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Abstract

In this thesis, the two prototype catalysts Fe(CO)s and Cr(CO)g are investigated
with time-resolved photoelectron spectroscopy at a high harmonic setup. In both of
these metal carbonyls, a UV photon can induce the dissociation of one or more ligands
of the complex. The mechanism of the dissociation has been debated over the last
decades. The electronic dynamics of the first dissociation occur on the femtosecond
timescale.

For the experiment, an existing high harmonic setup was moved to a new location, was
extended, and characterized. The modified setup can induce dynamics in gas phase
samples with photon energies of 1.55eV, 3.10eV, and 4.65eV. The valence electronic
structure of the samples can be probed with photon energies between 20 eV and 40eV .
The temporal resolution is 111 fs to 262 fs, depending on the combination of the two
photon energies.

The electronically excited intermediates of the two complexes, as well as of the reaction
product Fe(CO)y, could be observed with photoelectron spectroscopy in the gas
phase for the first time. However, photoelectron spectroscopy gives access only to
the final ionic states. Corresponding calculations to simulate these spectra are still
in development. The peak energies and their evolution in time with respect to the
initiation pump pulse have been determined, these peaks have been assigned based
on literature data. The spectra of the two complexes show clear differences. The
dynamics have been interpreted with the assumption that the motion of peaks in the
spectra relates to the movement of the wave packet in the multidimensional energy
landscape. The results largely confirm existing models for the reaction pathways. In
both metal carbonyls, this pathway involves a direct excitation of the wave packet to
a metal-to-ligand charge transfer state and the subsequent crossing to a dissociative
ligand field state. The coupling of the electronic dynamics to the nuclear dynamics
could explain the slower dissociation in Fe(CO)s as compared to Cr(CO)g.
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Chapter

Introduction

Catalysts are essential for the modern lifestyle. Catalysts can reduce the activation
energy and improve the rate of a reaction. One example for a catalytic reaction is the
Haber-Bosch process. The development of the Haber-Bosch process in the first half of
the 20" century allowed the production of ammonia on an industrial scale [1]. Ammo-
nia is a precursor for fertilizers which strongly increase agricultural yields. Thereby,
ammonia sustains about 40 % of the world’s population [2|. Feeding the population of
this planet would be difficult without it. Other important industrial applications of
catalysis include the production of synthesis gas and the cracking of crude oil.

The market integration of renewable energies today requires the improvement of energy
storage. Splitting water into hydrogen and oxygen via a catalyst presents one possible
solution to this problem. Such a system is active in the oxygen-evolving complex in
all photosynthetic organisms on this planet. The complex requires the energy of four
photons of visible light in order to split two water molecules. The photons are collected
stepwise, and the energy is stored in oxidizing equvilants. Each photon removes one
electron from the complex. The combined energy is released in one step and splits the
water molecules [3]. Understanding the details of this natural catalyst or designing an
efficient artificial photocatalyst remains one of the grand challenges of our times.

For this purpose, the absorption of light by a molecule has to be studied at a fundamen-
tal level. Light-induced processes such as vibrational relaxation, vibrational motion,
and dissociation reactions take place on the ultrafast timescale i.e., on the order of
femto- to picoseconds [4]. A photon can change the electronic structure of a molecule,
thereby promoting it from the ground state to an excited state. The properties of
the molecule in the excited state can differ significantly from the ground state species.
The nuclei adapt to the changes in the electronic configuration. In photocatalysts, the
excited state can lead to a reactive intermediate or induce a photodissociation followed
by additional chemical reactions on the ultrafast timescale [5].

In this thesis, I study the photodissociation of metal carbonyls. A metal carbonyl
M,,(CO),, is a complex composed of m metals with n carbonyl ligands. The metal-
carbonyl Fe(CO)s is a prototype catalyst. F'e(CO)s is stable at ambient conditions.
A UV photon causes the dissociation of the complex into smaller fragments including
the reactive intermediate Fe(CO)y. This undersaturated intermediate is known to
activate the C-H bond [6, |7]. The photodissociation of Fe(CO)s occurs ultrafast i.e., in
under 100 fs. The details of the dissociation have been debated in the last decades [8].
As part of this debate, the question rose whether the ligands are lost sequentially or
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concertedly. Experimental results could be found for both scenarios. Other questions
in the debate are: What states are involved in the reaction, and what are the energies
of these states? How does the electronic and the nuclear structure change during the
reaction? Is a spin-flip involved and what are the differences between the reactions in
the gas phase and the liquid phase?

Various techniques have contributed to provide a detailed picture of the dynamics.
The current model of the reaction describes how the UV photon brings the molecule
into an electronically excited state. From there, F'e(CO)s decays in less than 100 fs
to Fe(CO)4 + CO [9]. Observing the short-lived excited-state intermediates and
determining the rate of the reaction steps has been difficult. Separating the different
species at a sufficient time resolution is challenging for many experimental methods.

Can I revise the model for the photodissociation or even find a new perspective on the
dynamics of Fe(CO)5? This endeavor requires a method, which can probe the elec-
tronic structure during the reaction. Techniques based on light, such as synchrotrons,
X-ray free electron lasers, and high harmonic generation sources, give us access to these
dynamics. They can deliver femtosecond light pulses and the photon energies necessary
to study the valence electrons that participate in the bonding. Synchrotrons and
X-ray free electron lasers are well suited if the experimental method requires reaching
deep core levels or high brilliance. In comparison, high harmonic generation sources
are jitter-free and independent of a large-scale facility. Such sources can probe the
occupied valence states via photoelectron spectroscopy. A time-resolved measurement
allows for the observation of changes in the electronic configuration or, in other words,
the electronic dynamics.

I have modified and characterized an existing high harmonic setup at the Helmholtz-
Zentrum Berlin. The setup, its improvements, and its characterization are described
in detail in chapter two. With this setup, I have induced the photodissociation in
two metal carbonyls: iron pentacarbonyl [Fe(CO)s] and chromium hexacarbonyl
[Cr(CO)g] in the gas phase. The dissociation is initiated with a UV-vis pulse. A
second extreme UV pulse probes the electronic structure via photoelectron spectroscopy.
I can resolve the dynamics in the dimension of time by varying the delay between the
two pulses. For the first time, electronically excited intermediate states of Fe(CO)s in
the gas phase can be detected with photoelectron spectroscopy. The spectra allow us
to draw conclusions on the pathways along the potential energy curves. The results
largely confirm the latest model on the excited-state dynamics of Fe(CO)s. The
preliminary analysis of the Cr(CO)g spectra can also be interpreted in agreement with
current models. In this study, the dynamics of the two metal carbonyls are compared.
The electronic structure, the photoelectron spectra, and the pathways in the energy
landscape are discussed in chapter three.



Chapter

Time Resolved Photoelectron
Spectroscopy with High Harmonic
Generation

2.1 Photoelecton Spectroscopy

Photoelectron spectroscopy (PES) is an element specific spectroscopic technique to
measure the binding energy of electrons in molecules, in liquids, and on surfaces. The
technique is based on the external photoelectric effect, discovered by G. Hertz and
interpreted by A. Einstein. The photon energy E,;, is equal to the product of the
Planck constant h and the frequency of the light v: E,;, = hv. To remove an electron
from a sample in the gas phase, E,;, has to be greater than the binding energy Ey;, of
the electron. The free electron then carries the excess photon energy as kinetic energy
Ekin

Ekin = hv — Ebin (21)

With higher photon energy, stronger bound electrons can be extracted and studied. The
development of XUV and X-ray sources allowed access to lower laying valence states
and even core states. K. Siegbahn et al. discovered that shifts of the binding energy
reveal information on the chemical state and the local environment of the sample |10,
11]. He and his group used PES and founded the field of Electron Spectroscopy of
Chemical Analysis (ESCA). Historically, the core levels were first used for the chemical
analysis. In the sixties, the valence electronic states came into focus [12]. PES allows
one to measure occupied valence electronic states. The molecule CO in the ground
state, for example, has six occupied orbitals, as illustrated in Figure a). The
diagram presents a single-electron picture. The photoelectron spectrum of the valence
states is shown in Figure b). The spectrum presents a multi-electron picture.
The relative intensities in the spectrum are proportional to the cross-section which
depends on the photon energy. The molecular orbital diagram and the spectrum will
be discussed in chapter three.

We can see that the orbitals energies are similar to the location of the peaks. However,
PES does not allow for the direct observation of the ground state. When probing a
molecule, with N electrons, at least one electron is removed by the light to investigate
the structure. However, the electron tells us only about the configuration of the
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Figure 2.1: a) A molecular orbital diagram for carbon monoxide. The energies are taken from
Reference [13]. b) The photoelectron spectrum of the carbon monoxide (gas phase) valence
states, as measured.

molecule with N — 1 electrons, which we call the final ionic state. The kinetic energy
of the free electron reveals only information about the projection of the ground state
onto the final ionic state.

Let us consider the following scenarios to understand the impact of this limitation:
We probe a molecule with a XUV photon during a reaction, see Figure a). The
molecular potential depends on the reaction coordinate. A wave packet is lifted from
the ground state (black line) into a virtual state in the vacuum (gray line). The kinetic
energy of the free electron (green arrow) corresponds to the difference between the
virtual state and the final ionic state (purple line). We measure the kinetic energy of
the free electron at different points of the reaction coordinates. From the kinetic energy
of the ejected electrons, the potential energy curve of the ground state is calculated. In
this way, we approximate the potential curve (black circles) on which the electron was
prior to the arrival of the XUV photon. In the approximation known as Koopmans’s
theorem the binding energy or ionization energy of the electron is equal in magnitude
to the orbital energy [14]. In this case [a)], the potential is well approximated because
the final ionic state does not strongly depend on the reaction coordinate.

However, the experimental results can differ if the final ionic state is not constant.
An example is illustrated in case b). Here, the final ionic state considerably depends
on the reaction coordinate. This results in a large difference between the actual
ground state potential and the calculated potential. In our experiment, we probe an
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electronically excited state. This situation is illustrated in case c¢). A photon (red
arrow) lifts the wave packet into an excited state (yellow line) before the system is
probed. The nearly constant final ionic state allows a good approximation of the
excited state potential curve. In case d), the final ionic state dependence significantly
on the reaction coordinate. The excited state potential and its approximation differ to
a larger extent as compared to case c¢). In quantum mechanical calculations the effect
of the final ionic state can be switched on and off. The calculations enable the transfer
from experimental observations on complexes with N — 1 electrons to complexes with
N electrons.

From this line of thought, we learn about the limitations of PES and the importance
of calculations. The calculation of the final ionic state holds the key to interpreting
and understanding the experimental results.
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Figure 2.2: An illustration of the of the measurement process with photoelectron spectroscopy.
A sample in the ground state (a and b) or in the excited state (¢ and d) is probed with an
XUV photon. The original potential of the electron is approximated from the kinetic energy
of the electron. The dependence of the final ionic state on the reaction coordinate limits the
quality of this approximation.
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2.2 Ultrafast Lasers

Ultrafast lasers are pulsed sources where each pulse has a duration of atto- to nanosec-
onds. A laser pulse can be understood as the temporal variation of an electromagnetic

field E(t)
E(t) = Ege (/77 ¢ite(®) (2.2)

t is the time, w the frequency, and 7 the duration of the pulse, the envelope of the
electric field is | E(t)|. The observable is the intensity I(t) =| E(t)|?>. For a Gaussian
pulse, I will refer to the Full With at Half Maximum (FWHM) of the intensity in
the dimension of time Atpw gy = 24/2In(2)7 as the duration of a pulse or as the
temporal pulse length. The spectral width (FWHM), or bandwidth, is termed Aw.
The two parameters At and Aw are related through a Fourier transformation. Their
product is limited by the following relationship

AwAt > 2mep (2.3)

The constant cp depends on the pulse shape and is 0.441 for an Gaussian pulse profile.
Pulses, where AwAt = 2mcp, are called ’bandwidth limited’ or 'Fourier limited’ |15,
16]. The spectral width of a bandwidth limited pulse is shown in Figure
If such a pulse travels through an optical element, e.g. a lens, the pulse becomes
chirped, that is the frequency components become separated in the dimension of time.
It is the second order phase coefficient or group delay dispersion (GDD) ¢” which
linearly chirps the pulse
- ML d’n
0" = 2mc? d\?
L is the length and n the refractive index of the optical material, A\ the wavelength,
and ¢ the speed of the light in the vacuum [17]. The duration of the chirped pulse
Atout is

(2.4)

) 2
Aty = \/At2 + (4 In(2) A‘i | ) (2.5)

The broadening of a 10 mm BKT glass (¢” = 43.96 fs2/mm) is negligible for a 60 fs
pulse, but the effect is strong for a sub 30 fs pulse, see Figure c¢). The broadening
for a 50 fs pulse as a function of the path length in BK7 or fused silica is shown in
Figure d). Fused silica has a lower group delay dispersion than BK7 glass at the
same wavelength. However, the pulse broadening is still more severe for a 266 nm
pulse in fused silica than for a 800 nm pulse in BK7 glass [17]. For an experiment that
aims for a sub-100 fs resolution, it is essential to minimize the temporal broadening.
In my setup, I minimize the number of optical elements and the path length within
these elements.

