation of
SAMOs. This technique can also be used for probing the interplay between direct and thermal ionisation
and may provide important insights to help understand the electron dynamics of relevant molecules to
applications such as acceptor molecules in organic solar cells. There is therefore a large scope for
continued study in this field across a broad range of applications leading from fundamental
understanding that has been obtained.
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8. Appendices

8. 1. Appendix A — Laser Intensity Calibration Factors

Laser intensity calibration factors obtained for different wavelengths and pulse durations as described
in chapter 2. 1. 3and 2. 2. 2.

Table 8.1: Summary of the laser intensity calibration factors

W/cm2

Laser wavelength | Pulse duration

Calibration factor in

400 nm (120 + 10) fs (1.82 +0.22) - 101
500 nm (90 + 10) fs (1.35 +0.34) - 101
520 nm (90 + 10) fs (6.1+1.2) - 10%
540 nm (35 + 10) fs (8.8+1.8) - 101
570 nm (B9x1)fs (6.5+2.1) - 10"
600 nm (90 + 10) fs (0.89 % 0.04) - 10
625 nm (44 £ 5) fs (5.62 +0.37) - 101
700 nm (78 + 10) fs (2.03 +0.48) - 10
800 nm (120 + 10) fs (6.21 +0.13) - 101
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8. 2. Appendix B — Peak Fitting Analysis Procedure

After fitting the thermal electron background to the PES as described in section 4. 2, the thermal

background is subtracted from the spectrum for the peak fitting procedure (Figure 8.1).

Thermal electron background subtracted PES of C,

=
o
[
L

intensity/arb. units
intensity/arb. units

——PES of C; (from previous studies)
fitted thermal electron background

-
[=]
S

0 1 2 3 4
E,/eV
n

E,/eV

Figure 8.1: Example of PES of Cg at 500 nm, (90 + 10) fs, (4.5 = 0.3) TW/cm? from
previous studies’™ with the fitted thermal electron background on the left, note that it is
on a logarithmic intensity scale. On the right is the according PES shown after the
thermal electron background subtraction.

Lorentzian functions are fitted to the peaks in the PES by eye to obtain the peak position, area and width.

In this procedure it is important that the summation of all peak functions aligns with the experimental

spectrum.
—C,, PES, thermal background subtracted
3.0x10°2 — 1. function
' — 2. function
0 —— 3. function
= — 4. function
% —— 5. function
& 2.0x107° - — 6. function
G —— 7. function
= Summation of all
5; functions
o
-3 |
E 1.0x10
0.0
0 1 2 3

E./eVv

Figure 8.2: Peak fitting result of the thermal electron background subtracted Ce PES
from Figure 8.1.
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In some cases more than one Lorentzian function are needed to fit a peak reasonably well, but the
number of used functions should not exceed the number of possible orbitals based on the assignment of
the peak (like one function for a s peak or three functions for a p peak etc.). If more than one function
is used to fit a peak, the summation of the applied peaks is used to obtain the peak position, area and

width including the error propagation from the individual peaks.

4.0x10°
— C,, PES, thermal background subtracted
—— 1. function
P SAMO —— 2. function
" 3.0x10° d SAMO —— 3. function
= —— 4. function
% —— 5. function
e‘ — 6. funct!on
< 2.0x10° —7. functhn
= —— Summation of all
2 functions
9
£ 1.0x10°
0.0
0 1 2 3
E./eV

Figure 8.3: Same spectrum as Figure 8.2 including the assignment of the peaks.
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8. 3. Appendix C — Negative Mode LD FT-ICR Mass
Spectrum of Li@Ceo Sample

LD FT-ICR mass spectrum of the Li@Cso[PFs] sample taken at the same conditions as in chapter 3. 2.

3, Figure 3.14, just in the negative mode to detect anions.

6.0x10’ 7/
Li@cC,,
727.0
£ 4.0x10"
c
3 -
S C.H,Cl,
< 1485
B 2.0x10" PF Ceo
s 145.0 PFCH _58 7200
£ 672 696.0
£ 171.0
R
0.0 | II] i 672i0i Y1
T T /I/I/ T T
0 100 600 700 800
m/z

Figure 8.4: Negative mode LD FT-ICR mass spectrum of Li@Ce[PFs] including the

assignment of some peaks.
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8. 4. Appendix D — Mass Spectra of Li@Cso using 600

nm Laser Pulses

Mass spectra series of Li@Cgo[PFs] recorded at several laser intensities (as labelled in the graph) using
600 nm, (90 * 10) fs at Toven = (301 £ 3) °C.

{Li@C,, 600 nm, (90 + 10) fs |_i@(:;O
C+
1.0x10™ o
@
=
>
g (2.23 £ 0.04) TW/cm®
] . + 0. cm
S 0.0 fom s L
2 (1.78 + O.O4)ATW/cm2h
(O]
E
(0.89 + 0.04) TW/cm® Ul
-1.0x10™
400 500 600 700
m/z

Figure 8.5: Mass spectra of Li@Cego using 600 nm, (90 £ 10) fs at different laser intensities
as indicated in the graph.
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8. 5. Appendix E — Mass Spectra Series at different

Laser Intensities of Li@Ceo

Mass spectra of Li@Cgo taken at 540 nm using different laser intensities to probe the laser intensity

dependence of the ion yield.

Li@C,,, 540nm /\\‘
2
0.0 (9.9 +0.2) TW/cm /\/\
/\,¥

(8.7 +0.2) TW/cm®

-2.0x10° (5.5 + 0.2) TW/cm®

(3.9 + 0.2) TW/cm®

(3.2 +0.2) TW/cm®

.9 £ 0.2) TW/icm?®

-6.0x10° (2.4 + 0.2) TW/cm?

600 ' 650 ' 6;10 ' 6(|50 ' GEIBO ' 7(I)O ' 750 ' 7;10
m/z

-4.0x10°

intensity/arb. units

Figure 8.6: Series of Li@Cso mass spectra at 540 nm, (35 + 10) fs, Toven = (386 £ 3) °C and
laser intensities as labelled.
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8. 6. Appendix F-PES of Li@Cso at 600 nm and 800 nm

Angle integrated PES of Li@Csg at 600 nm, (90 + 10) fs, (1.0 + 0.5) TW/cm? and 800 nm, (120 + 10)
fs, (4.0 £ 0.6) TW/cm?.

Li@C,, 600 nm
Li@C,, 800 nm

intensity/arb. units

: : , :
0.0 0.5 1.0 1.5 2.0
Ebm/ev

Figure 8.7: Angle integrated PES of Li@Ces at 600 nm and 800 nm with the peak
assignment.
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8. 7. Appendix G — PES of Cgo at 700 nm

Angular-resolved PES of Cg at 700 nm and at different laser intensities are analysed to investigate the
thermal electron background. The recorded spectra have a high noise level for lower laser intensities
due to the decreased sample signal. The fitted apparent temperatures parallel (T) and perpendicular
(T}) to the laser polarisation direction are a) T) = (0.83 £0.10) eV, T;- = (0.75+0.12) eV; b) T = (1.00
+0.20) eV, T+ = (0.65 + 0.30) eV; ¢) T, = (1.08 + 0.08) eV, Tt = (0.72 + 0.05) eV.

a)102_ (3.6 £ 1.0) TW/cm?

10" 3

intensity/arb. units

10°4

10° 4

(=2
-

intensity/arb. units

B

(5.1 £1.0) TW/cm?

0
—

10* 5 ~ ~

intensity/arb. units
pa——t]

4
E,/eV

Figure 8.8: Angular-resolved PES of Ce at 700 nm, (78 = 10) fs, at different laser
intensities as labelled in the graphs. The black solid line is the PES parallel to the laser
polarisation direction and the red solid line is the PES perpendicular to it. The
corresponding dashed lines are the fitted thermal electron background according to
equation (4.1). Note that the intensity scale is logarithmic.
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8. 8. Appendix H — Publications

The publications are attached in the following order:

e Johansson, J. O., Bohl, E., Henderson, G. G., Mignolet, B., Dennis, T. J. S., Remacle, F. &
Campobell, E. E. B. Hot electron production and diffuse excited states in C7o, Cg2 and ScaN@Cso
characterised by angular-resolved photoelectron spectroscopy. J. Chem. Phys. 139, 084309
(2013).

e Bohl, E., Sokoél, K. P., Mignolet, B., Thompson, J. O. F., Johansson, J. O., Remacle, F. &
Campbell, E. E. B. Relative Photoionization Cross Sections of Super-Atom Molecular Orbitals
(SAMOs) in Cgo. J. Phys. Chem. A 119, 11504-11508 (2015).

e Johansson, J. O., Bohl, E. & Campbell, E. E. B. Super-Atom Molecular Orbital Excited States
of Fullerenes. Philos. Trans. R. Soc. A 374, 1-13 (2016).