The light source for the setup is an amplified Ti:sapphire laser system (Red Dragon
laser system from KM-Labs), which can deliver laser pulses of 44 fs duration at a rate
of 3kHz at a center wavelength of 795 nm. The pulse energy is 1.7mJ. The beam
has a diameter of (7.7 £ 0.1) mm and is p-polarized.

Each pulse is split at a ratio of 80/20. The smaller fraction is directed onto the 'pump
path’. The larger fraction is directed onto the 'probe path’, where the high harmonics
(HH) are generated.
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Figure 2.3: a) Depicted is the electric field of a 50 fs laser pulse of only one color (800 nm).
b) Shown is the spectral width of a Fourier limited pulse as a function of the pulse duration.
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originally 60 fs long laser pulse as a function of the path length in two glasses.
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2.3 Second Harmonic and Third Harmonic Generation

At high intensities the optical properties of a material, such as the polarization, respond
nonlinearly to the electric field. Only one year after the invention of the laser in 1960,
second harmonic generation (SHG) was discovered in visible light [18-20].

The conversion can be experimentally quite simple, via a non-linear crystal, as illus-
trated in Figure In this section, I briefly introduction the theoretical aspects of
the harmonic generation and discuss the experimental realization.

prism

non-linear
crystal

w,=2w,

Figure 2.4: An illustration of the second harmonic generation in the non-linear crystal.
A prism separates the two outgoing pulses.

The electromagnetic field of the laser causes a polarization P(t) of a dielectric medium
P(t) = coxE(t) (2.6)

€0 is the vacuum permittivity, and y is the susceptibility of the material. If P(t)
is expanded in a Taylor series, we can separate the linear term X(l)E(t) from the
nonlinear terms, as in the following equation:

Pt) = xWE®) + xPE*(t) + P E3(#) + ... (2.7)

The second order term can cause efficient SHG in crystals without an inversion
symmetry if the phase matching condition is fulfilled

- =
ki + ko = k3 (2.8)

The wave vector of two incoming photons k:_l> and k_; must match the Wi\;e vector k:_g> of
the outgoing photon. For SHG, the two incoming photons are equal k1 = k9. Hence,
the frequency of the outgoing photon ws must be twice as large as the frequency of
the two incoming photons w;. The process is collinear, which allows us to simplify

k1 = k1. As a result, the phase matching condition can be written as

2k1 = k3
2711&)1 i n22w1
C N C
<Ny = N9 (2.9)

c is the speed of light, and n the index of refraction of the material. Any material shows
dispersion n = n(w) and can in principle not fulfill equation Bifringe crystals,
however, have two optical axes. The light polarized perpendicular to the optical axis of
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the crystal is called the ordinary ray and it experiences n,. The perpendicular polarized
light is called the extraordinary ray and experiences n.. n. is a function of the cutting
angle 6 of the crystal, while n, is independent of . The phase matching condition
can, hence, be met by cutting the non-linear crystal at a specific angle. There are
several types of bifringe crystals which can be used for SHG. The material Beta Barium
Borate (BBO), combines a high efficiency and a high damage threshold. Type I phase
matching with 800 nm laser light can be achieved in a BBO crystal with a cutting
angle of § = 29.2°. The details of the generation are described in Reference [20].

A longer path within the crystal allows in principle for more conversion, but the optimal
length is limited. This is primarily due to the dispersion, but also depends on the pump
intensity and the chirp [21]. During the process of SHG, the crystal stretches, chirps,
and separates the pulses of the two frequencies wy and wy. For type I phase matching,
the second harmonic is generated with a polarization orthogonal to the fundamental
harmonic. If one desires to combine the two pulses again via sum-frequency generation
(SFG), then these effects have to be compensated for. For now, we assume that it
is possible and the two pulses can be overlapped in a second BBO to generate the
third harmonic. This process is the more general case of SHG. In SFG, ki = ko is no
longer a requirement, however, k; 4+ ky = k3 remains necessary. For generating the
third harmonic w3, we mix w; and ws

w3 = wWo + w1 (2.10)

The phase matching in a BBO crystal can, in this case, be partially be achieved with
a cutting angle of 8 = 44.3°. Full phase matching can not be achieved since there are
three colors involved. We require the first and the third harmonic in our experiment.
Let us now switch from the theoretical aspects of the second and third harmonic
generation to experimental aspects.

The setup is illustrated in Figure A periscope transports the 20 % fraction of the
fundamental laser beam into the pump-path on a second optical table. During this
operation the polarization is turned by 90°. A variable filter wheel can reduce the
intensity by up to one order of magnitude. The light passes several additional mirrors.
The leak light of one mirror is focused on a photodiode to trigger an oscilloscope. This
trigger can be used to find the temporal overlap between the pump and the probe as
we will see later (section [2.6)).

The pump beam is then directed onto a motorized delay-stage (OWIS LIMES 120).
The stage controls the arrival time of the pump pulse relative to the probe pulse with
a precision of 2 um, or 13 fs. A Galilean type telescope (f1 = 175mm, fo = —100mm)
reduces the beam size and the divergence [22].

The second and third harmonic are generated with a slightly modified commercial
system called femtokit (EKSMA OPTICS FKE-800-050-M). The kit includes two
BBO crystals (SHG-BBO and THG-BBO), a waveplate (WP), and a compensation
plate (CP), see Figure We typically use a pulse energy of Pgsognm = 360 .
While the 800nm pulses travel through the first BBO crystal (200 um thickness),
the second harmonic is generated. The polarization is rotated by 90° with respect
to the fundamental. A waveplate (WP) turns the polarization of the fundamental
pulse to match the 400 nm pulse. A calcite plate (CP) or a BBO can compensate the
delay between the fundamental and the second harmonic because the materials are
birefringent i.e., the refractive index is different for the ordinary and the extraordinary
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Figure 2.5: Depicted is a schematic layout of the pump path for the generation of the second
and third harmonic

wave, the two photon energies are delayed with respect to each other. A second 50 um
type I BBO mixes the two pulses via SFG and generates the third harmonic.

The spectrum of the three harmonics (first, second, and third) is shown in Figure
They have a center wavelength of 787 nm, 394 nm, and 263 nm, respectively, and a
width (FWHM) of 27.4nm, 5.3nm, and 2.4nm, respectively, see Table [2.1)). The
center wavelength can vary on a day-to-day basis by a few nm. In the following, I will
refer to the first, second, and third harmonic with their approximate wavelength of
800 nm, 400 nm, and 266 nm, respectively. The pulse power is measured behind the
set of mirrors which separate the harmonics.
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Figure 2.6: Shown are the spectra of the pump pulses: first, second, and third harmonic.

The conversion efficiency of the SHG and the THG depends on various parameters,
such as the pulse power, pulse duration, beam size, beam divergence, and crystal
thickness. Many of these parameters differ in setups of different groups, which limits
the comparability of the performance. The manufacture reaches a conversion rate of
nsac = 50% and nryg = 8 % for the generation. These rates where reached using

10



2.3 Second Harmonic and Third Harmonic Generation

harmonic  Eppoton/€V  AEphoton/€V  A/nm  AXN/nm  Epyge/pnd

HO1 1.58 0.055 787 274 360
HO02 3.15 0.042 394 5.3
HO3 4.71 0.043 263 24 6

Table 2.1: Listed are the properties of the harmonics on the pump path.

longer pulses, thicker crystals, and pulse power densities above the damage threshold of
the crystals. Zhang et al. reached nsga = 38 % with a 500 um BBO and an intensity
of 40 GW/(em)? [21].

With the 200 pm SHG-BBO and a pulse energy of 350 uJ, we reach nsgg = 25 % and
nraa = 2%. For the experiments, we limit the conversion rate of the third harmonic
to nrac = 1.4 %.

The SHG conversion efficiency as function of the fundamental pulse energy reaches
a plateau at half the pulse energy typically used in the experiment, see Figure [2.7]
The dependence is similar to the one found by Zhang et al. and indicates that the
conversion is not limited by the pulse energy [21]. An increased beam size did not
improve the conversion efficiency. It is assumed that a deviation from a Gaussian
shaped beam profile is the limiting factor.
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Figure 2.7: Shown is the conversion efficiency for the generation of the second harmonic in
the setup

All three harmonics exit the THG-BBO colinearly. A set of mirrors allows the separation
of the harmonics. For intensity measurements of the individual photon energies, a
prism is placed in the optical path. Otherwise, the beam is directed through a focusing
lens (f = 1000 mm for 800 nm) via an in-coupling mirror towards the interaction zone
in the vacuum. The leak light from the in-coupling mirror is guided onto a CCD
('BladeCam-XHR’ from Dataray) for monitoring the beam position and the beam size
in the virtual focus.

About 30 % of the third harmonic is transmitted to the interaction zone. Losses are
due to optics, such as the mirrors, the lens, the vacuum window (without anti-reflection
coating), as well as the absorption by air. For the experiments with the metal carbonyls,
the pulse energy was further reduced to prevent damage to the BBOs and nonlinear
effects in the sample with a typical pulse energy of 0.5 uJ (third harmonic).

11
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2.4 High Harmonic Generation

High harmonic generation (HHG) is a non-linear effect in the field of optics. A mono-
chromatic light pulse, with a fundamental photon energy Erg1 = hv, can be converted
into a polychromatic pulse with discrete photon energies Egpg = (2n + 1)-Ego1. The
polychromatic pulse is then composed of the HH of the fundamental. High intensities
are required to cause this phenomenon. The light must be coherent and linear polarized.
HH have been generated in gases and solids [23, 24]. HHG is an important light source
for spectroscopy in the XUV energy range.

In 1967, a few years after the invention of the laser, New et al. were the first to observe
the third harmonic in a gas [25]. The race for the highest harmonic, the highest flux,
and the shortest pulse had begun. However, it took until 1987 to access the 17"
harmonics [26]. With an increasing photon energy stronger bound core states could be
studied. In 1993 the 135" harmonic was reached and today even the 1000** harmonic
can be generated [27] 28]. An example for such generation is illustrated in Figure

w,

w,=2n+1w,

gas cell

Figure 2.8: An illustration of the high harmonic generation in a gas cell.

The field of the laser light polarizes the atoms in the gas, similarly to the generation of
the second harmonic (compare section . The higher order terms in the Taylor ex-
pansion cause the generation of the HH. To achieve a significant contribution from these
terms, strong fields are required. With laser intensities I = (10 — 10'6) W/(em)?,
the field strength can become comparable to that of the Coulomb field of the atom.
The atomic potential can be distorted to the extent in which the bound electrons can
tunnel from the atomic potential well to the free field, see Figure a). Before the
electron can get too far from the mother ion, the phase of the laser field changes and
the electron is accelerated towards its origin, see step b). Upon recollision with the
ion, the electron emits one high energy photon. The energy of this photon can be as
high as the sum of electrons kinetic energy, Ej;,, and the ionization energy, I, of the
atom, see step c). These three steps are part of the 'three-step model’ by Corkum [29).

The intensity distribution of the emitted light reflects the dynamics driven by the
laser field. The described ionization takes place twice during each laser cycle with
the period T and many times within one fs-laser pulse. We can approximate each
elongation of the field during a half-cycle with a Gaussian pulse shape. The field E(t)
can be approximated as a train of these Gaussians. The Fourier transformation allows
to change the perspective from the time domain E(t) into the frequency domain E(w).
The shape of each Gaussian is conserved by the transformation. However, the factor
1/2 is transformed to 2. This results in a separation of the pulses in the frequency
domain by 2 nw with n = 1,2,3,.... The actual energy of the HH is E g = (2n+1)hv.
In contrast to to the approximation, the intensity is distributed over a limited energy
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Figure 2.9: The 'three-step model’ of the high harmonic generation is illustrated [29], see
text for details.

range. The lower limit is given by the fundamental photon energy, the upper limit is
given by the ’cut off law’.
Ecutof = 3.17- U, + 1, (2.11)

Uy refers to the ponderomotive energy of the laser field and I, to the ionization
potential of the given conversion medium.

e2I)\2

 8m2¢pc3me

Up (2.12)

I is the laser intensity, e is the charge and m. the mass of an electron, c is the speed
of light, and € the vacuum permittivity. K., depends, hence, on the wavelength of
the fundamental laser, its intensity, and the choice of conversion gas.

Depending on the ratio of Up and Ip, different dynamics occur. The Keldysh parame-
ter v defines the transition between the regimes [30].