166



167



THE JOURNAL OF CHEMICAL PHYSICS 139, 084309 (2013)

® CrossMark
¢

Hot electron production and diffuse excited states in C, Cgo,
and SczN@Cg, characterized by angular-resolved photoelectron

spectroscopy

J. Olof Johansson,! Elvira Bohl," Gordon G. Henderson,! Benoit Mignolet,?

T. John S. Dennis,® Francoise Remacle,? and Eleanor E. B. Campbell'-?
'EaStCHEM, School of Chemistry, University of Edinburgh, Edinburgh EH9 3JJ, United Kingdom
2De’partement de Chimie, B6c, Université de Liége, B4000 Liége, Belgium

38chool of Physics and Astronomy, Queen Mary University of London, Mile End Road,

London E1 4NS, United Kingdom

(Received 1 July 2013; accepted 5 August 2013; published online 27 August 2013)

Angular-resolved photoelectron spectroscopy using wavelength-tuneable femtosecond laser pulses
is presented for a series of fullerenes, namely, Cy, Cgs,, and ScsN@Cgy. The photoelectron ki-
netic energy distributions for the three molecules show typical thermal electron spectra with a
superimposed peak structure that is the result of one-photon ionization of diffuse low-angular mo-
menta states with electron density close to the carbon cage and that are related to so-called su-
per atom molecular orbitals. Photoelectron angular distributions confirm this assignment. The ob-
served structure is less prominent compared to the thermal electron background than what was
observed in Cgp. It can be concluded that hot electron emission is the main ionization channel for
the larger and more complex molecules for these excitation conditions. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4818987]

. INTRODUCTION

A fundamental understanding of the electronic struc-
ture and photoinitiated electron dynamics in large organic
molecules and carbon nanomaterials is important for optimiz-
ing their properties for use in molecular electronics and or-
ganic photovoltaics. Cg is an excellent model system for ac-
ceptor molecules, such as PC¢oBM, due to its high symmetry
and simple chemical composition, which simplifies theoret-
ical modelling.! Photoelectron spectroscopy studies of gas-
phase fullerenes after ca. 100 fs laser excitation have shown
that an efficient energy redistribution produces hot electrons
leading to the emission of thermal electrons with a charac-
teristic Boltzmann-like photoelectron spectrum (PES).?> Su-
perimposed on the thermal electron background, a series of
clear peaks converging on the ionization energy can be ob-
served that were initially assigned to one-photon ionization
of Rydberg states with large orbital angular momenta (¢ = 3,
5, and 7).> Photoelectron angular distributions (PADs) have
been shown to be a powerful tool to clearly identify the states
giving rise to some of this peak structure in PES and could, in
combination with a recent computational study by Mignolet
et al., show that the peak structure seen in fs spectra is due
to excitation of diffuse, excited states.*> These diffuse states
are Rydberg-like states with low orbital angular momenta
(¢ =0, 1, and 2)* and at least two radial nodes in the wave-
function (n = 3). The lowest-lying s-state predominantly con-
sists of the excitation of the s “Super Atom Molecular Or-
bital” (s-SAMO) that was originally studied by Feng et al.®
using scanning tunnelling spectroscopy of fullerenes sup-
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ported on metal substrates. Higher-lying states, such as the
p and d states, are further away from the core, in contrast to
the s-SAMO, and therefore show a mixture of SAMO and
more conventional Rydberg character, where the long range
Coulomb force dominates the interaction.’ It is not clear how
much of the SAMO-character is retained in larger and more
complex fullerenes, although there have been a few studies,
mainly theoretical, that have identified SAMOs in systems
other than Cg.”®

Recently, Grancini et al.? found that in a solar cell com-
posed of a polymer donor and PCgBM acceptor, above-gap
excitation in the donor produces hot, delocalised interfacial
charge transfer states that result in much more efficient charge
dissociation. The diffuse SAMOs, giving rise to nearly free-
electron bands in solids,” could potentially play a key role
in the diffuse charge transfer states mediating the efficient
charge dissociation observed.” A deeper understanding of the
nature of the excited states and the hot electron dynamics
in model acceptor materials may therefore lead to improved
light-harvesting devices.

To probe the influence of molecular size and symme-
try on both the thermal electron emission and diffuse ex-
cited states, we have carried out measurements on a series
of fullerenes with lower symmetry than Cgy, namely, Cy,
Csp, and the endohedral fullerene Sc;N@Cg,. Experimen-
tally, gas-phase studies are ideally suited for understanding
the fundamental aspects of these states, since there are no
solvents or surfaces present that perturb the electronic struc-
ture. The paper is organized as follows. In Sec. II, the ex-
perimental setup is briefly described and we show how bind-
ing energies and PADs are extracted from the measurements.
We also briefly describe the computational methodology used
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to compute the excited states and compare with the experi-
mental binding energies. In Sec. III, PES with clear thermal
electron signatures are presented for the molecules studied.
Subsequently, the focus is shifted to assigning the peaks su-
perimposed on the thermal background, which is possible by
comparing to results for Cgy. PES and PADs are therefore first
presented for Cg and then for C7, Cgp, and Sc;N@Cgy.

Il. METHODS
A. Experimental setup

The experimental setup is similar to the one presented in
Ref. 10. Neutral gas-phase fullerenes from purified powder
of Cgp, C79, Cgp, and ScsN@Cgy were prepared from an ef-
fusive oven at a temperature of ca. 500 °C inside a vacuum
chamber with pressure below 10~8 mbar. The output from a
non-collinear optical parametric amplifier (NOPA), pumped
by a regenerative titanium sapphire amplifier (producing
800 nm, 120 fs laser pulses of 3.8 mJ pulse energy), was
passed into the vacuum chamber at right angles to the effusive
molecular beam. The pulse duration after passing through a
half-wave plate, Glan-laser polarizer, and a vacuum viewport
was approximately 90 fs. The wavelength range used from the
NOPA was 500-750 nm, but was complimented by the fun-
damental and second harmonic of the regenerative amplifier
(800 and 400 nm, respectively). Mass spectra were collected
with a time-of-flight mass spectrometer. For all spectra pre-
sented in this paper, the laser power was adjusted so that the
lowest possible detectable signal was obtained, which typi-
cally meant that only singly charged molecular parents were
observed. Typical mass spectra are shown in Figure 1. The
intact molecular ion was the most abundant species in the
mass spectra, although for Cg, a small fraction of Cg4 was ob-
served as well. The electrons were extracted onto a position
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FIG. 1. Mass spectra obtained for the different molecules (indicated in the
figure) with typical laser excitation conditions where the intact molecular
ion is the dominant species in the mass spectrum. The laser wavelengths
and intensities were (a) 500 nm, 4.7 TW cm™2; (b) 520 nm, 2.9 TW cm™2;
(c) 519 nm, 2.8 TW cm™2; and (d) 506 nm, 4.1 TW cm 2. The pulse duration
was approximately 90 fs.
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sensitive detector consisting of a pair of microchannel plates
and a phosphor screen using a standard velocity-map imag-
ing (VMI) electrode configuration.!' The resulting VMI im-
ages were inverted using a modified version of Polar Onion-
Peeling (POP)'? that included up to the tenth Legendre poly-
nomial in the inversion procedure.

B. Data analysis

Data collected using 120 fs, 400 nm, and 1.1 TW cm—2
intensity are presented in Figure 2 for Cgg. For this pulse du-
ration and intensity, the PES typically show thermal electron
emission, as characterized by an exponential kinetic energy
distribution.'3 A series of peaks can be seen superimposed
on the thermal electron background, and in order to extract
angular distributions for these peaks, it is first necessary to
remove the thermal electron background. We do this by di-
viding the inverted VMI image into 10° angular segments,
which is shown in Figure 2 for the segments correspond-
ing to 0°-10° (parallel to the laser polarization direction),
40°-50°, and 80°-90° (perpendicular to the laser polariza-
tion direction). Clear peaks are observed along the laser po-
larization direction for this wavelength. Perpendicular to the
laser polarization direction, an exponential distribution is ob-
served (plotted in log-lin scale) due to thermal electron emis-
sion, although some residual peak structure is still visible.
An exponential distribution is fitted to the 80°-90° angular
segment and subsequently subtracted from all other angu-
lar segments. For longer wavelengths and higher intensities,
the thermal electron background becomes asymmetric be-
cause of the laser field’s influence on the emitted electrons,!?
which complicates the thermal background subtraction. Also,
above-threshold ionization (ATI) peaks superimposed on the
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FIG. 2. (a) Inverted VMI image obtained after ionizing Ceo with 120 fs,
400 nm laser excitation of 1.1 TW cm~2 (weighted by the radius for display
purposes). ¢ is the electron kinetic energy. The yellow lines represent the
angular segments that the image is divided into for producing the PES along
the (b) 0°-10°, (c) 40°=50°, and (d) 80°-90° angular segments. Note that the
perpendicular segment (80°-90°) is plotted in log-lin scale to emphasise the
(exponential) thermal electron background.

Downloaded 28 Aug 2013 to 129.215.221.47. This article is copyrighted as indicated in the abstract. Reuse of AIP content is subject to the terms at: http://jcp.aip.org/about/rights_and_permissions



084309-3 Johansson et al.

J. Chem. Phys. 139, 084309 (2013)

TABLE I. Computed binding energies of the lowest SAMO states of Cgp.

Functional Basis s-state Eping (V) p-state Eping (€V) d-state Eping (€V)
B3LYP 6-31 + G(d) 2.14 1.26 0.77
CAM-B3LYP 6-31 + G(d) 2.10 1.14 0.62
CAM-B3LYP 6-31 + G(d) + diffuse 1.46-1.72 1.14-1.35
functions
(Mignolet et al.”)

background further obscure the thermal signal.>!'* Therefore,
for longer wavelengths (approximately >650 nm), where a
higher intensity is needed due to a lower value of the photon
absorption cross-section, an exponential distribution is fitted
for each angular segment. By keeping the laser power to a
minimum, however, the asymmetric effects are also kept to a
minimum.

Once the thermal background has been subtracted,
Lorentzian peaks are fitted to the spectra and the peak inten-
sity vs. angle can be used to extract the angular distributions
for each peak. We have found, using pulses of the order of
100 fs, that most angular distributions are very simple. In fact,
we can fit the PADs with an equation used for single-photon
ionization of a randomly distributed sample'>

1(0) oc[1+ BPy(cos )], (1)

where 6 is the emission angle with respect to the laser polar-
ization direction and P, is a second order Legendre polyno-
mial that is weighted by the anisotropy parameter 8 (which
can range from —1 to 2). Typically, Legendre polynomials
of order up to 2n are needed to describe the PAD from a
multiphoton process, where # is the number of photons in-
volved in the ionization process.'® Given the ionization po-
tential of Cgp, one would expect a polynomial order up to at
least 10 for 800 nm ionization. Of course, it is possible to fit
the PADs to higher order Legendre polynomials, however, in-
cluding higher orders does not significantly improve the fits.
The coefficient for the fourth Legendre polynomial is typi-
cally less than 10% of the fitted coefficient for the second
order polynomial (i.e., the 8 value), which is less than the
estimated 10% uncertainty in peak intensity. We therefore use
Eq. (1) to fit the data. By changing the laser wavelength, it
is possible to measure the kinetic energy dependence of the
B-parameter for a given peak. This gives us the possibility to
not only compare computed binding energies to experimental
ones, but also compare the anisotropy kinetic energy depen-
dence to calculations to assign peaks in PES.*

C. Computational details

Ce0, C70, and Cgg (D, isomer) were optimized without
imposing symmetry at the B3LYP/6-314+G(d) level. The ge-
ometries of Cgp, C79, and Cg4 were found to belong to the
I, Dsy, and D, point groups, respectively. The excited states
were computed by time-dependent density functional the-
ory (TD-DFT) at the TD-DFT/B3LYP/6-314+G(d) level for
a band of 500 excited states above the ground state, with
symmetry imposed. All computations were carried out with
GAUSSIAN 09.!7

The functional B3LYP and the 6-314+G(d) basis set were
selected in order to be able to carry out a systematic study
of the SAMO states of increasingly large fullerenes. Func-
tionals corrected for long-range electronic interactions, like
the functional CAM-B3LYP used in Mignolet et al., are bet-
ter suited for describing highly excited states with a diffuse
character. However, the computation of the correction term
of CAM-B3LYP increases significantly the computation time
and slows down the convergence, which precludes its use for
the larger fullerenes Cyy and Cg4 when a band of 500 excited
states is needed. The use of a smaller basis set, compared to
what was used previously’ for Cgp, is motivated by the same
considerations. The present basis set is large enough to de-
scribe the lower-lying SAMOs of the three fullerenes compu-
tationally investigated in this study and therefore allows for
a systematic comparison of their binding energies. For Cg,
we were able to compute the binding energies in B3LYP and
CAM-B3LYP for two basis sets (see Table I). With the 6-
31+4G(d) basis set, the B3LYP binding energies are slightly
higher than the CAM-B3LYP binding energies but the en-
ergy differences between the states remain similar (within
0.1 eV). The addition of diffuse functions increases the bind-
ing energies,’ but overall the energetic order of the lowest
SAMO states is stable. In addition, the computed photoelec-
tron angular distributions, which strongly depend on the sym-
metry properties of the SAMO states, do not change substan-
tially when using the smaller basis set. The same is true of the
anisotropy parameter, 8. The SAMOs of Cyy do not exhibit
a spherical symmetry but rather a cylindrical one. Therefore,
the p and d manifolds of the SAMOs in Cy, are not exactly
degenerate. The p,-SAMO orbital is lower in energy than the
px and py ones, and the d,, SAMO is lower than d,, and d,y
that are, in turn, lower than dyy and dyz.y.

A detailed description of the calculations of PADs was
presented previously.5 The PADs for Cgy and C;9 were com-
puted for a randomly oriented sample by rotating the molec-
ular frame of the molecule to obtain a random orientation
with respect to the laboratory frame. The computed PADs
were subsequently analysed using Eq. (1) to obtain the B-
parameters which were then compared to experiments.

lll. RESULTS AND DISCUSSION
A. Thermal electron emission

Thermal electron emission from fullerenes has previ-
ously only been studied in Cgp, C79, and, to a much lesser
extent, La@Cg, after 800 nm excitation.'®!® The result-
ing PES show an exponential background distribution I(¢)
o exp ( — e/kgT,), characterised by an apparent temperature
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FIG. 3. PES along and perpendicular to the laser polarisation direction ob-
tained after 400 nm, 120 fs for (a) C7o, 6.4 TW cm™—2; (b) Cgo, 6.3 TW cm™2;
and (c) ScsN@Cgg, 8.4 TW cm™2. The spectrum in (a) was obtained under
slightly different VMI extraction conditions to what is normally used and so
the spectrum is only reliable up to ca. 2.5 eV. The corresponding mass spectra
are presented in (d).

T, (kg is Boltzmann’s constant)." ! Angular-resolved PES,
together with the corresponding mass spectra, obtained for
Cr0, Cg2, and ScsN@Cgg after 120 fs, 400 nm excitation are
presented in Figure 3. The spectra can, just as shown previ-
ously in the case of Cg and Cq0,'0 be fitted to an exponential
distribution for all wavelengths studied, indicating a thermal
ionization mechanism. The fitted apparent temperatures per-
pendicular to the laser polarization direction (7. are similar
for all molecules, verifying the thermal nature of the electron
signal, since the temperature should only be weakly depen-
dent on the excitation spectrum of each molecule. The Cy
temperatures are higher than for the other molecules studied
here but that can be expected, since fewer electrons result in
a lower heat capacity, which in turn results in higher appar-
ent temperatures for similar excitation intensities, as is the
case for Cgp/C79.'% The results provide further evidence that
efficient redistribution of excitation energy leading to ther-
mal electron emission is a dominant ionization mechanism in
fullerenes after fs laser excitation. Interestingly, this has also
been shown to be the case for polycyclic aromatic hydrocar-
bons (PAHs),2° which demonstrates that rapid electron ther-
malization occurs in a large range of organic molecules and
carbon nanomaterials.

B. Identification of SAMOs

To assign the peaks observed superimposed on the ther-
mal background in Figure 3, it is useful to compare to Cg,
since angular-resolved photoelectron spectroscopy has been
successful in identifying excited states due to the high sym-
metry of this molecule, leading to an almost atomic-like be-
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FIG. 4. Inverted VMI images and angle-resolved PES parallel and perpen-
dicular to the laser polarization direction for [(a) and (b)] Cgo excited with
500 nm, 4.7 TW cm™2; [(c) and (d)] C79 excited with 520 nm, 2.9 TW cm™2;
[(e) and (f)] Cgy excited with 519 nm, 2.8 TW cm~2; and [(g) and (h)]
Sc3N@Cyg excited with 506 nm, 4.1 TW cm~2.

haviour of the PADs with clear signatures of s- and p-states.*
Therefore, an inverted VMI image and the corresponding
angular-resolved PES parallel and perpendicular to the laser
polarization direction are shown in Figures 4(a) and 4(b) for
Cyo after 500 nm, 4.7 TW cm~2 laser excitation. Three peaks
clearly stand out and are labelled according to the assignment
made in Refs. 4 and 5, namely, s-, p-, and d-states. The rich
peak structure converging on the ionization energy,’ corre-
sponding to higher-lying states, is not resolved in this par-
ticular spectrum as the peaks become more densely spaced
and the spectrometer resolution decreases with increasing ki-
netic energy (corresponding to decreasing binding energy in
Figure 4). The Rydberg/SAMO states have orders of magni-
tude higher photoionization rates (of the order of 10'* s!)
than those of the more localized valence states (with ioniza-
tion rates of the order of 10' s~1), and will therefore ionize
much more efficiently during the ca. 100 fs laser pulse, which
is the reason why these particular states are observed in the fs
PES.> The large overlap between the neutral and ionic states
implies that the vibrational energy is conserved upon ion-
ization, in analogy with Rydberg fingerprint spectroscopy,’!
which produces clear peak structure despite the high vibra-
tional temperature at which the molecules are typically pre-
pared experimentally. The peak structure is independent of
wavelength and intensity, as is the case for the “fingerprint
spectra” presented in this work. In Rydberg fingerprint spec-
troscopy, a highly excited state is initially populated and
through internal conversion (IC), a large range of states is sub-
sequently populated.?'=>* As soon as a SAMO/Rydberg state
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FIG. 5. Photoelectron angular distributions (PADs) for (a) s-states, (b) p-
states, and (c) d-states, characterised by the fitted g value for the range of
molecules studied. The lines show the calculated S-values for Cep and C7o
at the TD-DFT/B3LYP/6-31+G(d) level for a randomly oriented sample (see
Sec. IT). The Cqo CAM-B3LYP results from Ref. 5 are shown for comparison.
Please note the difference in scale for the x-axes.

is populated through various IC processes, it will ionize due to
the high ionization rate. For fullerenes in the laser interaction
zone where SAMO/Rydberg states are not populated on the
timescale of the laser pulse, the excited valence states do not
photoionize due to the vanishingly small ionization rate, and
will therefore contribute to the rapid heating of the molecules
which eventually leads to hot electron production and subse-
quent thermal electron emission.’

The PADs for the three peaks, extracted from the an-
gular dependent peak intensities, can be fitted according to
Eq. (1) allowing the B-values to be extracted. The kinetic-
energy dependent SB-values, measured for a range of differ-
ent wavelengths, are plotted in Figure 5 for the s, p, and d
states. The s-state is clearly identified since 8 ~ 2 for all ki-
netic energies. The S-values for the p-state show a character-
istic behaviour similar to what is calculated for the p-SAMO
state.*>

In Ref. 4, results for C7y were presented for one wave-
length (400 nm). Here, we have repeated these measurements
and also extended the wavelength range. The measured VMI
and PES for Cy are very similar to Cg for all wavelengths
measured, as shown in Figures 4(c) and 4(d) for 520 nm exci-

J. Chem. Phys. 139, 084309 (2013)

TABLE II. Summary of experimental and computed (see Sec. II) binding
energies of the lowest-lying Rydberg states of the fullerenes studied.

s-state Eping (€V) p-state Eping (€V) d-state Epipng (€V)

Ceo Expt. 1.90(1) 1.47(2) 1.02(1)
Calc. 2.14 1.26 0.77

Cro Expt. 1.86(2) 1.42(2) 0.99(3)
Calc. 2.20 1.19-1.24 0.73-0.79

Cso Expt. 1.90(4) 1.42(5) 1.03(3)

Csa Calc. 2.12 1.22-1.28 0.72-0.83

ScsN@Cgp Expt. 1.94(5) 1.50(4) 1.04(2)

tation. We have therefore assigned the three prominent peaks
as s-, p-, and d-states in C;9 as well. The binding energies
are slightly lower for Cyg, as shown in Table II. The TD-DFT
computations show SAMO states in Cy¢ with binding ener-
gies close to what was found for Cg in agreement with ex-
periments (see Sec. II). Due to the lower symmetry of Cy,
the calculated p-state is split into a p, state and two degen-
erate px and py states. The PADs extracted from the angle-
resolved PES are also similar to those of Cgy, as seen in
Figure 5. In particular, the s-state shows 8 ~ 2 independent
of kinetic energy, which provides further support for this as-
signment. However, B-values for the p-state are slightly larger
than for Cgy. The calculated PADs are in reasonable agree-
ment with the experimental values (Figure 5).