Ip
= — 2.13
=4/ i (2.13)

In our experiment, two cases are of importance. For v > 1 multi-photon ionization
is the most likely ionization process to occur. n photons of the energy hv < Ip are
absorbed by one atom of the gas. The atom is ionized, and the free electron carries a
kinetic energy Fjy;, of

Ekin = nhv — IP (214)

In the second case of v < 1, tunnel ionization is the dominating process. It was
described above as the first step of the three-step model. The details of the process
are well described in Reference [31].
Similar to SFG, the efficiency of the generation increases if the phase velocity of the
fundamental and the HH match. How can this ’phase matching’ be achieved in a
dispersive medium like a noble gas? The wave vector is given by

2w 2w Ngn(\)

k~—+

\ o Nered (2.15)

Where N, is the density of the neutral atoms of the generation gas, n the refractive

index, N, the density of the free electrons, and 7. the electron radius [32]. The first
term describes the contribution of the vacuum, the second term that of a neutral gas,
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2 Time Resolved Photoelectron Spectroscopy with High Harmonic Generation

and the third term the plasma dispersion. The plasma dispersion can compensate the
other two terms. The phase matching condition for the ¢** harmonic

Aq = qklaser - kHHG =0 (216)

can be met by adjusting the pressure and the ratio of the neutral gas to the plasma.
A longer path L increases the conversion. However, the absorption by the plasma also
increases for a larger L [32-34].

For this experiment, an existing setup was moved to a new laboratory and received a
dedicated laser system [35] 36]. I will now discuss the alterations and improvements.
The new setup is illustrated in Figure [2.10]

=2

gas cell

Ti:Sapphire
laser
800 nm ==

50 fs
3 kHz

grating

magnetic
bottle

refocusing magnet

Figure 2.10: Sketched is the probe path of the experiment. The laser beam is focused to
generate high harmonics in a gas cell. The high harmonics travel through a vacuum environment
and pass a concave focusing grating and a focusing mirror before they reach the experimental
zone.

The laser beam in beginning of the 'probe section’ has a width of dpyw s = 7.7£0.1 mm.
I have implemented a new intensity control. A waveplate (A/2-plate) and two polarizing
mirrors adjust the power Pgggnm of the fundamental beam. The waveplate rotates the
linear polarized light to a desired orientation. The mirror reflects only the s-polarized
part of the pulse, while the p-polarized part of the light is transmitted and removed.
The rotation of the waveplate controls the intensity without effecting the polarization.
A diaphragm cuts the outer parts of the laser beam profile, thereby enhancing the
HH intensity by up to one order of magnitude with respect to the uncut beam. The
non-attenuated pulses have a pulse energy of Pgoonm = 700 uJ. A lens (f = 400 mm)
focuses the beam down to 26 pm (FWHM) or 32 um (1/e)), which corresponds to an
area of Apwmy = 41 -10712m?2 or Aije =50 10~'2m?2. The intensity in the focus
is I =233 - 1018% or [ =285 1018%. With this intensity, we can approximate the
ponderomotive potential Up = 36.3 eV according to formula

The described intensity is reached in the focal plane of the laser. The gas jet has to be
located close to this focus and should have a vacuum surrounding, as the mean free
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2.4 High Harmonic Generation

path for photons with an energy Eppoton = 20 eV in standard atmosphere is only 20 um.
Various schemes have been invented to combine a gas volume for the generation with
a well transmitting vacuum surrounding. We use a gas cell filled with Ar or Xe. The
cell is 5mm long and located 3mm in front (upstream) of the focus in the vacuum
section of our setup. The center volume is enclosed by 100 ym-thick copper foil on
either side. The laser itself burns a hole through both foils with a size of 40 £ 20 um.
The pressure of the generation gas is controlled by a fine valve. The HH are typically
generated with Ar at a pressure of 8 mbar or with Xe at a pressure of 1 mbar.
The ionization energies are Ip(Ar) = 15.76eV and Ip(Xe) = 12.13 eV [37-40]. These
values suggest a cut off

Ecutof = 3.17- U, + I, (2.17)

at 131eV and 127eV. These values are clearly too high. Most likely due to an
overestimation of the ponderomotive potential.

For the experiment it is necessary to block the fundamental light and choose but one
harmonic. A 150 nm thick Al filter absorbs 800 nm light and transmits above 17eV.
We use a commercial monochromator (LHT 30 from Jobin-Yvon) to select a specific
harmonic. The grating was changed from a 5001/mm grating to a 2001/mm grating
with the intention to reduce the temporal broadening at the cost of energy resolution.
The toroidal grating is operated at a constant deviation angle of 142°. Slits of the size
100 pum;, 250 um, and 500 pwm can be placed in both foci at a distance of 320 mm to the
grating. The slit behind the monochromator is called exit slit. Here, the slit reduces
the bandwidth at the cost of flux. A calibrated GaAsP photodiode (Hamamastu
G1127-04) can be moved in the optical path behind slit to measure the intensity of the
HH [41]. T have determined the conversion to translate the monochromator position to
energy by fitting all first order harmonics, see Table

harmonic A/mm E/eV  monochromator position

HI11 73 17.05 283
H13 62 20.15 244
H15 53 23.25 216
H17 47 26.35 194
H19 42 29.45 176
H21 38 32.55 163
H23 35 35.65 151
H25 32 38.75 141
H27 30 41.85 -

Table 2.2: Calibration of the new monochromator grating (2001/mm)

As discussed above the cut off, the intensity, and the width are three important
parameters which depend on the generation gas. Figure shows the HH as a
function of energy generated with a) argon and b) xenon. Discrete intensity maxima
are visible in the spectra of both gases. The maxima are separated by 3.1eV. Photon
energies of 42eV can be reached with argon, 37 eV with xenon respectively. The
highest intensities can be reached with xenon up to a photon energy of 32eV. Above
32 eV the generation is more efficient with argon. For both gases spectra were recorded
with a 500 um exit slit and a 250 um exit slit. The intensity is in all cases slightly
greater for the wider slit, while the tighter slit allows for the improvement of the energy
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2 Time Resolved Photoelectron Spectroscopy with High Harmonic Generation

resolution. If the harmonics are generated with xenon and a 500 pum exit slit a stable
and reproducible flux of 10'° photons/s can be achieved behind the monochromator.
If not otherwise stated all experiments presented in this thesis are carried out with the
H15 at 23 eV and an exit slit size of 500 um generated with xenon.

e 500 pm exit slit| |
= = = 250 um exit slit

a) argon = 500 pm exit slit| ]| b) xenon
= == 250 pm exit slit

101 F

1010

-
o
o

photons / s

—_
o
E)

107 f -

10° |

20 25 30 35 40
energy / eV energy / eV

Figure 2.11: Depicted is the logarithmic intensity of the high harmonics generated with a)
argon and b) xenon as function of the photon energy

A gold coated diagnostic mirror was temporarily placed in the optical path to reflect
the HH onto a X-ray CCD. The mirror is located between the grating and the refo-
cusing section of the probe path, see Figure 2.10] The CCD is located at a distance
of (48 £+ 2) em to the exit slit. The CCD records the beam profile of the HH. The
projection on the CCD is 1.3 times the size of the beam on the grating. The size of
the beam profile allows the estimation of the beam divergence which will be discussed
later.

If the diagnostic mirror is removed from the optical path then light continues towards
the refocusing mirror. This mirror controls the shape and position of the focus in the
interaction zone. The position of the gold coated toroidal mirror can be adjusted with
five micrometer screws. A second X-ray CCD, was placed in the interaction zone for
the alignment and to characterize the beam profile.
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2.5 The Detection System

2.5 The Detection System

Both optical paths overlap in the interaction region within the experimental chamber.
I have increased the beam height of the to paths to 1417 mm. This is considerably
higher than in the older version of the setup and allows to attach various diagnostic
systems or experimental chambers, which are designed for the height of the beam lines
at the Berliner Elektronenspeicherring fiir Synchrotronstrahlung (BESSY II).

The experimental chamber consists of three main parts: a z-manipulator with diag-
nostic tools, the gas inlet, and the magnetic bottle [36]. The manipulator includes a
Ce:YAG crystal for the optical alignment of the pump and the probe beam as well
as coaxial cable to determine the temporal overlap, see below. A camera with a
macro-zoom-lens observes the back of the Ce:YAG crystal and facilitates the spatial
alignment of the two beams.

The gas inlet consists of a steel pipe and a valve system which allows to transport a
gas sample from outside the vacuum system to the interaction zone and to control
the flow. The pipe can be connected to lecture bottles or to a 16 mm wide, 25 mm
high steel cylinder for the evaporation or sublimation of a sample. in order to avoid
contamination, a cut reagent-tube (glass) is placed in the steel cylinder as sample
holder. The pressure of both sources can be regulated with a fine valve. Typically the
experiments are run at a pressure of 107% mbar to 107> mbar while 3 - 108 mbar is
the typical background pressure in the experimental chamber.

To study the electronic structure of the target gas, the molecules are ionized with
the XUV photons. The laser beam is marked with a red dot in Figure During
this process, electrons are emitted in all directions. A permanent magnet with 0.57
pushes them into the magnetic bottle. A mesh with a retardation potential filters
slow background electrons. A grounded mesh at the entrance of the drift tube ensures
that the electron flight path is not disturbed by external electrical fields. The solenoid
around the drift tube is driven by a current of 600 mA. A micro-channel plate (MCP)
enhances the signal by producing an electron cascade for each detected electron.
A phosphor screen turns this electronic signal into an optical one, which then again
gets detected with a photomultiplier tube (PMT). The PMT signal is filtered by a
constant fraction discriminator. The signal below a threshold is dismissed, the passing
signal is turned into standardized pulses which are digitized by a commercial multiple
event time digitizer (FAST ComTec 'P7886’). Electrons from the sample with flight
times between 1ns to 4096 ns are detected.

MCP
drift tube A : phosphor
mesh e : screen

magnet R : PMT

Uret + kV

Figure 2.12: The layout for the magnetic bottle is sketched. The laser (red) ejects electrons
from the molecular gas jet (blue). The magnet, the drift tube, and electric potentials guide
the electrons onto a micro-channel plate (MCP). The electron cascade from the MCP causes
luminescence on the phosphor screen which is detected by a photomultiplier tube (PMT).
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2 Time Resolved Photoelectron Spectroscopy with High Harmonic Generation

2.6 Characterization of the Setup

Spatial Structure of the two Beams

Along the optical path there are four locations where the size of the beam profile is of
great importance for the performance of the experiment. The first location is within
the HHG cell. Here, the poderomotive potential U, is proportional to the intensity I,
which again is anti-proportional to the beam radius w?. This affects the HH conversion
efficiency and the cut off. The second location is on the monochromator grating. The
temporal broadening At of the HH pulses is proportional to the amount of illuminated
lines N. The third location is in the femtokit, where the second and third harmonic
are generated (see section . Here, the conversion efficiencies nspgg and nryg are
strongly influenced by the pumping intensity I ~ ﬁ In the interaction zone, the
spatial resolution is defined by the size of the probe beam. The size of the pump beam
should at this point be slightly larger than the size of the probe beam to allow for
beam drifts and pointing instabilities.

The beam profile were recorded between the monochromator and the refocusing
mirror with an X-ray CCD. The divergence © and the horizontal beam size on the
grating Dg,qting 0f the monochromator are estimated from the beam size Docop on
the X-ray CCD and the distance [ = 48 ¢cm — 32 ¢m = 16 ¢m using

D — Dgrati
© = 2arctan < ceb grating >

5] (2.18)

The FWHM and the divergence for the harmonics H11-H21 are summarized in Table
This information will be used in the discussion of the temporal resolution, see section

FWHM/ pm  divergence/ mrad

H11 720 2.2
H13 827 2.6
H15 853 2.7
H17 407 1.3
H19 587 1.8
H21 1027 2.2

Table 2.3: Horizontal size (FWHM) of the harmonics

The beam profiles of the HH were also recorded in the interaction zone. An X-ray CCD
was placed on a rail along the optical axis. This allowed to adjust the five degrees of
freedom of the refocusing mirror and optimize the beam focus. The size (FWHM) of
the H15 beam in the focus is 105 um (horizontal) by 35 um (vertical), see Figure [2.13]
This is 45 % of the beam area compared to the prior version of the setup [36].

A UV CCD recorded the pump beam profiles. The last mirror outside of the vacuum
was used as a beam splitter. The leak radiation is directed onto the CCD. The distance
between the final focusing lens and the interaction zone is the same as the distance
between the final focusing lens and the CCD. The focus of the transmitted laser beam,
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Figure 2.13: Shown is a measurement of the beam profile of the H19 (probe beam) in the
interaction zone and the vertical and horizontal projection of the intensity

close to the CCD, is the virtual focus. The CCD monitors the beam size and the
beam position during experiments. The position of the lens Lo, see Figure [2.5] can be
adjusted to change the beam size in the interaction zone. The observed beam profile
has a Gaussian shape. We set the standard size of 105 um by 108 um (FWHM) for
the first and third harmonic, see Figure The beam size of the third harmonic
could be reduced to 50 um by 50 um. However, at this size multi-photon ionization
were observed in the target gas.