A similar set of peaks for Cg;, is observed at the same
binding energies as for Cgp, although less pronounced com-
pared to the thermal electron background (Figures 4(e) and
4(f)). Based on the binding energies and PADs, in particular
for the s-state (Figure 5), it is reasonable to assign the same set
of peaks to s, p, and d states of Cgy. Zhao et al. reported that
the s-SAMO binding energy in Cg; is 0.2 eV higher than in
Ceo.” By contrast, computations performed by us have identi-
fied SAMO-like electronic states in Cgy at very similar ener-
gies to Cgp and it is therefore natural to assume that the same
is true for Cg, since electronic states (TD-DFT) are more rel-
evant than molecular orbitals (DFT) in laser spectroscopy ex-
periments. Similarly to the difference between Cgp and Cyy,
we observe that the PAD for the p-state of Cg; is slightly dif-
ferent from that of Cgy and Cy.

In our experiments on Sc;N@Cygj, bands with maxima
corresponding to the peak positions observed for the other
fullerenes are just discernible, as shown in Figures 4(g) and
4(h). The B-values, in particular for the s-band, are consistent
with those for the other fullerenes. We have therefore assigned
the peaks/bands in the spectra to the same states that are ob-
served in the other fullerenes studied. DFT computations of
Sc;N@Cgy indicate the presence of SAMO-like orbitals with
an approximate binding energy of 0.5 eV, in contrast to what
we present here. Similarly to C7o and Cgp, the B-values for
the p-band are different from Cego and appear to be higher and
peak at a lower kinetic energy for the larger, less symmetric
molecules. The difference in molecular structure is obviously
not large enough to significantly influence the binding energy
(Table II), however, PADs are very sensitive to small changes
to the molecular potential, which could explain the difference
in the PADs. Also, electron-electron correlations between the
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FIG. 6. Angle-integrated PES for a series of wavelength regions. Molecules
and wavelengths are indicated in the figure.

outgoing electron and the residual electrons can influence the
B-values, however, 8 ~ 2 for the s-states indicates that this is
not a significant contribution for these states.

C. Angle-integrated PES

More insights are gained by comparing the angle-
integrated PES, since angle-resolved spectra along a certain
direction can either show a large or small contribution from a
given peak depending on the -value. Angle-integrated spec-
tra for three typical wavelength regions are shown in Fig-
ure 6. There is a slight spread in the wavelength due to ex-
perimental conditions, however, the spectra in each region
are typically very similar. As previously mentioned, the peak
structure becomes less pronounced with decreasing molecular
symmetry and increasing size. The underlying thermal back-
ground signal is more dominant for the larger molecules, as
expected for larger particles, which will show more bulk-like
properties. The binding energy does not change considerably
(Table II) and it can be concluded that the binding energies of
the states are not largely influenced by details of the molec-
ular structure. This is in agreement with Rydberg Fingerprint
spectroscopy that does not show a large change in binding en-
ergy of similar molecular species. This is also supported by
the TD-DFT computations that do not predict a larger energy
difference than what is observed experimentally.*>

IV. CONCLUSIONS

In conclusion, we have presented results obtained using
a combination of velocity-map imaging and Rydberg finger-
print spectroscopy to study diffuse, excited electronic states of
Cr0, Cg2, and ScsN@Cgg. Due to the similarity to Cg spectra,
and, in particular, PADs characterised by § ~ 2, we have been

J. Chem. Phys. 139, 084309 (2013)

able to assign peaks in the spectra to s-, p- and d-states. We
observe an increasing thermal-to-Rydberg ratio in the spec-
tra for increasing molecular size and complexity (but lower
symmetry).

‘We have shown that the Rydberg fingerprint experimental
technique combined with PADs has the possibility to identify
potentially important diffuse states in carbon nanomaterials
and complex organic molecules. The technique can also be
used for probing the interplay between direct and thermal ion-
ization and may provide important insights to help understand
the electron dynamics of molecules of relevance to applica-
tions such as acceptor molecules in organic solar cells.
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ABSTRACT: The electronic structure and photoinduced
dynamics of fullerenes, especially Cyy, is of great interest because
these molecules are model systems for more complex molecules
and nanomaterials. In this work we have used Rydberg | ' 3 .
Fingerprint Spectroscopy to determine the relative ionization -
intensities from excited SAMO (Rydberg-like) states in Cy, as a ~ d _Saws
function of laser wavelength. The relative ionization intensities 7
are then compared to the ratio of the photoionization widths of .:10"; A

the Rydberg-like states, computed in time-dependent density p &3
functional theory (TD-DFT). The agreement is remarkably M
good when the same photon order is required to energetically
access the excited states. This illustrates the predictive potential
of quantum chemistry for studying photoionization of large, —
complex molecules as well as confirming the assumption that is

nweo o

often made concerning the multiphoton excitation and rapid energy redistribution in the fullerenes.

B INTRODUCTION

Gas phase photoelectron spectroscopy provides a powerful tool
to probe in detail the fundamental electronic structure and
photoinduced dynamical properties of isolated molecules.' The
advent of new light sources such as tunable ultrafast laser
systems or Free Electron Lasers is providing ever more
advanced possibilities for experimentally probing photoinduced
electron dynamics on increasingly complex systems.” For
planning and reliably interpreting the results of such advanced
experiments, it is essential to develop theoretical methods that
are able to accurately predict the outcome so that we
understand the nuances and fundamental factors involved in
taking such a measurement. This work focuses upon the
comparison of experimental measurements and theoretical
predictions of photoionization cross sections from excited
electronic states of a complex molecule, Cg. It has recently
been suggested that there could be significant challenges in
interpreting femtosecond photoionization experiments as the
detection sensitivity could significantly depend on changes in
the photoionization cross-section as the system evolves.’
Fullerenes are interesting model systems to help develop
both the new experimental possibilities and the associated
theoretical techniques. The high symmetry of Cgy, making it
accessible for high level theoretical investigation, combined
with its interesting electronic properties and ease of
experimental handling,* provides an attractive but challenging
subject for study.

-4 ACS Publications  © 2015 American Chemical Society

In earlier studies it has been shown that one-color
femtosecond photoelectron spectra of gas phase fullerenes
typically show 3 or 4 prominent peaks corresponding to
binding energies in the range 1-2 eV, superimposed on a
thermal electron background.”™” Theoretical photoionization
angular distributions of a band of 500 neutral excited states
computed in TD-DFT confirmed that the peaks observed in
the photoelectron spectra are due to single photon ionization
from excited “SAMO” (super-atom molecular orbital) states.”*®
The SAMO states are singly excited states where an electron is
(indirectly) promoted from the highest occupied molecular
orbital (HOMO) to a “SAMO” s, p, or d orbital. The SAMOs
in fullerenes were first identified in low-temperature scanning
tunnelling spectroscopy studies of Cg, on a copper surface and
described as diffuse Rydberg-like orbitals with the charge
distribution centered on the center of the hollow carbon cage.”
They can be considered as low-lying mixed Rydberg/valence
states with a dominant Rydberg contribution'’ and significant
charge density within the cage.® The high symmetry and hollow
character of Cg leads to the beautiful and simple atomic nature
of the Dyson orbitals of the SAMO states, shown in Figure 1,
and a correspondingly distinct photoelectron angular distribu-
tion for the s-orbitals.” The Dyson orbitals are one-particle
orbitals computed as the overlap between the neutral and
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Figure 1. Cuts in the isocontour amplitudes (0.002lel/ay®) of the
HOMO and Dyson orbitals of the s, p, and d SAMO states of Cg. The
electronic structure of the 500 lowest excited states was computed at
the TD-DFT/CAM-B3LYP/6-31(+)G(d)-Bq(6-31(6+)G(d)) level.
Computational details are given in ref 8.

cation many-electron wave functions and represent the
probability amplitude of the electron that is ionized.”'" They
are used to calculate photoionization intensities and photo-
electron angular distributions, as described in detail for Cq; in
an earlier publication.® For Cg, the SAMO Dyson orbitals are
very similar to the SAMO molecular orbitals.

The prominence of the SAMO peaks and the development
of the thermal background in the photoelectron spectra® was
attributed to the much larger photoionization widths (orders of
magnitude larger than for the valence states) that were
predicted for the SAMO states for the low photon energies
used in the experiments.” These large photoionization widths
are consistent with the recent observation of the correlation
between photoionization cross-section and polarizability
volume for a range of organic molecules.” The predicted
photoionization widths for the fullerene SAMOs corresponded
to ionization lifetimes on the order of 10 fs whereas the
ionization lifetimes of non-SAMO states (including the valence
states) were predicted to be on the order of picoseconds—
nanoseconds and thus considerably longer than the laser pulse
duration.®

In the work presented here, we report photoelectron spectra
obtained for a wider range of laser wavelengths than previously
reported. We determine the relative photoionization intensities
from the SAMO states as a function of laser wavelength and
compare them to calculations of the photoionization widths
(proportional to the photoionization cross sections) using the
TD-DFT approach described previously.” This provides an
additional stringent test of the theoretical calculations and the
very good agreement between experiment and theory illustrates
the predictive detail that can be captured for complex
polyatomic systems. In addition, the results provide strong
support for the very rapid energy redistribution within
fullerenes that is often invoked to interpret experimental
results.'”

B EXPERIMENTAL AND THEORETICAL METHODS

Photoelectron spectra were obtained using a velocity map
imaging s3pectrometer based on the design of Parker and co-
workers."” The experimental apparatus has been described in
more detail previously.”'* Cgy (99.95% purity, SES Research)
was introduced into the vacuum chamber as an effusive

molecular beam produced by heating the sample in an oven to
~500 °C.

A regenerative amplified Ti:sapphire laser system (800 nm
fundamental output, pulse 110 fs duration) was used to pump a
commercial noncollinear optical parametric amplifier (NOPA)
providing a tunable light source in the visible range. The pulse
durations were sub-100 fs at the interaction region and
wavelength dependent. Data provided in the Supporting
Information show that the pulse duration does not significantly
influence the results in the range accessed in these experiments
(ca. 30—90 fs, Figure S2 and S3). For experiments involving
800 or 400 nm light, the NOPA was bypassed, and the 800 nm
light was frequency doubled using a 0.5 mm thick BBO crystal
cut at 29°. The laser intensity and polarization were controlled
using a combination of a half-wave plate and a Glan-laser
polarizer and focused into the chamber using a 30 cm focal
length, fused silica lens. The laser intensity was chosen for each
wavelength to provide a good signal-to-noise ratio in the
photoelectron spectra while ensuring that fragmentation and
double ionization peaks were of negligible intensity in the
corresponding mass spectra. It was typically within the range
10"'-10" Wem ™.

The laser intersects the effusive molecular beam at right
angles and the photoelectrons are extracted using a set of
electrostatic lenses and detected using an integrated 40 mm
dual MCP/Phosphor detector (Photonis, ADP 3040FM 12/
10/8 60:1). The image is recorded using a CCD camera (AVT,
Stingray Model F146B), controlled via a LabVIEW program.
The recorded images were centroided” and integrated for
10°—107 laser shots. Once recorded, the images were inverted
using a POP inversion a.lgorithm,16 which was modified to
include Legendre polynomials up to the 10th order. The
conversion from velocity to energy was calibrated using the
well-known peaks from multiphoton ionization via Freeman-
type resonances in Xe.'”

The peaks in the photoelectron spectra were fitted using
Lorentzian functions (with 2 functions with small energy
separations used to get an optimum fit for the p- and d-SAMO
bands, in agreement with the slight splitting of these bands
observed in the calculations).” The binding energies and peak
widths were not changed for fitting the spectra obtained for
different laser wavelengths, only the relative intensities. The
error bars indicate the uncertainty in both the subtraction of the
thermal background and the Lorentzian peak fits.

The details of the theoretical calculations have been
presented in a previous publication.® Briefly, the electronic
structure of the 500 lowest excited states of neutral Cg, was
computed at the TD-DFT/CAM-B3LYP/6-31(+)G(d)-Bq(6-
31(6+)G(d)) level. The binding energies of the first s, p, and d
and second s band of SAMO states as well as the predicted
photoelectron angular distributions were shown previously to
be in good agreement with the experimental values.” In the
photoionization process, the Dyson orbital represents the
probability amplitude of the electron that is ionized. The
calculated photoionization width is the square modulus of the
dipole coupling between the Dyson orbital, ¢r”**", and the
outgoing plane wave, &g, integrated over the emission angle of
the ejected electron, €2, and multiplied by the density of plane
waves at the energy of the emitted electron p(e).

Ti(e) = pe) / dQ I{eq] — E-rlp ") -
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The photoionization widths between the electronic states
and the ground state of the cation (S-fold degenerate) were
computed using a basis of orthogonalized plane waves to
describe the wave function of the ionized electron. The
photoionization width was computed for each state taking into
account the random orientation of the Cg, molecule with
respect to the electric field. An electric field of 4.7 X 10° V cm™
was used for the calculations, corresponding to a laser intensity
of 3 X 10" W cm™ similar to the values used in the
experiments. Detailed information on the theoretical method-
ology is available in ref 8. Note that the ionization width, I’ is
proportional to the photoionization rate and directly related to
the photoionization cross-section. It does not refer to the width
of the peaks in the experimental photoelectron spectra.

To compare the experimental results with the theoretical
predictions, we calculated the ratios of the experimental SAMO
peaks for a given laser wavelength and compared them to the
calculated ratios of the photoionization widths for the
corresponding SAMOs at the appropriate electron kinetic
energies. Because we are comparing ratios, the laser electric
field term cancels and we can compare data sets taken at
different laser intensities. Systematic studies of the influence of
fluctuations in experimental parameters, such as laser pulse
duration, laser intensity and fullerene oven temperature, were
carried out to check that these do not influence the value of the
determined intensity ratios. These studies are documented in
the Supporting Information.

B RESULTS AND DISCUSSION

The experimental photoelectron spectra, Figure 2 and
Supporting Information Figure S1, show the presence of
peaks corresponding to ionization from the SAMO states
independent of the excitation wavelength, as is typical for
Rydberg Fingerprint Spectroscopy.'® The excitation mechanism
is not fully understood but it must involve multiphoton
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Figure 2. One-color femtosecond photoelectron spectra of Cg, at
selected wavelengths after thermal electron background subtraction.
The spectra are plotted in terms of both electron kinetic energy (lower
axis) and electron binding energy (upper axis). The binding energy is
defined as the difference between the photon energy and the
photoelectron kinetic energy. Peaks corresponding to ionization
from the s, p, and d/2s SAMOs are marked.

excitation and efficient coupling to a wide range of energetically
accessible states. The SAMOs will be preferentially ionized on
the time scale of the laser excitation,® for reasons discussed
above, and because their potential energy surface will be similar
to that of the cation, the ionization transition is expected to
conserve vibrational energy, thus leading to a peak in the
spectrum corresponding to the electronic binding energy of the
SAMO. If sufficient energy has been absorbed by the valence
electrons, the molecule may thermally ionize instead of
undergoing direct photoionization, leading to the thermal
background that is observed in the spectra (Supporting
Information), before the electronic excitation has time to
couple significantly to vibrational degrees of freedom.'*

Representative examples of the photoelectron spectra are
shown in Figure 2. The full set of spectra, prior to subtraction
of the thermal background are provided in Figure S1. The
peaks were identified as arising from SAMOs in an earlier
publication by comparing theoretical binding energies and
photoelectron an§ular distributions with experimental photo-
electron spectra.” The peaks appear at identical electron
binding energies (upper «x-axes) for all investigated laser
wavelengths. The prominent peak with a binding energy of
ca. 1.9 eV corresponds to the first s-SAMO band, the next peak
corresponds to the first p-SAMO band (binding energy ca. 1.5
eV) and the following peak to a combination of the first d-
SAMO band and second s-SAMO band that cannot be clearly
distinguished in these angle-integrated spectra (binding
energies of ca. 1 and 0.9 eV, respectively).’

In Figure 3, the calculated photoionization widths of the
lowest SAMO states are plotted as a function of photoelectron
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Figure 3. Calculated photoionization widths as a function of
photoelectron kinetic energy for the lowest-lying SAMO states
(black = s, red = p, blue = d, green =2s) using TD-DFT. For more
details of the theoretical methods see ref 8.

kinetic energy. The photoionization width (rate) decreases
strongly as the photoelectron kinetic energy increases up to a
photoelectron kinetic energy of 2 eV, in contrast to the
calculations for the non-SAMO states® (not shown) that show
an increasing photoionization width (starting from a much
lower value), in agreement with identified trends found in
absolute photoionization cross-section measurements for differ-
ent molecular systems.'”~>* The ionization widths (rates) are
predicted to be similar for the SAMO and non-SAMO states for
photoelectron energies beyond 2.5 eV, converging to a value of
<0.01 eV.® However, this corresponds to a photoionization
lifetime that is greater than 300 fs, significantly longer than the
laser pulse duration, and one would not expect to see clear peak
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structure in the spectra, in agreement with the experimental
results in Figures 2 and S1.

We are unable to determine absolute photoionization cross
sections in the experiment. However, the ratio of the SAMO
intensities can be used to compare with the corresponding
ratios of the calculated photoionization widths for each value of
the photon energy. Note that the photoelectron kinetic
energies are different for ionization from the different SAMO
states in each experiment (carried out with a fixed photon
energy).

Figure 4 shows the results of this comparison of the
measured ratios with the predicted ratios of the s to p and s to d
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Figure 4. Comparison of relative experimental SAMO peak intensities
(squares) and the theoretical photoionization width ratios of SAMO
states plotted as a function of laser photon energy. Upper panel: ratio
of the s and p peak intensities. Lower panel: ratio of the s and d peak
intensities. Theoretical values shown by dashed lines (ratio of average
values calculated for each band).® The numbers at the top of the plots
indicate the number of photons needed to access the s and the p or d
SAMO states, respectively (not taking into consideration the
substantial amount of vibrational energy that is present in the hot
fullerenes from the oven).

SAMO intensities, computed as the ratio of the ionization
widths of the SAMO states.” There is a clear correlation
between the predicted trend and the experimentally measured
results within the regions where the excited states can be
accessed by the same number of photons. Outside these regions,
the s-band can be accessed by one less photon than the higher
states. In this case the s-band intensity would be expected to be
significantly higher than the higher-lying states and the
measured ratios are correspondingly higher. This subtlety is
not predicted by the calculations because they do not include
the population mechanism but simply assume that all states are
populated with the same probability. The results are quite
remarkable in that they are implying that this assumption (at
least for the SAMO population) does hold as long as the
photon order needed to energetically access the states is the
same. What is apparent is that these calculations are, with
surprisingly good accuracy, able to predict the photoionization
probability in addition to the photoelectron angular distribution
as a function of kinetic energy as shown earlier.®

The experimental ratios for the d and 2s SAMO peaks do not
agree so well with the calculations (Figure S8). These states
have similar binding energies and thus would be accessed by
the same number of photons throughout the range investigated.
Here, the experimentally determined d-peak intensity is
considerably larger than the 2s whereas the calculations predict
very similar intensities for these two peaks. It should also be
noted, however, that the d and 2s peaks are very difficult to
distinguish in the experimental spectra and also that the
calculations indicate strong oscillations in the 2s photo-
ionization width (Figure 3). The assignment of the 2s peak is
based on the determined angular distribution.’

H CONCLUSION

The femtosecond photoelectron spectra of Cg, have been
reported for different laser wavelengths. The experimentally
determined intensity ratios of the s, p, and d SAMO features in
the spectra can be reproduced by taking the ratios of the
photoionization widths, predicted using TD-DFT. The success
of this theory at predicting the ionization properties of a system
that is as large and complex as a fullerene is remarkable and
provides confidence in the predictive potential of quantum
chemistry techniques for probing the electronic dynamics of
complex molecular systems.
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Relative Photoionization Cross-Sections of SAMOSs in Cg,
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1. Full Data Series

The complete series of angle-integrated photoelectron spectra used to extract the data shown
in Figures 2 and 4 of the paper are shown in Figure S1. The thermal background has not been
subtracted from these plots but the fit used to determine the background contribution is
shown as a red line.
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Fig. S1. Photoelectron spectra for different laser wavelengths. The red line shows the fit used
to subtract the thermal background.
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2. Dependence on Experimental Parameters

The following tests were carried out to ensure that the results did not depend critically on
fullerene oven temperature, laser pulse duration or laser pulse intensity within the ranges
typically used in the photoionization experiments.