The beam sizes of the first harmonic (pump), second harmonic (pump), and H19
(probe) are summarized in Table

FWHM = 108.2 pm

3 intensity / a.u.

FWHM = 105 pm

200 g
1S
4
=

350 §

400 . . . . ] .

200 350 500 650 intensity / a.u.
X/ pym

Figure 2.14: Shown is a measurement of the beam profile of the first harmonic (pump beam)
in the interaction zone
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horizontal vertical
FWHM/ ym FWHM/ pm
18t 105 108
3rd 100 100
H19 35 105

Table 2.4: Beam size (FWHM) in the interaction zone of pump and probe pulses

Energy Calibration of the Spectrometer

The spectrometer records the intensity, or number of electrons, as function of flight
time ¢t. For our understanding it is much easier to think in terms of intensity as a
function of the kinetic Fy;, or the electron binding energy FEj;,. As first step, the
transformation from flight time to kinetic energy was calculated. Without a retardation
potential the energy is given by

_ Imed®  1.82-101%eVs?
C2e 12 t?

(2.19)

me is the mass and e~ the charge of an electron and d the length of the drift tube
with d = 80 cm. the spectrometer was calibrated with the Ar 3p; /o and 3ps /5 lines.
The two lines have an energy of Ey;,, = 15.9eV and Ey;,, = 15.7eV, respectively, see
Figure A spectrum recorded in zeroth order shows Ar 3p; /5 and 3p3/, lines from
each harmonic, see Figure 2.16] The peak maxima are fit to calculate the kinetic
energy as a function of the flight-time

a

Frin(t) =Fy+ ——
km( ) 0 + (109t —t0)2

(2.20)
The fit returns the following values: Ey = —0.43 4+ 0.13, a = (1.61 & 0.08) x 106,

and tg = 60.8 £ 6.9. The Gaussian fit components one and two have a width of
AEprwaym = 297meV.

x 10°

8t exp. data
£ | |— 2 Gaussian fit /
S fit component 1
5 6] |= fit component 2 Ar5p,,
S | FwHM =297 mev | \
24 /
@
2 / \
£ /
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Figure 2.15: In the Spectrum of Ar, two valence states 3p; /o at Epin = 15.9€V and 3ps/, at
Eyin = 15.7eV can be observed. This spectrum was recorded in first order, that is with the
H15 (23.25€V) only.
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Figure 2.16: Shown is the Ar 3p line recorded in zeroth order. Each peak corresponds to
the ionization of the 3p; /o and 3ps/, states with one of the n different harmonics (blue line).
In between these peaks new peaks appear if the pump and probe pulses are spatially and
temporally overlapped. These additional peaks are the sidebands (red line).

Now we can calculate the binding energy
Ebin = hv — Egin + Uper (221)

We have to keep in mind that the spectra recorded as a function of the flight time t.
Each detection window dt has a constant width. However, the transformed window
size dE(t) does not remain constant. To keep the integrability, the intensities must be
multiplied by the determinant of the transformation

dE
I(E)=1I(t)- ’ (2.22)
dt
The determinant % is proportional to t% \|

Energy Resolution

The energy resolution of the setup depends on the bandwidth of the HH and the reso-
lution of the magnetic bottle type spectrometer. The exchanged of the monochromator
grating could have increased the linewidth of the harmonics.

The fundamental pulse has a bandwidth of 27 nm or 55 meV, the third harmonic pulse
has a bandwidth of 2.4nm or 43meV (see Table in section . These values are
small compared to the bandwidth of the XUV pulses and are, hence, neglected in the
discussion of the energy resolution of the setup.

As first step, the bandwidth of the harmonics H11-H23 was determined. As second
step, the photoelectron lines of Ar and Xe were recorded to determine the bandwidth
of the magnetic bottle. The linewidth measured with the magnetic bottle is up to a
factor 2 smaller than the bandwidth of the harmonics.

The bandwidth of the harmonics was determined by fitting the HH spectrum, see
Figure 2.11] with a set of Gaussians. The spectrum includes the harmonics H11 to
H23 and was recorded using a 250 ym or a 500 um exit slit. The peaks show a spectral
width AExyy between 380meV and 2.0eV, see Table For all photon energies
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AEXUv/GV AEXUv/ev

250 um 500 pm

H11 0.38 0.61
H13 - 0.84
H15 0.62 1.01
H17 0.65 1.31
H19 0.79 1.64
H21 1.25 2.00
H23 1.96 -

Table 2.5: Bandwidth of the harmonics generated with xenon using an exit slit size of 250 um
and 500 pum

the bandwidth decreases for a smaller exit slit size. The bandwidth increases with
increasing photon energy. Different generation conditions can be responsible for the
observed increase.

Is this overall instrumental energy resolution further limited by the magnetic bottle?
The photoelectron (PE) spectra of Ar have been analyzed with respect to the linewidth,
see Figure @} The Ar lines 5p3/, and 5py /o can not be resolved directly. The data
are best fit with a two Gaussian model. Each Gaussian G(E) is defined as

G(E) =aexp (—(E_b)2> (2.23)

2c2

The distance between the two Gaussians is fixed to 200 meV [43]. The full width at
half maximum (FWHM) was calculated by

FWHM = 2v2In2¢ (2.24)

and is 297 meV for each component for the H15 for the data shown in Figure [2.16

I have studied the Xe linewith for the harmonics H17 and H19 for the exit slit sizes
100 pum, 250 um, and 500 um, see Table The impact of the slit size on the Xe
PE linewidth is negligible. The FWHM of the H19 is with 610 meV larger than the
220 meV observed by Wernet et al. [36]. A larger width of the harmonic is expected in
the current setup because of the lower spectral resolution of the new grating.

harmonic slit size /um AE/meV

H17 500 0.42
Hiv 250 0.43
H17 100 0.49
H19 500 0.61
H19 250 0.53
H19 100 0.61

Table 2.6: Spectral width (FWHM) of Xe PES lines

The spectral width of the Xe and the Ar photoelectron lines as recorded with the
magnetic bottle are considerably smaller than the spectral width of the harmonics.
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This discrepancy could be explained by different HH generation conditions for the
different measurements. The photoelectron lines were recorded with a larger XUV
divergence compared to the measurements of the harmonics. The bandwidth decreases
with increasing divergence, because the resolution R of a monochromator grating
depends inversely on the number of illuminated lines N and the diffraction order m

A

R=7x3=

mN (2.25)
The characterization via the Ar photoelectron line is the closest to the experimental
conditions for the study of the molecular dynamics. It is plausible to assume an energy
resolution between 0.3 eV and 0.6 eV .

For the earlier version of the setup an energy resolution of 200 meV was determined
via the Ar photoelectron lines for the H13 with an 500 pm exit slit and a 5001/mm
grating [36).

Temporal Resolution

The temporal resolution is an important characteristic of the setup as it limits the
observation capabilities of the fast molecular dynamics. The resolution is limited by
the duration of the pump and the probe pulses and is defined as the cross-correlation
of the two. I will first discuss the pulse duration of the fundamental beam, the 800 nm
pump, the 266 nm pump, and the HH probe and later discuss the cross-correlation
with the side-band measurements.

Spectral phase interferometry for direct electric-field reconstruction (SPIDER) and
Grating-eliminated no-nonsense observation of ultrafast incident laser light e-fields
(GRENOUILLE) are both optical techniques and the names for the corresponding
instruments which permit the characterization of ultrashort laser pulses [44-47] In the
setup, the SPIDER measures the length of the fundamental laser pulses close to the
source. The pulse length is Atspyrce = (44 £ 2) fs.

The GRENOUILLE is a portable device which allows the study of the pulse length
in various sections of the setup. Though the device could be constructed for 266 nm
light, our device can measure only the 800 nm pulses. A measurement of the pulse
length of the fundamental beam at the source confirms the SPIDER measurements
with At =45 fs. A measurement of the probe beam behind the experimental chamber
was not possible, due to the beam divergence.

The 800 nm pump beam was measured in two configurations: the typical divergent
beam and a collinear beam. The GRENOUILLE is designed to work with a colliniear
beam only. However, the optics required to pre-collimate the beam affect the pulse
duration. The pulse length was measured for both configurations as a function of
the chirp. The chirp is the spread of a pulse with respect to the different frequency
components. The chirping of pulse occurs in all dispersive optics. If the components
of the pulse arrive at different times the pulse is stretched. A prism sequence allows to
compensate the chirp. The femtokit was not included in the optical path during these
pulse length measurements. The minimum pulse length of the collinear 800 nm pump
beam behind the experimental chamber is Atgoonm, pump = 57 fs. The minimum pulse
length for the divergent 800 nm beam with the same chirp is Atsource = 56 fs.

The divergent beam has a pulse length of Atgoonm,pump = 55 fs if we optimize the
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pulse length behind the experimental chamber by pre-chirping the pulse.

If, on the other hand, the pulse length is optimized for the source with no pre-chirp
the pulse lengths are Atgource = 45 fs at the source, Atgoonm,pump = 66 fs for the
divergent beam behind the experimental chamber, and Atgoonm, pump = 79 fs for the
collinear beam behind the experimental chamber.

The sidebands are an effect of multi-photon absorption [48]. If argon is probed with
the H17, one intensity maximum can be observed in the PE spectrum. This is shown
for Ar in Figure b) (blue curve). If, in addition to the XUV pulse, a second pulse
huyis is present the emitted electron can carry the kinetic energy

Ein = hVzyy — Epip, & nhivyis (2'26)

The number of sidebands increases with increasing intensity of the visible pulse. The
duration of the sideband indicates the cross-correlation of both pulses [49]. The first
set of sidebands was measurement directly after measurement of the pulse length with
the GRENOUILLE. The sidebands were recorded with the monochromator in zeroth
order, see Figure[2.17]a) and c) as well as in first order, see b) and d). In first order,
seven sidebands at the higher energy side of the Ar mainline are observed. The first
sideband was fit in time with a Gaussian. The shortest cross-correlation (800 nm+ H15)
found was At;oqp = 111 fs. The probe pulse length Atgra can be calculated with
the information on the pump pulse length Aty from the measurements with the
GRENOUILLE

Attotobl = \/At%ump + At%{HG (2'27)

The minimal pulse length is achieved with the same chirp setting as used to opti-
mize the pulse length at the source. The XUV pulse length for this chirp is then
Atpgpa = 82 fs in first order, see Figure f) and 69 fs in zeroth order. The dif-
ference of dt = 13 fs between first zeroth order and first order is due to the pulse
stretching by the monochromator grating

mN A
c

dt =

(2.28)

Where m is the order of diffraction, N the number of illuminated groves and A the
wavelength, and c the speed of light [50]. Solved for N we find 73 illuminated groves,
which corresponds to a horizontal beam size of 366 um on the grating. This size is
lower than the dpw par. = 853 um estimated from the beam profiles but on the same
order of magnitude.
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Figure 2.17: Shown are the Ar 3p photoelectron spectra pumped with 800 nm and probed
with high harmonics in 0" order [a), c), and e)] and in 1 order [b), d), and f)]. The static Ar
spectra were taken with no delay between the pump and probe pulse. Each maximum (blue)
stems from a different harmonic. Sidebands (SB) can be observed if the visible light pump is
also present (red). (a, same as Figure The spectra recorded with the non-monochromized
0 order probe light and (b) with the harmonic 17 (H17), monochromized in first order. The
signal at higher energies was multiplied by a factor of 5 and 200 for illustration purposes. Ar
3p photoelectron spectra as a function of time probed with 0** order XUV light (c) and with
15¢ order H15 (d). Energy integrated intensity of the +1 SB of the H15 in 0" order (e) and 1%
order (f)
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2 Time Resolved Photoelectron Spectroscopy with High Harmonic Generation

The cross-correlation length increases for the higher order harmonics. The values range
from 98 fs to 143 fs, see Table The increase in the pulse length could be due to an
increase in the illuminated area on the monochromator grating. A specific harmonic
is selected by the angle of the grating. Does the difference in the angle result in a
difference of the number of illuminated lines and, hence, the temporal broadening?
The difference in the grating angle for light of 10 nm and 100 nm is less than 1°. For
a beam size on the grating of 366 um, the rotation of the grating by 1° affects the
beam size by 1.6 %. The effect on the temporal broadening should be proportional.
However, the measured broadening increases by 46 % from H13 to H23. It is therefore
plausible that the difference in pulse length between the harmonics is caused by another
effect. Possibly the generation conditions for the different harmonics differ to the
extent that the increase of the illuminated area can be explained by an increase in the
divergence [51].

harmonic At/ fs

H13 98 +4
H15 109 +4
H17 114 £3
H19 131£3
H21 123 +4
H23 143 +9

Table 2.7: Pulse duration At of the high harmonics was calculated from the cross-correlation
signal.