A.—-LASER PULSE DURATION DEPENDENCE

Measurements were performed at a set wavelength and oven temperature (542 nm
(corresponding to 2.3 eV), 505 °C) to ascertain the influence of laser pulse duration upon the
relative s-SAMO, p-SAMO and d-SAMO signals. The results are reported in Figure S2. The
data plotted in black correspond to a laser pulse duration of 38+1 fs and the data plotted in
red to 99+2 fs, in both cases the laser pulse fluence was 0.4 Jem™.
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Figure S2 - (A) TOF mass spectra, (B) Photoelectron velocity distribution, (C) PES (intensity plotted
on a log scale) with fitted thermal electron background, (D) PES with thermal electron background

subtracted. The spectra in black and red correspond to a pulse duration of 38 +1 fs (10.5 TWem™) &
99+2 fs (4 TWem™?) respectively. The signal above 2.5 eV is due to above threshold ionization (ATI).

The comparison between the data at the two pulse durations is shown in Figure S3.

S2



1.04

Y
n

N IS
——
—a

=)
I

0.2+ e e

Area Ratio (SAMOs/Thermal) >
o
®

I3
@

20 30 4b 50 60 Yb 80 90 100 110 I“_’O
Pulse Duration (fs)

20 3‘0 4‘0 5‘0 6‘0 7‘0 Hb 9‘0 160 11‘0 WéO
Pulse Duration (fs)

Thermal Electron Temperature (eV),

(a]

- . =N
» o ®» o

= o ® o N

s/p-SAMO Peak Area Ratio

© 0 0 0 0 = =
0

0

20 30 4 5‘0 6‘0 70 80 ’;0 100 110 120
Pulse Duration (fs)

Figure S3 - Plots showing the pulse duration dependence of (A) overall s, p and d-SAMO
photoionization intensity relative to thermal electron emission, (B) thermal electron
temperature and (C) s/p-SAMO photoionization intensity ratio. Data taken from spectra in
Fig. S2. Red lines are horizontal lines to guide the eye.

From these results it was deduced that the pulse duration is not a significant factor
determining the relative intensity of the SAMO states. Although there appears to be a slight
increase of the s/p ratio for the longer pulse duration, this is still, just, within the experimental
error bars.

B. — INITIAL INTERNAL ENERGY DEPENDENCE

Since earlier studies have shown the importance of initial vibrational energy for the
population and detection of the SAMO peaks [1], measurements were performed at a set
wavelength, pulse duration and laser intensity (540 nm (corresponding to 2.3 eV), 35 fs, and
8.20 + 0.05 TWem™) for a number of different oven temperatures, although still for
significantly higher vibrational temperatures than the low temperature beam studied in Ref 1,
to investigate any influence the oven temperature and hence the internal energy of Cgy may
have on the SAMO ratios. Figure S4 details the results of these measurements.
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Figure S4 - (A) TOF mass spectra, (B) Photoelectron velocity distribution, (C) PES (intensity plotted

on a log scale) with fitted thermal electron background, (D) PES with thermal electron background
subtracted. The spectra are coloured black, red, green and blue to differentiate the different oven
temperatures of 505 °C, 485 °C, 460 °C & 435 °C respectively.

The comparison between the different oven temperatures is presented in Figure S5.
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From these measurements it was determined that the oven temperature, whilst an important
factor in optimising the total count rate (by controlling the target density), is not a critical
factor, for the temperature range studied, in determining the relative difference in the
observed photoelectron intensities of the SAMO states.

C. - LASER INTENSITY DEPENDENCE

Measurements were performed at a set wavelength, pulse duration and oven temperature (540
nm (corresponding to 2.3 eV), 35 fs, and 505 °C) for a number of different laser intensities to
investigate the effects of laser power density on the relative observed signal levels from the
SAMO states. Figure 5 details these results taken at 5.8 = 0.1, 4.7 = 0.1, 3.9 = 0.06, 3.2 +
0.05 and 1.8 +0.03 TWem™,
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Figure S6 - (A) TOF mass spectra, (B) Photoelectron velocity distribution, (C) PES (intensity plotted
on a log scale) with fitted thermal electron background, (D) PES with thermal electron background
subtracted. The spectra are colour coded as black, red, green, blue and cyan for the measurements
recorded at 5.77, 4.70, 3.93, 3.20, 1.82 TWem™ respectively.

The comparison of the different laser intensities is shown in Figure S7.
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Figure S7 - Plots showing the laser intensity dependence of (A) overall s, p and d-SAMO
photoionisation intensity relative to thermal electron emission, (B) thermal electron temperature and
(C) s/p-SAMOs photoionization intensity ratio. Horizontal red line to guide the eye. Data from the
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From this comparison it can be seen that there is a significant dependence of the relative
magnitude of the SAMO states with respect to the total thermal background on laser pulse
intensity. The trend shows that the total thermal background signal increases more rapidly
with increasing laser intensity (fluence), and hence increasing electron temperature [2,3], than
the SAMO signal. However the relative intensities of the SAMO states with respect to each

other remain constant as a function of laser intensity for the range investigated.
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Fig. S8. Comparison of relative experimental d and 2s SAMO peak intensities with

theoretical ionization width ratios (average band values) as a function of photon energy.
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Super-atom molecular orbitals are orbitals that
form diffuse hydrogenic excited electronic states of
fullerenes with their electron density centred at the
centre of the hollow carbon cage and a significant
electron density inside the cage. This is a consequence
of the high symmetry and hollow structure of
the molecules and distinguishes them from typical
low-lying molecular Rydberg states. This review
summarizes the current experimental and theoretical
studies related to these exotic excited electronic
states with emphasis on femtosecond photoelectron
spectroscopy experiments on gas-phase fullerenes.

This article is part of the themed issue ‘Fullerenes:
past, present and future, celebrating the 30th
anniversary of Buckminster Fullerene’.

1. Introduction

In the past 30 years since their discovery [1] fullerenes
and, in particular, Cggp have become very important
model systems for studying the properties of complex
molecules and nanoparticles in the gas phase. Their
ease of handling combined with their high symmetry
and chemical simplicity, consisting of only the element
carbon, has made them attractive systems for pushing
both experimental and theoretical techniques to provide
a deeper understanding of the electronic and dynamical
properties of matter on the nanoscale. Fullerenes also
have the intriguing characteristic that, depending on
the experimental circumstances, they can appear to
show properties more associated with bulk matter

© 2016 The Author(s) Published by the Royal Society. All rights reserved.


http://crossmark.crossref.org/dialog/?doi=10.1098/rsta.2015.0322&domain=pdf&date_stamp=2016-08-08
http://dx.doi.org/10.1098/rsta/374/2076
mailto:eleanor.campbell@ed.ac.uk
http://orcid.org/0000-0002-9320-447X
http://orcid.org/0000-0002-4656-3218
http://rsta.royalsocietypublishing.org/

Downloaded from http://rsta.royalsocietypublishing.org/ on August 9, 2016

e €.9

P
&y G & 2333%%,

é )¢

Q'

s-SAMO p-SAMO d-SAMO

Figure 1. Cuts in the isocontour amplitudes of the Dyson orbitals (representing the probability density of the electron that is
ionized) of the s-, p- and d-SAMO states of Cgo. Adapted from [3].

(such as thermionic electron emission) or can appear almost atomic like [2]. In this review, we
are focusing on the atomic-like nature of diffuse excited electronic states of fullerenes, known as
‘super-atom molecular orbitals’ (SAMOs). SAMOs can be considered to be similar to low-lying
mixed valence/Rydberg states, often encountered in molecules; however, the hollow and highly
symmetric nature of Cgp provides a spherically symmetric potential with a shallow attractive
region in the centre of the molecule. As a consequence of this, the wave functions of the lowest
members of the lowest angular momenta Rydberg series have significant electron density inside
the cage and, in contrast with typical molecular Rydberg states, the electron density is centred
on the centre of the hollow cage rather than on the atomic cores that form the molecule. The
associated molecular orbitals, therefore, bear a close resemblance to large, diffuse, nanometre-
scale hydrogenic atomic orbitals (figure 1).

The unusual nature of the SAMOs was first pointed out by Petek and co-workers when
they used low-temperature ultrahigh-vacuum scanning tunnel microscopy (STM) to image the
orbitals of Cgp deposited on Cu [4]. The same group also showed the formation of nearly
free electron bands when fullerenes aggregated to form a two-dimensional crystal on the
metal surface, indicating that these could be interesting systems for molecular electronics
applications if the excitation energy of the SAMOs could be tuned to be closer to the
Fermi energy. The excited SAMOs were observed earlier in gas-phase Cgp by femtosecond
photoelectron spectroscopy; however, they were not specifically identified as such [5], and they
have also been observed in two-photon photoemission experiments on Cgp layers deposited on
surfaces [6].

The STM studies have been reviewed previously [7] so here we focus on reviewing the
properties of the SAMO states in isolated gas-phase molecules where there is no perturbation
from the presence of a substrate. We start by briefly reviewing the experimental and theoretical
techniques that have been used to obtain information about these excited states in gas-phase
molecules before describing the results and finishing with a comparison of experimental
photoelectron angular distributions (PADs) with calculations using a simple model potential.

2. Methods

The details of the experimental techniques have been provided in previous publications [5,8,9]
and will be only briefly described here. The original studies that reported the excitation and
subsequent single-photon ionization of Rydberg states in Cgy were carried out with a combined
linear time-of-flight photoelectron spectrometer and a time-of-flight mass spectrometer (MS)
[5,10]. In these earlier studies, the angular dependence of the electron emission was not studied.
The emphasis was placed on the determination of the binding energies of the higher lying
members of the Rydberg series that were well resolved using 800nm laser pulses with 1.5ps
duration. In more recent studies, the time-of-flight photoelectron spectrometer was replaced
by a velocity map imaging (VMI) spectrometer, illustrated in figure 2 [8,9]. This incorporates
a position-sensitive detector consisting of a set of multichannel plates followed by a phosphor
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Figure 2. (a) Schematic of VMI/MS apparatus. (b) Sketch of the electron/ion optics from above. (Online version in colour.)

screen. A CCD camera records the positions at which the electrons arrive on the phosphor screen.
The electron extraction voltages are set to produce a two-dimensional projection of the emitted
electron cloud on the detector [11]. The resulting images recorded by the CCD camera are inverted
to obtain the initial velocity and angular distribution of the electrons using a standard algorithm,
either BASEX [12], p-BASEX [13] or polar-onion peeling [14] modified to include up to the tenth
Legendre polynomial in the inversion procedure. The great advantage of VMI is that it allows
the simultaneous recording of the electron velocity and the PAD. The velocity scale is calibrated
by recording the above-threshold ionization spectrum of Xe. The Xe photoelectron spectra also
serve as a convenient calibration for the 800 nm laser power [15]. The thermal background was
subtracted from the spectra [2] and the SAMO peaks were fitted with Lorentzian functions.

The laser pulses were obtained from a regenerative amplified Ti:sapphire laser (ca 110fs,
800nm). Additional wavelengths were provided by frequency doubling or tripling the
fundamental output or by using the fundamental output to pump a commercial noncollinear
optical parametric amplifier (NOPA) providing a tuneable light source in the visible range.
The pulse durations from the NOPA were in the range of 30-90fs. The laser light was linearly
polarized with the electric vector aligned in the vertical direction. In order to obtain a good
signal to noise ratio for the SAMO peaks while minimizing the background contribution
due to thermoelectronic ionization [16], the laser intensity typically was within the range
10M-10"? Wem =2,

A number of theoretical approaches for the calculation of the SAMO states have been
reported. The early studies focused on characterizing the one-electron SAMO orbitals using
plane-wave density functional theory (DFT) electronic structure calculations [4,7,17]. A many-
body perturbative approach provided evidence for the enhanced stability and long lifetime of
the states [18]. Time-dependent (TD)-DFT calculations were described in detail by Mignolet et al.
[19]. In these studies, the electronic structure of the 500 lowest excited states of neutral Cgg was
computed at the TD-DFT/B3LYP/6+31 G(d) [8] or the TD-DFT/CAM-B3LYP/6-31(+)G(d)-Bq(6-
31(6+)G(d)) level [19].

Photoelectron spectra, including PADs, were computed by first calculating the Dyson orbitals.
The Dyson orbitals are one-particle orbitals computed as the overlap between the neutral and
cation many electron wave functions and represent the probability amplitude of the electron that
is ionized [19,20]. They are used to calculate photoionization intensities and PADs, as described in
detail for Cgg by Mignolet et al. [19]. For Cgp the SAMO Dyson orbitals, figure 1, are very similar
to the SAMO molecular orbitals. As the SAMO and Rydberg excited states are composed of
several excitations from the highest occupied molecular orbital to several SAMO and/or Rydberg
orbitals, the Dyson orbitals of the SAMO and Rydberg states are thus a linear combination of the
SAMO/Rydberg molecular orbitals of the same symmetry. The first band of s-SAMO states has a
principal quantum number 1 = 3, while the lowest-lying members of the p- and d-bands in these
calculations, figure 1, have n =4 and 5, respectively, i.e. all wave functions of the lowest-lying
SAMO states contain two radial nodes.
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Figure 3. Schematic illustration of the ‘Rydberg fingerprint spectroscopy” technique used to probe the SAMO and Rydberg
excited states of the fullerenes. (a) Multiphoton excitation is followed by very efficient state couplings and population of a
wide range of excited states with varying amounts of vibrational energy. Narrow lines indicate vibrational excitation. Only the
first two members of the s-series and the first members of the p- and d-series are shown for clarity. The single-headed arrows
indicate two different photon energies. The double-headed arrows indicate the photoelectron kinetic energies. Note that the
photon energy corresponding to the red arrow is too low to ionize the lowest-lying s-state. (b) (i) Schematic of the photoelectron
spectra that would be observed for the two-photon energies shown in (a). (ii) Corresponding electron binding energies. (Online
version in colour.)

3. Rydberg fingerprint spectroscopy

The term ‘Rydberg fingerprint spectroscopy” was coined by Weber and co-workers [21]. It refers
to the sensitivity of molecular Rydberg electron-binding energies to the molecular structure and
has been proposed as an analytical technique to distinguish molecular isomers [22] and also
as a means of probing isomerization dynamics on a femtosecond time scale [23]. It was based
on the observation that well-resolved peaks could be observed in the photoelectron spectra of
organic molecules corresponding to low-lying molecular Rydberg states when using femtosecond
lasers for photoionization [24,25]. At the same time, similar observations were made for the
excitation and ionization of Rydberg states of Cgg [5]. For large molecules like Cgp where there
is a very high density of excited electronic and vibrational states, the excitation is practically
independent of the wavelength of the laser used for excitation. An additional advantage of the
technique is that, due to the similarity of the Rydberg and cation potential energy surfaces, the
final photoionization step is essentially vibration conserving and the method can work with
molecules that have a high initial vibrational energy. A simplified, schematic illustration of the
technique is shown in figure 3. High-lying excited states are very rapidly and efficiently coupled
to other excited states, aided by the high degree of vibrational excitation within the molecule
and the transient electric field of the laser pulse [26]. This allows the population of a wide
band of excited states with varying amounts of vibrational energy, including excited valence
states, the fullerene SAMO states and higher lying Rydberg states. Within the same laser pulse,
once excited, these SAMO/Rydberg states can be single-photon ionized by the absorption of an
additional photon.

As the excited states are incoherently populated, the final step in the photoionization process
can be considered to be a single-photon ionization from the excited states. In this case, the PAD
for a random orientation of the molecule can be described as [27]:

1(0) o< (1 + BP2(cos b)), (3.1)

where g is an anisotropy parameter, taking values within the range —1 to +2, and P> (cos 6) is the
second order Legendre polynomial.
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Figure 4. VMl images and the corresponding angle-integrated photoelectron spectra for Cg, plotted as a function of electron-
binding energy, for ionization with three different laser wavelengths: 545 nm, 514 nm and 400 nm (top to bottom).

4. Fullerene super-atom molecular orbitals and Rydberg states

Owing to the unique hollow nature of the fullerenes, the low-lying members of Rydberg series,
the SAMOs, which are the main interest here, are rather unusual in having the electron density
centred on the centre of the hollow molecular core rather than on the atomic constituents of
the molecule. SAMOs arise because of the hollow core potential defined by the spherical Cgp
carbon cage. The overall potential is a sum of two contributions: the deep Coulomb wells centred
on each carbon atom and a shallow attractive potential induced by the long-range-dispersion
interactions between electrons localized on two opposite sides of the cage. While only the former
is sufficient to define the o and = molecular orbitals, the shallow attractive potential within the
cage is essential for correctly describing SAMO states. In particular, the lowest-lying members
of the s- and p-series are considered to have significant electron density within the centre of the
molecule (figure 1). The s-SAMO has even been identified theoretically for anions [28,29]. This
clearly distinguishes the SAMO states from the higher lying Rydberg states. The unique nature of
the potential was discussed in analogy with image potential states of graphene in the context of
the STM experiments carried out by the Petek group [7]. For states with higher principal quantum
numbers, the electron density is almost entirely outside the carbon cage and the electron-binding
energies and properties more closely resemble those of conventional Rydberg series.

A series of VMI images and the corresponding angle-integrated photoelectron spectra, plotted
as a function of electron-binding energy (Eping = hv — Exin, where hv is the photon energy) rather
than photoelectron kinetic energy (Eyin), are shown in figure 4 for Cgg for three different laser
wavelengths. The peak structure is clearly seen in all three spectra with the most prominent peak
(assigned to the excitation of the first s-SAMO band) being indicated by the dashed lines. The
positions of the maxima of the first p- and d-bands and the second s-band are indicated by the
vertical dashed lines. This series of measurements nicely illustrates the non-resonant nature of
the excitation of the SAMO states as well as the single-photon ionization from the excited states
that underpins the analysis and interpretation.

The experimentally measured electron-binding energies are given in table 1 along with
calculated values. The plane-wave DFT values [4] were only given with respect to the calculated
lowest unoccupied molecular orbital value and are, therefore, just given as energy differences
between the states. The experimental assignment was based partly on the calculated binding
energies and partly on the PADs. The experimental angular distributions were extracted by
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Figure 5. (a) Photoelectron angular distribution for the peak in the 400 nm photoelectron spectrum shown in figure 4 at a
binding energy of 1.9 eV. (b) Value of the anisotropy parameter, 3, as a function of photoelectron kinetic energy for the peaks
assigned to the first (red, triangles) and second (black, squares) members of the s-SAMO series. The data point corresponding
to the plot in (a) appears at an electron kinetic energy of £y = hv — Eping = 3.1 — 1.9 = 1.2 V. (Online version in colour.)

Table 1. Comparison of experimental and theoretical binding energies for the Cgo SAMOs.

SAMO-binding energy (eV)

s Ag p Apg d Ay 5
experiment [8] 190 £0.01 043 147£0.02 045 1.0240.01 0.5 0.8740.02
B3LYP631+G(d)[8] ....... S s e e oo
AM-BLYPE3+ 235 089-063 146-172  07-058 1M4-135 0 14135
G(D)+-diff. [19]
pIanewav eDFT[4] ................................... G g g
e po Rt Ly by o S L e

dividing the VMI data into angular segments and integrating the relevant peak intensity in each
case [9]. An example for the peak at a binding energy of 1.9 eV, indicated in figure 4, is shown in
figure 5a for the 400 nm data with the data fitted to equation (3.1).