So far, we have concentrated on the 800 nm pump. How does the cross-correlation
change when the optics of the femtokit are included, in particular with a 266 nm pump
wavelength? Unfortunately, the THG intensity in our experiment is not high enough
to allow for the analysis of the cross-correlation as a function of multiple parameters.
However, the Ar sideband could be recorded in a six hour long measurement using
H15 for probing and 266 nm for pumping. The spectrum is shown in Figure a).
The Ar mainline at Ej;, = 4.6eV was so intense during the data acquisition that
the MCP detector became saturated. The mainline is cut off. This is not a problem
if one is only interested in the peaks at higher kinetic energy, which are recorded
before the detector is saturated. I can identify three additional peaks. Two of them
are at +3.1eV and +6.2 eV of the mainline. The peaks represent a contamination of
the probe pulse with the light of the H17 and H19. This contamination occurs to a
small degree also in the experiments with the metal carbonyls, see below. At +4.7eV
above the mainline a time dependent signal can be observed. I assign this peak as
the sideband of the mainline because the energy difference coincides with the photon
energy of the pump pulse. The cross-correlation for the 266 nm and the H15 pulses is
shown in [2.18p). The Gaussian fit of the peak has a width of At = (262 + 26) fs. The
266 nm pulse length is 249 fs if we assume that the XUV pulse width remained the
unchanged. This resolution is surprisingly large. The chemical dynamics, which we
will discuss later, indicate a temporal resolution on the same order of magnitude. The
cross-correlation also allows for a precise determination of the pump probe overlap
which will be discussed in the next section.
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Figure 2.18: a) The spectrum of Ar is shown at different delays with respect to the 266 nm
pump. The first sideband is located at about Ey;, = 9eV. b) Trace and fit of the energy-
integrated sideband.

Establishing the Temporal Overlap Between the Pump and the Probe

How can the arrival time of two pulses be matched on the femtosecond timescale?
A difference in the arrival time below 10 fs implies a difference of about 3 um on the
path length of over 10m. As a first approximation, the path length is measured with
a ruler and the length is matched by adjusting a delay stage. The accuracy of this
method is +5c¢m or £170 ps.

A more accurate method is based on the SHG. The 800 nm light of both paths are
overlapped on a BBO for SHG behind the experimental chamber. The intensities
where sufficient to detect a SHG signal in-spite of the divergence of the light on the
probe path. The accuracy of the temporal overlap for the 800 nm - 800 nm correlation
is about 50 fs. However, the 266 nm beam takes a different path at the separating
mirrors behind the femtokit which is why the temporal overlap for the 800 nm - 800 nm
light and the 266 nm - 800 nm light is different. The 266 nm intensity did not suffice
to establish the temporal overlap via SFG of the two colors, 266 nm - 800 nm. An
alternative to establish the temporal overlap between the 800 nm and 266 nm pulses
had to be found. We desired a method which is sensitive to the energy range from the
visible to the XUV and which allows for the determination of the timing with an a
accuracy of a few picoseconds.

A clean cut SMA-type cable is emplyed as detector for the pulses in the interaction
zone. The use of such a coaxial cable for the synchronization of two pulses has been
described by Krupin et al. for higher energies [52]. The technique is base on an
Austen-Switch [53]. The cable functions as an antenna. The light pulses are focused on
the 1.2 mm thick inner conductor of the SMA cable where they cause a photo-electric
effect and induce a potential-difference between the copper core and the copper shield.
This difference is measured with an oscilloscope. The 800 nm pulses on both paths
in (Oth order), the third harmonic on the pump path, as well as the H13-H19 on the
probe path could be detected. Pulses of the two paths can be aligned temporally. The
precision is limited by the bandwidth of the electrical components. The vacuum-feed-
trough has a bandwidth of 2 GHz, oscilloscope ("Tektronix DPO72504D’) 25 GH z,
and the two cables of 2m outside of the vacuum > 25 GHz. The combined bandwidth
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2 Time Resolved Photoelectron Spectroscopy with High Harmonic Generation

is approximated with Aw = 25 GH z. This would lead to a broadening of a Gaussian
shaped femtosecond pulse by

2mep

>
At > A

= 112ps (2.29)

Indeed, such a broadening can be observed. The temporal difference between two
pulses was determined via the inflection point of the rising edge. Figure [2.19] shows
exemplary oscilloscope traces (measured potential vs time). Each of the two traces
is an average of 1000 pulses. The observed jitter and therefore the accuracy of the
synchronization of the pulses is 1.2 ps. The limiting factor is not the pulse width
but the 3 ps jitter introduced by the photodiode which triggers the oscilloscope. The
averaging reduces the jitter to the 1.2 ps. This can be further improved by employing
a second SMA cable as detector for the trigger pulses.
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Figure 2.19: The arrival time of the third harmonic (pump) and the H15 (probe) are matched
with an accuracy of 1.2 ps.

The potential and the fluence dependence were studied for three photon energies.
The potential of the SMA cable depends on the photon energy and the pulse energy.
Table [2.8] lists the highest detected potentials for three photon energies. The detected
potential was reproduced several times with intermediate disablement of the compo-
nents.

Ephoton/ev Epulse U/mv

1.55 400pJ 60
4.65 380nJ 6
923.25  223pJ 1.6

Table 2.8: The potential U was measured on SMA cable for different photon and pulse
energies.

The energy required to remove one electron from a Cu solid is Wy, = 4.65eV [54].
Hence, one XUV photon or one 263 nm photon can eject one electron from the Cu core.
However, three 787 nm photons are required to eject one electron. We can calculate
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the number n of photons from the pulse energy FE,se

n= Epulse/Eph (230)

A pulse with Ej, ;s = 400 uJ and E,;, = 1.55¢eV consists of 2 - 10'® photons. A pulse
with Epyse = 400nJ and Ey, = 4.71eV consists of 5 - 10! photons. A pulse of the
H15 with 22.3pJ consist of 6 - 105 photons. Hence, currents of I(800nm) = 300 uA),
I(266 nm) = 15mA), and I(H15) = 2nA) are expected.

The fluence dependence was studied for the three photon energies. The amplitude and
the integrated potential both depend linearly on the pulse energy for all three photon
energies, see Figure The following dependence for the potential maximum U as
function of the pulse energy Ejy5. were determined:

U®00nm) = 171.5V/J - Epyse —9.7mV
U(266nm) = 14.4EkV/J - Epyse +63.5 uV
U(H15) = 165.0kV/J - Epyse + 38.5 1V

This calibration allows for the determination of the photon flux in the interaction zone
in future experiments.
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Figure 2.20: Shown is the fluence dependence of the SMA-potential as function of the pulse
energy for three different wavelengths. The correlation is in all three cases linear.
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2 Time Resolved Photoelectron Spectroscopy with High Harmonic Generation

to is determined with an accuracy of 100 fs using the ultrafast dynamics of Fe(CO)s.
Even more precise is the determination of the temporal overlap with the sidebands.
Narrowing down the scan range with the SMA cable and the Fe(CO)s dynamics
makes a sideband scan feasible. To the best of our knowledge, this is the first time
that the cross-correlation of a 263 nm pulse and a HH pulse has been measured. The
Ar sideband reveals the delay position of the temporal overlap with a precision of
At = 26 fs, see Figure

In summary, I have moved an existing HH setup to a new laboratory, characterized, and
improved it. The new setup has a dedicated laser system with an average power of 5 W
at about 800 nm and a repetition rate of 3 kH z. The laser pulses are optically split for
jitter-free pump-probe experiments. The second and third harmonic are generated on
the pump path for the optical excitation of the samples. The typical THG conversion
efficiency is about nrge = 1.4 % with an pulse energy of Ej;;5c = 0.5 pJ at the sample.
The sample can be probed with XUV light in the range of 17eV < Ej; < 42eV with
the odd harmonics of the fundamental laser. A photon flux of 10'° photons/s can be
generated reproducibly with Xe for at least one harmonic. The generation conditions
can be manipulated to strengthen a specific harmonic. The HH have a horizontal
width of 105 um and a vertical width of about 35 um on the sample, while the third
harmonic is slightly larger with a width of 100 ygm in both dimensions. The bandwidth
of the harmonic H19 was determined to about 600 meV . The pulse length was studied
for different photon energies with various methods. We found that the source can
deliver pulses of 45 fs. The HH have a pulse length between 98 fs and 143 fs at the
location of the sample. The overall temporal resolution is given by the cross-correlation
which is 262 £ 26 fs for experiments with the third harmonic and H15. The temporal
overlap can easily be established in a two step process. An SMA-type cable detects
the pulses of the HH and the third harmonic. The arrival time can be matched with a
precision of up to 1.2 ps with a 25 GH z system. The precision can be improved in a
second step either via the sideband measurements or the photo induced dynamics in
metal carbonyls.
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Chapter

Molecular Dynamics

In this chapter, I introduce general aspects of the metal carbonyls, such as their
stability, the characteristics of the metal-carbonyl bond, as well as the insights from
IR, visible light, and X-ray spectroscopy. This discussion leads us into the experiments
with Fe(CO)s and with Cr(CO)g which are analyzed in the second and third section.
The results of the two complexes are compared and the implication for the model of
the electronic dynamics are discussed in section three.

3.1 Bonding in Metal Carbonyls

Metal centers play an important role in chemistry and biology. Often one or more metal
atoms are found at the active site of a catalyst. The catalyst reduces the activation
energy and increases the rate of a specific reaction. The catalytic reaction does not
only depend on the metal itself but also on the local environment surrounding the
metal. We are only beginning to understand catalysis and only few well performing
catalyst have been developed by design.

Carbon monoxide (CO) is an important ligand for metal centers. It is famous as
poisonous gas from incomplete combustion. If it binds to the hemoglobin carbon
monoxide prevents the transport of oxygen. Less famous is its important role in the
human body as neurotransmitter and as regulator for an inflammatory responses [55,
506).

Even simple compounds with only one transition metal and a few carbonyl ligands
have the ability to catalyze reactions. They are important for organometallic synthesis,
biological processes, and materials chemistry [57] (and references therein).

Ni(CO), was the first transition metal carbonyl to be discovered by Mond, Langer,
and Quincke in 1890 [58]. Today, it is known that many of the transition metals
can form metal carbonyl complexes. Irving Langmuir predicted that transition metal
complexes which follow the 18 electron rule are most stable [59]. The metal can reach
a full valence shell, or noble gas configuration, by sharing electrons with the ligands or
other metal atoms.

A carbonyl ligand provides two valence electrons to the bond. The number of valence
electrons provided by the metal coincides with its group in the periodic table. Three
examples are the Cr, Fe, and Ni. They have six, eight, and ten valence electron,
respectively. In order to complete their valence shell they require six, five, and
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3 Molecular Dynamics

four carbonyl ligands, respectively. They form the compounds Cr(CO)g, Fe(CO)s,
and Ni(CO)y. Cr(CO)g has an octahedral symmetry(Op,), Fe(CO)s has a trigonal
bipyramidal symmetry (Dsp,), and Ni(CO)4 has a tetrahedral symmetry (7). These
complexes are depicted in Figure [60].

4

Cr(CO), Fe(CO), Ni(CO)
o) D T

h 3h d

Figure 3.1: Sketched is the structure and symmetry of three metal carbonyls.

Many transition metals with an odd number of valence electrons form multinuclear
complexes and take a range of different structures. By forming multinuclear com-
plexes even these complexes can reach a count of 18 valence electrons. One examples
is Mno(CO)19: Here, the 18 electron rule applies to each of the two metals. One
manganese provides seven valence electrons, each of the five carbonyls provides two
electrons, and one electron is shared via the Mn-Mn bond. This leads to a total of 18
valence electrons.

In multinuclear metal carbonyls, one carbonyl can share a bond with multiple metal
atoms. Ligands bound to only metal are called the ligand terminal. Ligands bound to
several metals are called the ligand bridging i.e., di—p or tri—u bridging ligand if the
bond is shared with two or three metals, respectively. In Co2(CO)g, two carbonyls
can function as bridging ligands.

Let us now understand how the bond between the carbon and the oxygen and the
bond between the metal and the carbonyls are formed. In free CO (gas phase) the
two atoms, carbon and oxygen, are linked by a triple bond. The bond is 112.8 pm
long. The molecular orbitals are formed as a combination of atomic orbitals. The
orbitals on the bond axis are termed o-orbitals, off axis orbitals are termed m-orbitals.
The molecular orbitals of CO are illustrated in Figure 3.2l The orbitals are numbered
starting at the lowest energy (1o and 20 are not shown). The top orbitals are higher in
energy, but the energetic distance of the orbitals is not to scale. The o orbitals have a
character similar to the atomic s orbitals. The electron density is close to the nucleus.
The electron density of the m orbitals extends further away from the center, similar
to the atomic p orbitals. The orbitals 1o, 20, 30, 50, and 17 are bonding. Electrons
occupying these orbitals strengthen the molecular bond. The orbitals 40, 27*, and
60" are anti-bonding orbitals, which is indicated by the star. Electrons in anti bonding
orbitals weaken the bond.