The value extracted for the anisotropy parameter, g, for the peaks with binding energies of
1.9 £ 0.1eV shows that the outgoing electron is very close to a pure p-wave. This is expected
for single-photon ionization from an s-state with zero orbital angular momentum (¢ =0). An
additional confirmation of the assignment of this peak is obtained when considering the extracted
value of B as a function of the kinetic energy of the outgoing electron. For ionization from an
s-state, the value of B should not change as the electron kinetic energy changes because the
outgoing wave should always be a p-wave. The non-resonant excitation mechanism for the
SAMOs allows us to test this by simply changing the wavelength of the laser. The results are
shown in figure 5b for the peaks assigned to the first (binding energy 1.9 eV) and second (binding
energy 0.87 eV) members of the s-series. The situation is less straightforward for ionization from
states with higher values of the orbital angular momentum because more than one exit channel is
possible (A¢ = £1) and the value will change as the velocity of the outgoing electron changes. In
this situation, comparison with the theoretical results helps to assign the peaks.

A comparison of the experimentally determined anisotropy parameters and TD-DFT
calculations for the B3LYP/6+31 G(d) and CAM-B3LYP/6-31(+)G(d)-Bq(6-31(6+)G(d)) level is
shown in figure 6 for Cgg, and Cyg with additional experimental values for Cgp and ScaN@Cgy.
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Figure 6. Photoelectron anqgular distributions (PADs) for (a) s-states, (b) p-states and (c) d-states, characterized by the fitted
B-value for experiments on Cgo (circles), G (squares), Cg; (up-triangles) and SsN@Cgo (down-triangles). The full lines show

the calculated B-values for Csy and Gy at the B3LYP/6-314-G(d) level [8]. The dashed lines are Cg CAM-B3LYP/6-31(+)G(d)-
Bq(6-31(6+)G(d)) results [19]. Adapted from [9].

Both the experimental and theoretical results are almost identical for C¢p and Cyp Although
the CAM-B3LYP/6-31(4)G(d)-Bq(6-31(6+)G(d)) calculations provide better agreement with
the experimental binding energies, the B3LYP/6-31+G(d) angular distributions are in better
agreement with the measurements for the p-SAMO. The d-SAMO measurements lie in between
the two sets of calculations. The predicted angular distributions are very sensitive to the
diffusivity of the wave functions. The angular distributions for ionization from the p-SAMO are
significantly shifted for low kinetic energies for Cg, and ScsN@Cgy with respect to Cgg and Cyp.
A smaller, but still significant, shift is also seen for the d-SAMO.

Photoelectron spectra parallel and perpendicular to the laser polarization direction are
compared for the different fullerenes whose S-values are plotted in figure 6, obtained at a
wavelength of around 500nm, in figure 7. The binding energies of the SAMO peaks are very
similar in all cases (table 1). It should be noted that the ionization energies of the higher fullerenes
and the endohedral species are all significantly lower than that of Cgp; therefore, the excitation
energy of the SAMO states must be lowered by the same amount. The main difference in the
photoelectron spectra is a broadening of the peak widths and a more prominent double-peak
structure for the p-SAMO band due to the decreasing symmetry as the size of the fullerene cage
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Figure 7. Photoelectron spectra parallel (black) and perpendicular (blue) to the laser polarization direction of (a) Cso, 500 nm,
47TW cm™2, (b) G, 520 nm, 2.9 TW cm 2, (c) (s, 519 nm, 2.8 TW cm—2 and (d) SsN@Cgg, 506 nm, 4.1 TW cm—2. Adapted
from [9].

is increased. The peak structure for the first s- and p-SAMO bands is almost completely smeared
out for the endohedral fullerene, ScsN@Cg [9].

The TD-DFT calculations also provided insight into the dominance of peaks corresponding
to single-photon ionization of SAMO bands over valence bands in the photoelectron spectra.
The photoionization widths between the excited electronic states and the ground state of the
cation were computed using a basis of orthogonalized plane waves to describe the wave function
of the ionized electron [19]. The photoionization width was computed for each state taking
into account the random orientation of the Cgp molecule with respect to the electric field.
The calculated photoionization width is proportional to the photoionization rate and directly
related to the photoionization cross section (it does not refer to the width of the peaks in the
photoelectron spectrum).

For the relatively low photoelectron kinetic energies that are studied in these experiments, the
photoionization cross section from the SAMO states is orders of magnitude larger than ionization
from the non-SAMO valence excited states (figure 8). The calculated photoionization widths can
be converted to photoionization lifetimes of the order of femtoseconds for the SAMO states but
picoseconds to nanoseconds for the non-SAMO states [19]. This explains very clearly why the
SAMO peaks are so dominant for ionization with visible laser wavelengths. Even though the
non-SAMO states will be populated, the probability that they will be single-photon ionized on
the time scale of the laser pulse (50-100 fs) is vanishingly small.

The ratio of calculated photoionization widths has been compared to relative experimental
ionization intensities [3]. The results, figure 9, show very good agreement between the theoretical
ratios and the experimental ratios for photon energies where the same number of photons can
access both states. Outside these regions, the s-band can be accessed by one less photon than the
higher states. In this case, the s-band intensity would be expected to be significantly higher than
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Figure 8. Photoionization widths, I, plotted on a logarithmic scale versus the photoelectron kinetic energy. Adapted from
[191. (Online version in colour.)
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Figure 9. Comparison of relative experimental SAMO peak intensities (squares) and the theoretical photoionization width ratios
of SAMO states plotted as a function of laser photon energy. (a) Ratio of the s- and p-peak intensities. (b) Ratio of the s- and
d-peak intensities. Theoretical values shown by dashed lines (ratio of average values calculated for each band). The numbers in
each panel indicate the number of photons needed to access the s and the p- or d-SAMO states, respectively. Adapted from [3].
(Online version in colour.)

the higher lying states and the measured ratios are correspondingly higher. This is not accounted
for by the calculations because they do not include the population mechanism but simply assume
that all states are populated with the same probability. The results are quite remarkable because
they are implying that this assumption (at least for the SAMO population) does hold as long as
the photon order needed to energetically access the states is the same. What is apparent is that
the TD-DFT calculations are, with good accuracy, able to predict the photoionization probability
in addition to the PAD as a function of kinetic energy as discussed earlier.

The rapid decrease in the photoionization width of the SAMO/Rydberg states as the
photoelectron kinetic energy increases (figure 8) also explains why the higher-lying Rydberg
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Figure10. Comparison of experimental anisotropy parameters, 3, with calculations using the simple phenomenological model
potential shown in the inset. Note that the 8 value for the s-SAMO is independent of the potential, which can be seen from
equation (5.1). (Online version in colour.)

states that were the subject of the early studies [5,10,30] are much less prominent for excitation
with visible light. Excitation and ionization with 800nm, 1.5 ps bandwidth limited picosecond
laser pulses produced photoelectron spectra where the higher-lying states were well resolved [5].
The assignment of the peaks was made by comparing the experimental binding energies with the
numerical solution of the Schrodinger equation using a simple model potential [5]. In the light of
the detail that can be obtained in angle-resolved studies using VMI, it would be useful to revisit
the study of the higher-lying Rydberg states using picosecond ionization.

5. Photoelectron anqular distributions from a phenomenological potential

There have been a number of attempts to model Cgp and X@Cgy photoionization using simple,
spherically symmetric, phenomenological potentials [5,7,31-33]. Usually in these studies, the
depth, width and shape of the potential well are adjusted to fit the experimental results and
has often taken the form of a quasi-square well potential at the position of the carbon atoms.
For example, the model used to calculate the Rydberg binding energies, discussed above, was
based on a quasi-rectangular potential at the position of the carbon atoms, published by Puska &
Nieminen [34]. In order to illustrate the use of a phenomenological potential to model the PADs,
we have adapted a phenomenological square well potential to have a shallow attractive core and
adjusted the parameters to obtain good agreement with the SAMO-binding energies. We then
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numerically solve the Schrédinger potential within Matlab, following the method described by
Falkensteiner et al. [35]. The eigenenergies for the lowest s-, p- and d-SAMO states are given in
table 1. The corresponding wave functions were then used to calculate the PADs following the
method described by Bartels et al. [36].

The anisotropy parameter, g, is defined within the Bethe-Cooper-Zare theory [27,37] as

Ut —1R® + (£ +1)(€ +2)R% — 6£(¢ + 1)R_R, coss
B (2¢ + 1)(¢R% + (¢ — 1)R%)

, (5.1)

where

Re= j VEOWOA dr (5.2)

are the radial matrix elements, ¥; and ¢ are the initial and final state wave functions, ¢ is the
orbital angular momentum quantum number of the initial state, r is the radial coordinate and § =
84+ — 8_ is the difference of the Coulomb phase shifts of the final state wave functions v, defined
by their asymptotic behaviour [38]. The subscripts =+ refer to the £ + 1 and £ — 1 transitions.

21 log(2k
R4 >~/ ——cos kr—(@:l:l)ﬁ—l—m—{—(gi—l—ai for r — oo. (5.3)
wkr 2 k

Here, k is the magnitude of the wavevector and o is the Coulomb phase (= argl"(1 + € — i/k)) [39].

The results for the lowest s-, p- and d-SAMOs are shown in figure 10. The spherically symmetric
radial potential used for the calculations is shown as an inset in the lower plot. The results
are rather close to the experimental values. It should be noted that although quasi-square
well potentials have been used to model fullerene photoionization they are not very physical
and a cusp-like potential has been suggested as a more realistic approximation [40]. The good
agreement achieved here gives some confidence that a systematic comparison of the eigenenergies
and angular distributions obtained from the available model potentials should provide a means
of selecting the most appropriate and generally applicable model potential for Cep.

6. Conclusion

Thirty years after their discovery, fullerenes continue to be valuable model systems and serve
to develop new experimental and theoretical techniques that can probe ever more complex
systems. The fullerene SAMO excited electronic states that have been reviewed here provide
large, challenging systems for quantum chemistry but, most attractively, the high symmetry and
nature of the Cgp molecules also make it possible to apply much simpler models that provide
more intuitive insight into the factors that influence the binding energy of these interesting states.
The increased knowledge of the properties of these states may lead to design of materials for
specific charge transport applications and may also play an important role in understanding the
chemistry of neutral and charged fullerenes in space.
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