Let us now consider the bond between a carbonyl and a metal atom. The carbonyl
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Figure 3.2: This molecular orbital diagram illustrates the electronic configuration of carbon
monoxide

50 orbital donates electron density to the vacancies in the metal d or p orbitals. The
metal d orbital can donate into the empty carbonyl 27* orbital. The process is termed
o donation - 7 backdonation or backbonding and is illustraded in Figure [3.3] It is well
described by Atkins et al. [61]. The occupation of the 27* is only anti-bonding with
respect to the C'—O bond. The backdonation builds a M —CO bond at the cost of the
C—O bond strength [62/65]. The backdonation is essential to the M —CO bond. T4+
has no electrons available for the m backdonation. A stable Ti**t(CO),, complex has
not been found yet [66].

On one hand, the carbonyl can stabilize electron rich metal centers because it is a
great m-acceptor. On the other hand, such a metal carbonyl complex can easily be
destabilized by excitation. The relatively small dissociation energy offers flexibility
during a reaction and is crucial for the catalytic performance.

a) o - donation b) m-back donation

M Z>C=0 %c o@

Figure 3.3: Illustration of the backbonding in a metal carbonyl.

This picture gives the impression that only few of the metal and carbonyl orbitals
participate in the bonding. However, calculations show that the situation is not quite
that simple. The involved orbitals hybridize and form new molecular orbitals. Each
atomic orbital can contribute to several molecular orbitals. In F'e(CO)s, the molecular
orbitals with Fe(3d) character are numerous, see Figure The following discussion
focuses on the dynamics of these hybridized orbitals.

Several experimental techniques have contributed significantly to our understanding
of the bonding and the dynamics of metal carbonyls, e.g. spectroscopy with photoelec-
trons, infrared and visible light, and transient ionization. In the following, a summary
of the most important findings is presented.

The vibrational frequency voo of the C—O bond can be measured with infrared (IR)
spectroscopy. The frequency indecates the strength of the ligand bond and the bonding
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Figure 3.4: Depicted is a simplified diagram of the molecular orbitals participating in the
metal-carbonyl bond with iron 3d character.

between the metal and the ligand [63]. A high frequency coincides with a strong and
short bond. For an unbound carbon monoxide vco is 2143 cm ™! [67]. In many metal
carbonyls vcp has a lower value, see Table This indicates that the bond in the
carbonyl is weakened compared to the free CO.

The metal hexacarbonyls M (CO)g in the sixth group (Cr, Mo, and W) show a similar
vco (66, 68]. The distance between the metal and the carbon increases for the heavier
elements. This makes sense, as orbitals with a greater average distance to the metal
core participate in the bonding thus elongating the metal-carbonyl bond.

The distance of the C'O bond is about the same in these three hexacarbonyls. This is
surprising as the electronegativity increases strongly towards W i.e., 1.66 for Cr, 2.16
for Mo, and 2.36 for W. However, from the perspective of the backdonation these
atoms are similar. Atomic Cr and Mo both have five d electrons and five d vacancies
available, whereas W has four d electrons and six vacancies.

In the fourth period voo increases for transition metals of a higher group. This
correlates with a decrease in the CO bond distance.

V(CO)g, Cr(CO)g, and Mn(CO)¢ differ strongly in their voo although all three
complexes have the same amount of valence electrons and ligands. The amount of
charge available for the ¢ and the 7 system plays an important role. The spin state and
the oxidation state also impact the bond distance [62]. Calculations complement the
IR data and target the question whether the o-bond or the m-bond contributes more.
After several decades the discussion is not concluded. Photoelectron spectroscopy is a
technique which partially distinguishes between the ¢ and the 7 system. The results
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3.1 Bonding in Metal Carbonyls

from visible spectroscopy will help us to understand the photoelectron spectra.

veo/em™ weo/em™ dyre/pm dco/pm

166] [68]
CcoO 2143 - - 112.8 [69)
V(CO)s 1976 1989 210.5 [70] 113.8 [70|
Cr(CO)g 2000 2000 191.8 [71] 114.1 [71)
Mny(CO)1g 2013 - 181.1-186.5 [72]  112.4-113.4 [72]
Fe(CO)5 2023 2016, 2038 180.7 (ax.) [73] 115.2 [73]

2023 2016, 2038 182.7 (eq.) [73] 115.2 [73]
Co02(CO)s 2044 - 180 (t.) - 190 (b.) [74] -
Ni(CO), 2057 2061 183.8 [75] 114.1 [75]
Cr(CO)g 2000 2000 191.8 [71] 114.1 71]
Mo(CO)g 2004 2003 206.3 [76] 114.5 (76|
W(CO)s 1998 2000 205.8 [76] 114.5 [76]
V(CO)g 1860 -
Cr(CO)g 2000 2000 191.8 [71] 114.1 [71]
Mn(CO)¢ 2090 2115

Table 3.1: Vibrational frequencies of the CO bond and bond distances in metal carbonyls.

UV-vis absorption spectroscopy allows for the probing of the unoccupied valence states.
The first UV-vis absorption spectrum of iron pentacarbonyl in the liquid phase was
recorded in 1969 [77]. The first absorption spectrum of iron pentacarbonyl in the gas
phase for wavelengths 200 nm — 350 nm was published in 1989 [78]. This spectrum is
shown in Figure It includes a wide absorption band at wavelengths below 300 nm.

FelCOlg

6=312x10""cm?

200 250 300 35¢
WAVELENGTH, nm

Figure 3.5: Shown is the UV-visabsorption spectrum of iron pentacarbonyl [78|.

Three excited states, a' E’, 1 A%, and b'E’ can be reached with a 266 nm photon via

an optically allowed transition [78]. The a'E’ state is equivalent to the 1'E’ state,

the b'E’ state is equivalent to the 2' E’ state in the nomenclature used by Trushin
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et al. Calculations by Rubner et al. and Wernet et al. confirm that the dominating
contribution to the absorption derives from metal-to-ligand charge transfer (MLCT)
transitions (d — 75) in the range 240 nm — 290 nm to the states A4 and b'E’ (79,
80]. The values of these transitions are summarized in Table The calculations have
been carried out under the assumption of a Ds, and a Ca, symmetry. The error for
the values in the first two columns is less than 5% [79]. The same values are compared
in Figure In all calculations the ligand field (LF) state a'! E’ has the lowest energy.
The difference between the two MLCT states, 1Ay and b'E’, is with AE < 0.3¢V in
all calculations small compared to the difference between the MLCT and the LF state.

state CASSCF / eV [79] MR-CCI / eV [79] RASSCF / eV [81]

LA — o' F 3.98 3.30 4.6
LA — o' E' 4.04 3.56

A — 1Ay 4.87 4.59 5.2
LAY — b E 4.82 4.88 5.2
LAY — b E 4.75 4.87 5.0

Table 3.2: Transition energies for the Fe(CO)s ground state to the electronically excited
states.
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Figure 3.6: Illustrated are the transition energies for the Fe(CO)s ground state to the
electronically excited states [79][81]

How much energy is required to detach one of the Fe(CO)s ligands? The electron
affinity for F'e(CO)s has been determined to be between (2.1 —2.4¢eV") [82, 83]. This
energy is required to detach the first ligand. The dissociation can be induced effectively
if the photon energy coincides with the energy of the allowed transitions to the excited
states. The dynamics of the dissociation take place on a sub picosecond timescale.
They have been investigated by transient ionization.

Yardley et al. studied the distribution of the fragments Fe(CO),, n = 0,...,5 as a
function of the excitation wavelength. An extensive fragmentation of the molecule was
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3.1 Bonding in Metal Carbonyls

observed. Yardly et al. and others tended towards a sequential dissociation [84} 85].
The first time-resolved PES experiment supported a concerted dissociation mechanism.
The fragments n = 2, 3,4 of Fe(CO),, were found within 100 fs after the excitation
with 400 nm pulse. The fragments n = 1,0 appeared after 230 fs [86, [87].

Snee et al. studied the dissociation of Fe(CO)s in the liquid phase. They could not
find fragments n < 4 and consequently argued for a sequential dissociation mechanism.
Today we know that Fe(CO)s decays to Fe(CO)4 which can transfer its excess energy
to the solvent before dissociating further [88].

The model of a sequential dissociation was also supported by the results of gas phase
transient ionization experiments which showed an increase in the delay with decreasing
fragment size [9).

Trushin et al. induced the photodissociation of Fe(CO)s in the gas phase with an
ultrafast pump pulse. The arrival times of the ionic fragments were recorded to extract
the time constants of the reaction steps.

They used the experimental data with a temporal resolution of 182 fs to model the
excited state dynamics. Four time constants were required to model the pathway
of the wave packet leading from the electronically excited Fe(CO)s to the lowest
singlet state of Fe(CO)y4. Within this model, the molecule is lifted in energy from
the 'A; ground state to the excited state upon absorption of a 266 nm photon, see
Figure Two different MLCT states can be reached with this energy the 144 and
the 2F’ state. Trushin et al. argue that the velocity of the following dynamic requires
that the majority of the direct excitation ends up in the 2E’ state. The potential
energy curve of the 2F’ state as function of the reaction coordinate is steeper than
the curve of the 1A7 state [89]. The two states are close in energy and the molecule
can quickly transition from the 2F’ state to the 1A% state and return. Whether one
or two of these MLCT states are initially populated is experimentally difficult to
distinguish. With the time constant 7 = 21 fs the population of both of these states
shifts to the LF state 1E’. From here the wave packet moves on the 1E’ surface along
the g(€’) coordinate. This coordinate is likely the Fe—C bond distance or the C—O
bond distance. This movement is associated with the time constant 7o = 15 fs. The
next time window 73 = 30 fs is associated with the movement on the same surface
along the Fe—CO bond elongation. The structure of the molecule rearranges via a
non-Berry pseudorotation while the first ligand is disjointed [90]. F'e(CO)4 is primarily
generated in the ' By state, an electronically excited state. The fourth time constant
T4 = 47 fs is associated with the transition to the lowest singlet state of Fe(CO)q
via internal conversion through a Jahn-Teller-induced conical intersection. Sufficient
energy remains in the vibrational modes of Fe(CO)4 to drive an additional reaction.
Fe(CO)4 decays to Fe(CO)s + CO. The decay is associated with 75 = 3300 fs [9].
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Figure 3.7: Illustration of the model for the photoinduced dynamics in Fe(CO)s by Trushin

et al. A wave packet travels along the potential energy surface while the first two ligands are
disjointed and the geometry of the molecule rearranges ﬂgﬂ
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3.2 The Photoinduced Dynamics of Iron Pentacarbonyl

Can the Trushin model be supported with time-resolved photoelectron data? Before
we get into the details of the data, the nomenclature in the multi-electron picture
has to be introduced. The states are labeled with numbers, upper case letters, and
apostrophes. The letter refers to the symmetry of the orbital or state. The superscript
number in front of the letter refers to the spin state, for instance ! E indicates a singlet
state and 3F indicates a triplet state. For molecular states, the regular sized number
in front of the letter enumerates states of the same symmetry according to their energy.
This implies that the order of the states can depend on the results of a calculation and
that the terms can switch depending on the results!

For the experiments presented in this thesis, Fe(CO)s was used as purchased from
Sigma-Aldrich with a 99.99 % purity. The sample was evaporated into the vacuum
chamber. The chamber pressure with the sample was kept at 2 - 107 mbar. The
background pressure without a sample was at 6 - 10~ mbar. The photodissociation
was induced with an ultrafast 263 nm pulse and the PE spectrum was probed with an
ultrafast XUV pulse (23.25¢eV) for the delays —750 fs < ¢ < 600 fs in steps of 20 fs.
This set of spectra has been recorded numerous times and summed. A retardation
potential of 3V blocked slow electrons. The differences in the PE signal are small
because the dynamic is induced only in a fraction (< 5 %). Still, a wealth of information
can be extracted from this experimental data set.

The PE spectrum of Fe(CO)s in the range of Ey;, < 20V is shown in Figure a)
and b). In the logarithmic representation it could appear as if data points are missing in
the region 2 eV < Ey;, < 4eV. The background was so low in this region that for some
data points zero counts were collected. Here, these data points with log(0) = — inf
are omitted. The spectrum can be separated into three bands, see Figure a) one
to three. The intensities within these bands have been assigned to individual states,
based on calculations [91]. The first two bands at Ey;;, = 8.26 eV and Ep;, = 9.60 eV
have been assigned to the states 12E’ and 12E", respectively. These states correspond
to an Fe(CO)3 where the HOMO or the HOMO™! is ionized. Since these two
molecular orbitals have a strong metal character i.e., Fe(3d) + CO(27) + Fe(4p) and
Fe(3d) + CO(27), I will refer to the two peaks in the spectrum as metal or Fe(3d)
lines.

The third band can be assigned to states with a large ligand character i.e., in the final
ionic state one orbitals with a ligand character is ionized [91]. The bands one and two
are discussed first, the third band will be discussed later in this section.

The traces of Fe(3d) lines reflect the dynamics induced by the 263 nm pump pulse,
see Figure c). At early delays —700 fs < t < —250 fs the intensity remains con-
stant for both states. At larger delays, —250 fs < t, the intensity decreases. For
12E" the intensity remains constant after the initial decrease. Whereas for 12E’ the
intensity rises again at delays 200 fs < t. For now, the focus is on the delays around
—100 fs < t < 100 fs. The two level dynamic is fit for the delays —700 fs < t < 200 fs
at Fyi = 8.26 eV and for the delays —700 fs < t < 600 fs at Ep;, = 9.60 eV with an
energy window of 0.4 eV around the maximum. The fit function is constructed from
the complementary error function erfc
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I(t) = a-erfe((t —to)/o) + ¢ (3.1)

with the amplitude a, the time ¢, the center ¢y, the width o, the background ¢, and
the intensity (¢). The following values are taken from the fit. The intensity of the
12E’ state decreases by 2.42 % at a delay of (—128 4 50) fs. The intensity of the 12E"
state decreases by 4.72 % at a delay of (—48 & 20) fs. Both dynamics are related to
the depletion of the Fe(CO)s ground state via the pump pulse. Why do the delays
differ by 80 fs? It is likely that the trace at 9.60 eV represents not only the depletion
of a single species but a convoluted dynamic. The peak at 4.5eV in Figure b) is
the Fe(3d) line of Fe(CO)s in the excited state and will be discussed in detail below.
The peaks in the ligand region could also be shifted by a similar amount and the peak
flank from 13.6 eV would then appear at 9.84 eV and contribute to the trace. The
ligand region will be discussed later in this section. There we will see that the falling
edges are located at delays between —200 fs and —47 fs depending on the energy. On
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Figure 3.8: Photoelectron spectra of Fe(CO)s before and after pumping with 263 nm photons
in linear (a) and logarithmic (b) representation. (c) Traces of the two intensity maxima
FEyin, = 8.26eV and Ey;,, = 9.60eV
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3.2 The Photoinduced Dynamics of Iron Pentacarbonyl

one hand, it is surprising that the center of the decreases of the traces are located
around a delay of —100 fs compared to the center of the sideband. On the other hand,
the sideband was determined with an accuracy of only 26 fs. The difference is well
below the overall temporal resolution of 262 fs. The analysis is not affected by this
difference since absolute times are not discussed.

Changes in the spectrum of F'e(CO)s are observed at binding energies below the Fe(3d)
lines i.e., 2eV < Epp, < 8eV. A new peak appears temporarily but its intensity is
so low compared to the Fe(3d) lines it becomes only evident in the logarithmic
representation, see Figure b). The dynamics can be displayed in a representation
of the intensity as function of both energy and delays between the pump and probe
pulse. This is shown in the two dimensional map in Figure In the following the
details of this map are studied using the cuts in the dimension of energy and time.
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intensity / arb. units

-250 0 250 500
time / fs

-500
Figure 3.9: Photoelectron spectrum of Fe(CO)s excited state as function of energy and time.

The earliest rise of intensity in the spectrum after the depletion of the 12E’ and
12E" states is found a binding energy of Ey;, = 4.4€eV. The intensity is about 200
times weaker than the 12E’ signal. The short lived signal has its center at positive
delays. A sideband of the Fe(3d) line should be located at t = 0 fs and at an energy
of Ep, = 826eV — 4.71eV = 3.55¢e¢V. Therefore, the possibility that the short
lived signal is a sideband is excluded. Based on calculations by Rubner et al. this
signal is assigned to the electronically excited intermediate state, an MLCT state, of
F e(C’ 0)5 .

Are the data in agreement with the model by Trushin? Can we find two close lying
MLCT states and the LF state? The data are fit with three different models to
answer these questions. At early delays (—500 fs) and a binding energy of Ej;, < 4eV
we detect no specific signal. Between 4eV < Ep;, < 7eV there is a weak signal
which stays constant over the full investigated delay range. This constant weak signal
derives from a contamination with another harmonic (H13) and is, hence, subtract
(I'(t) = I(t) — I(t = —600 fs)). At higher energies, 6 eV < Ep;,, the signal of the 12E’
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state can be found. This signal shifts to a lower binding energy for larger delays, which
we will study later in detail. One can observed how the signal around FEy;, = 4.5eV
rises and vanishes in the range of —200 fs to +200 fs, see Figure a) and b). This
signal reflects the first population of a state after pumping. The signal shifts towards
a higher energy for larger delays. The highest intensity is reached at 60 fs. The data
are fit at £50 fs of this center with the first model: a simple Gaussian

(EQ;W> (3.2)

G(E)=aexp (—
The corresponding traces at 13 fs and 133 fs are shown in Figure c), the corre-
sponding fits are shown in Figure d). The centers are located at (4.50 + 0.19) eV’
and (4.71 £0.09) eV. The difference between the two, 0.21 eV, is close to the predicted
difference between the MLCT states [79]. This indicates the involvement of at least
two excited states in this specific energy region.

The intensity as a function of time for 400 meV energy slots is shown in Figure a)
and b). At lower binding energies, 3eV < Ep;, < 5.2€V, the dynamics of the excited
state(s) can be observed. The rise time of the signals in the range 3eV < Ep;;, < 5.2€V
is similar. The signal at energies Ep;;, > 5.2V, on the other hand, appears at greater
delays. The slope of the falling edge differs significantly for the traces at energies
FEyin > 4€V.

At higher binding energies a signal can be found which belongs at negative delays to
the Fe(CO)s 12E’ state. At positive delays a shift of the rising edge from 7eV to 6eV
can be observed. The signal in the region 6eV < Ey;, < 7eV decays much slower
than any excited state of Fe(CO)s or Fe(CO)4. The curve at 6.8 eV has a lifetime of
above 500 fs. I will later discuss this signal in detail and reason that it can be assigned
to a Fe(CO)y species.

The spectra at the delays 13 fs and 113 fs indicate two excited states at the energies
4.50eV and 4.71eV. The traces at these two energies are fit with the second model:
an exponentially modified Gaussian (EMG)

aoc [ 202 _t=tg 1 /o t—1g
EMG(t) =2 [ Zeap' i~ — (2 .
G(t) 7\ geep erfc [\/i (d . )} +c (3.3)

The centers are located at 45 fs and at 50 fs. The decay times are both 5 fs. How-
ever, the smallest time constant found in the photodissociation in metal carbonyls is
12.5 fs [89]. The temporal resolution in these experiments is not sufficient to claim
an even shorter time constant. In the following I will refer to these decay times as
7 < 10 fs.
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Figure 3.10: Spectrum of the electronically excited state of F'e(CO)s at various delays in (a)
regular and (b) stacked representation. A shift of the intensity maximum can be observed if
the spectra at a delay of 13 fs and 133 fs are compared. (d) A Gaussian fit of these maxima
indicates a difference of 0.21 eV
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Figure 3.11: Traces of the Fe(CO)s excited state signal at selected energies with intensities
(a) as measured and (b) normalized to the maximum of each trace. (c) The traces at 4.50 eV
and 4.71 eV and (d) their EMG fits. The two traces are normalized to the maximum of the fit.
The center of the two fits differ by 4.5 fs.
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3.2 The Photoinduced Dynamics of Iron Pentacarbonyl

We have seen an indication for the involvement of more than one excited state from the
perspective of the spectra and the traces. The data are now fit with the third model:
two 2D-Gaussians in the time and energy domain (2.0eV to 5.5eV). Preferably, the
data would be fit with an EMG-based model for the temporal component of the signal,
however, the signal to noise level requires the simpler model. The difference between
the two 2D-Gaussians is fixed to the proposed 21 fs and 0.2 eV. The intensity ratio is
kept at 1/1. The position and width in time and energy as well as the intensity are fit
parameters. These restrictions are well justified as we have learned from fitting the
spectra, see Figure [3.10] and from fitting the traces, see Figure

The data, the two fits, and the components of the two fits are presented in Figure [3.12
The quality of the fit reaches a value of R? = 0.91. The data are equally well fit with
a single 2D Gaussian, however, considering the shift in energy and time, the two-2D
Gaussian fit seems more realistic. The two Gaussians are centered in time at (40£2) fs
and (61 +2) fs and in energy at (4.45 £ 0.02) eV and (4.65 &+ 0.02) eV, confirming the
previous findings.

In summary, two states with an energy difference of 0.21 eV have been found by fitting
two spectra at different delays with the first model. Fitting the traces at these energies
with the second model allowed for the extraction of the population dynamics of the
two states. They are located at a delay of 45 fs and 50 fs and decay both in less than
10 fs.

The parameters for the difference in energy from the first fit model and the difference
in time proposed by Trushin have been used for the third model. This third model is
based on two states and fits the data well. Here the peaks are located at (40 + 2) fs
and (61 +2) fs. The peaks in the spectra can be interpreted as the two excited MLCT
state states 'Aj and b'E’, in agreement with the model of Trushin.

A model based on a single 2D Gaussian fits the data equally well. However, the quality
of the data is not sufficient to distinguish between the involvement of a single or two
MLCT states.

If the assignment of the two excited states as MLCT states is correct, then there is
no single peak which could be associated with the LF excited state of Fe(CO)s. The
LF state is expected close in time to the MLCT states and, based on the ground
state calculations, at (0.4 — 1.0) eV below the MLCT states, see Figure Instead
a decrease of the intensity towards higher binding energy up to Ep;, < 6eV and
increasing delays can be observed. The low intensity is interpreted as an indicator that
the wave packet moves quickly along the potential energy surface without crossing an
intermediate state with a minimum.

To visualize the associated change in energy as function of time, the PE intensity
is normalized for each energy slot to a range between zero and one. This ignores the
absolute population and merely serves as an illustration, see Figure
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Figure 3.12: Cuts through the 2D photoelectron signal of Fe(CO)s are presented for selected
energies (left) and for selected delays (right). The experimental data were fit with a model
containing two 2D Gaussians, representing the MLCT states 144 and 2E’ (red and yellow).
The transparent data points were not included in the fitting procedure.
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Figure 3.13: Marked on the map are the two MLCT states and the region where the ligand
field excited state of Fe(CO)s is expected according to Trushin @
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Figure 3.14: The spectra of the Fe(CO); excited state normalized to the maximum along each
energy channel representing the movement of the wave packet, independent of the population.
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A high pump fluence can cause nonlinear effects. Are the dynamics that we have
observed still in the linear regime? The spectra of F'e(CO)s5 at an average pump power
of Pyyg = (0.06 — 1.41) mW which corresponds to a pulse energy of Ppysc(263nm) =
(63 — 470)nJ. The spectra as function of the time of flight at a delay of 6.2ps
are shown in Figure a). Note that the relative peak intensities are different in
the dimension of ’time of flight” compared to the dimension of ’energy’ due to the
nonlinear conversion between the two. This representation allows to show the absolute
counts. All spectra of metal carbonyls shown in this thesis were probed at about
5500 counts/s. The differences spectra are calculated by subtracting the spectrum
recorded at P,y = 0.06 mW from each of the other spectrum. These difference spectra
are shown in Figure b). The effective change in the region of the Fe(3d) lines
is shown in Figure c¢). I find that the pump effect i.e., the integrated absolute
intensity in the Fe(3d) region of the difference spectra, dependence linearly on the
pulse energy in the range used in the experiments. The red curve is a linear fit of the
data.
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Figure 3.15: a) The spectrum of Fe(CO)5 recorded at various pump powers at a delay of
6.2 ps. b) Difference spectra of a) i.e., the spectrum at a pump power of P,,, = 0.06 mW is
subtracted from the spectra at a specific pump power. The integral of the Fe(3d) region (blue
region) is shown in Figure ¢). The pump pulse had energy of P,,s(263nm) = (63 —470) nJ at
a frequency of 3 kH z and Gaussian beam profile with a FWHM of H = 135 ym and V' = 77 um.
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3.2 The Photoinduced Dynamics of Iron Pentacarbonyl

If we further follow the dynamics of the wave packet, we have to keep in mind that one
of the ligands is already disjoint and the molecule rearranges towards the geometry of
Fe(CO)y4. The molecule is left with excess energy from the 263 nm pump. Trushin et
al. predicted that the dissociation leads to a F'e(CO)4 molecule in the electronically
excited ! By intermediate state from where it passes to the lowest singlet state 'A;.
Can we find evidence of this intermediate state in the photoelectron spectra? Can
we deconvolute the spectra to calculate the spectrum of pure Fe(CO)y, although the
concentration is below 5 %?

The spectra at delays 200 fs < ¢ are the sum of the Fe(CO)4, the CO, and the Fe(CO)s
spectra. A model is set up for the extraction of the F'e(CO)4 spectra Irecoy, from
the sum Igym

I(t)sum = c1(t) Ipe(coys (t) + c2(t) Ipe(coy, () + c3(t) Ico(t) (3.4)

Where ¢1(t), ca(t), and c3(t) are the concentrations of Fe(CO)s, Fe(CO)y4, and CO in
the probing volume. At early delays, ¢ < —500 fs the spectrum represents the signal of
a pure Fe(CO)s sample. A pure CO spectrum has been recorded separately. Fe(CO)y
and F'e(CO)5 are assumed to have the same cross section. The sum of Ir.c0),(t) and
Ireco, (t) remains constant in a region of the spectra with no contribution of Ico
because the molecules are to slow to exit the probing volume within a delay range of
+10 ps. From this conservation of molecules ¢1(t) + c2(t) = const follows. We are only
interested in the ratio and, hence, we can choose const = 1:

o) = 1-eot) (3.5)
Isyym = (1_02(t))IFe(CO)5+02(t)IFe(CO)4

This is valid for Fp;, < 13eV, where C'O does not contribute intensity, see Figure [3.16
a). No experimental method is available for the determination of the coefficients ca(t).
ca(t = 500 fs) is increased gradually and the pure Ir.coy,(t = —500 fs) is subtracted
with the restriction that the intensities must remain positive.

I tried to subtract the CO spectrum with the same boundary condition. Even for a CO
concentration below 1% the intensities turn negative. The reason has not been found
yet. Without the subtraction of the C'O spectrum a peak at 14 eV remains at large
delays, see Figure b), which was not observed by Wernet et al. [92]. However, the
signal at Ep;, < 13eV should not be affected. This spectrum of Fe(CO)y is referred
to as scaled difference intensity.

I observe that the Fe(3d) lines of Fe(CO)y are located at a lower binding energy,
compared to the Fe(3d) lines of Fe(CO)s. The splitting between the two Fe(3d) lines
is smaller in Fe(CO)4 than in Fe(CO)s.

After the arrival of the pump pulse the intensity of the Fe(CO)4 Fe(3d) lines increase,
see Figure d). The lower energy trace at 5.9 eV decreases again to almost zero at
large delays. The traces at larger energies however do not seem to decay completely.
Additional time-resolved PE spectra for the range of several picoseconds confirm this
impression. The traces, binned and non binned, up to 1ps are shown in Figure |3.16
e). They reveal peak short in time close to the rising edge and a signal lasting for
picoseconds. This short lived signal is an indicator for yet another intermediate state.
The long lived signal is assigned to the lowest singlet state 1 A of Fe(CO),. The weaker
short lived signal is extracted by subtracting a two dimensional model of the long lived
signal of the ! A; state. The model is composed of a Gaussian in the energy dimension

49



3 Molecular Dynamics

G(FE) and the sum of an EMG EMG(t) and a Gaussian G(t) in the dimension of time.
I(E,t) = G(F)- EMG(t)G(t) (3.7)

The time-averaged spectrum (500 fs < t < 600 fs) is fit with the energy dependent
Gaussian component G(E) for Ey;, < 9.32€V, see Figure c). The center is
located at 7.93 eV with a width of 0.79eV. The width of the fit is overestimated and
a reduction of the width to 0.60 eV improves the model. At this center energy the
trace is fit in time EMG(t)G(t), see Figure f). The Gaussian component in time
G(t) represents the short signal, the EMG component the long signal. The energy
dependent Gaussian is combined with the time dependent EMG component to the two
dimensional model of the signal of the ' A; state. The model data is subtracted from
the pure Fe(CO), data set.

We are now left with filtered spectra that should show the intermediate state. At ener-
gies Fy;p < 6V the excited states species of Fe(CO)s contributes significantly to the
spectrum, as discussed in the beginning of this section. The data are fit in the range of
5.98eV < Eyn < 8.13eV and —600 fs < t < 400 fs where the contribution from other
species is low. The two dimensional model of the fit consists of an energy depended
Gaussian and a time dependent EMG, see Figure [3.16] The center in energy dimension
is located at 7.40 eV, the center in the time dimension is located at (83 £ 8) fs. The
lifetime is < 10 fs.

The difference in time with respect to the first excited state, 1 A5 or b E’, of Fe(CO)s is
43 fs. Trushin proposed that the ! By state of Fe(CO)y is reached 66 fs after excitation.
A lifetime of less than 10 fs is found for the !By state by fitting the PE data. In the
Trushin model the fourth time constant 74 is assigned to the transition from the !B
to the A’ state of Fe(CO)4. 74 is with 47 fs significantly larger than the lifetime
found with the PE data. The center of the fit of the ! By state is located at 7.40eV,
about 0.63 eV below the lowest singlet state of Fe(CO)4 (7.93€eV) or 0.82 eV below
the ground state of Fe(CO)s.

Wernet et al. calculated the energy of the 1By and 'A; states of Fe(CO), for five
different geometries. They predict the ! By to be located 2.6 eV to 3.7 eV below the ' A}
Fe(CO)s5 ground state depending on the species type i.e., triplet, singlet, or excited.
The lowest singlet state A1 of Fe(CO)y, of the same species, is located between 2.0 eV
to 2.9 eV above the Fe(CO)s ground state. The difference between the ! By and the
L A1 states is in three cases (0.6 — 0.7) eV and in two cases (1.1 — 1.2) eV [80].

The short lived signal at Ejy;, = 7.40€V is assigned to the !By state Fe(CO),, based
on the proximity in time to the value predicted by Trushin et al. and the proximity in
energy to the value predicted by Wernet et al.

We now have the binding energy for the 1 A} state of Fe(CO)s5 and the ! By and the ' A;
states of Fe(CO)4. Wernet et al. have calculated the energies for these three states
in order to determine the spin state for three possible geometries of Fe(CO)4. The
geometries are optimized for the triplet ground state, the lowest singlet state, and the
excited state (1 Bg) of Fe(CO)y: Fe(CO),T, Fe(CO)4S, and Fe(CO)4E, respectively.
The energy difference between the !By and the 1A states of Fe(CO)y is the same
for the Fe(CO)4T and the Fe(CO)4E geometry: AE = 0.9¢V. For the Fe(CO)4S
geometry the energy difference is larger: AE = 1.1eV [80].
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Figure 3.16: Shown are (a) the extracted pure spectra of Fe(CO)s, Fe(CO)y, and CO, (b)
the pure spectrum of Fe(CO)4 (1 A1) at selected delays and (c) at a delay of 550 fs fit with a

Gaussian.

Traces of the pure Fe(CO)4 spectrum at selected energies for (d) femtosecond and (e) picosecond

delays. A trace of the Fe(CO), maximum at 7.92 eV with its fit.

We have to be careful when comparing the theoretical to the experimental data. The
calculations refer to the ground state and the experiment measures the corresponding
final ionic state. Calculations which include the excitation and the ionization are
computationally demanding and exceed the scope of this thesis. The experimental
energy difference fits well to the calculated difference for a Fe(CO)4T and Fe(CO)4E
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Figure 3.17: Shown are (a) the spectra and (b) the traces of the Fe(CO), excited state (! Bs)

with cuts of the 2D-Gaussian fit.

geometry. But the energy difference between the !By and the 'A; states of Fe(CO)y
and the ' A} states of Fe(CO)s is much smaller in the experiment. A calculation which
includes the final ionic state would allow to interpret the experimental data with a

higher confidence.

Apart from these calculations it is rather difficult to speculate on the geometry of
the intermediate species of Fe(CO)s. With an effective valence electron count of 16
Fe(CO)4 does not satisfy the 18 electron rule. This is why Fe(CO)4 is much more
reactive than Fe(CO)s. The structure of Fe(CO), has been determined experimen-
tally by IThee et al. . They found Fe(CO), in the singlet state ! A;. Later studies
also observed the triplet ground state in solution. According to the Trushin model,
Fe(CO)y in the gas phase does not occur in the triplet ground state.
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geometry  E(1Bp)/eV E(*Ay)/eV  AE/eV

Fe(CO)AT 2.6 2.0 0.6
Fe(CO)4S 3.2 2.1 1.1
Fe(CO)4E 3.5 2.9 0.6
geometry  Epin(1B2)/eV  Eyn(tA1)/eV  AE/eV
exp. data 0.82 0.29 0.53

Table 3.3: Calculated energy of the B, and the ' A; states of Fe(CO)4 with respect to the
LA} ground state of Fe(CO)s, as well as the measured energy for the final ionic state of the
!By and the ' A; states of Fe(CO), with respect to the 1A} ground state of Fe(CO)s [81].

The data discussed so far does not indicate a decay of the Fe(CO)4 ground state
species within 9 ps. At first glance, this seems to contradict the proposed decay time of
Tre(c0), = 3300 fs. However, the contribution of F'e(C'O)3 in the spectrum is expected
to be very small, the binding energies of the F'e(CO)s photoelectron lines are assumed
to be similar to those of Fe(CO)4. The only indication for further dissociation of
Fe(CO)4 in other PES experiments was based on the CO photoelectron signal [92].
Here, this CO signal is very small in the experiments and can explain the negligible
contribution of Fe(CO)s in the present experiments.

This concludes the analysis of the first two bands of the Fe(CO)s photoelectron
spectra. I have found intensity maxima which I assigned to the electronic ground state
of Fe(CO)s and to the lowest singlet state of Fe(CO)y4, as well as to the intermediate
states of electronically excited Fe(CO)f and Fe(CO)j. The experiment presents the
first direct observation of the intermediate states Fe(CO): and Fe(CO)} !By in the
gas phase with photoelectron spectroscopy. I have determined the delay ¢y of these
states with respect to the cross-correlation signal of the pump and probe pulses, as well
as their decay time 7 with various fit models. The results are summarized in Table [3.4]
The energies of these states have been compared to the literature data throughout the
analysis. Do we now have a basis to interpret the PE spectra and learn about the
excited state dynamics? Yes! We can combine the discussed fit models to illustrate
how the molecule transitions between the states as a function of time. The PE spectra
and the fits of the excited state region are shown in Figure a) and b). Figure
a) is identical to Figure We can now compare these spectra with the various fits
that I have discussed in this section so far. The combined fits are shown in figure [3.18
b). At negative delays the two Fe(CO)s states 12E" and 12E” are depopulated by the
pump pulse. Hereupon, the molecule transitions into the intermediate MLCT states
of Fe(CO)s, most likely 1A% or b'E’. The molecule then dissociates into CO and
Fe(CO)y in the vibrationally hot and electronically excited intermediate state ! Bs.
This intermediate then decays to the ' A; state, the lowest singlet state of Fe(CO)4. A
comparison of the time constants and decay times to the model proposed by Trushin
can be found below, see section
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Figure 3.18: Shown are a) the spectra Fe(CO)s and b) the 2D fits.

state Eyin eV to/fs T/fs
Fe(CO)s (1°E') 8.22 - -
Fe(CO): (MLCT 1)  4.50 40 <10
Fe(CO): (MLCT 2)  4.71 61 <10
Fe(CO); (1Bg) 7.40 83 <10
Fe(CO)y (1A7) 7.93 88 .

Table 3.4: Summary of the energies and time constants of the experimentally observed states.
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3.2 The Photoinduced Dynamics of Iron Pentacarbonyl

So far we focused on the charge dynamics from the perspective of the states with a
strong Fe(3d) character. We will now move our attention to the Fe(CO)s states with a
predominant ligand character. We can directly compare these states of Fe(CO)s with
the states of free CO. We find three peaks in the spectrum of CO for binding energies
below 20 eV, see Figure a). They are located at 13.78 eV, 16.73 eV, and 19.45¢V.
The intensity maxima are associated with the highest occupied molecular orbitals of
CO: the 5o, the 17, and the 40 molecular orbitals, see Figure a). These energies
deviate less than 0.5 eV from the literature data . In the photoelectron spectrum of
Fe(CO)s there are several peaks with a strong carbonyl character for similar binding
energies. Peaks in the range 13eV < Ep;, < 17€eV have a strong contribution from
the CO(50) and CO(1w) orbitals. Peaks in the range 17eV < Ey;, < 20eV have a
strong contribution from the CO(40) orbitals, see Figure b) [91) 94, [95]. We can
see that photoelectron spectroscopy allows for the observation of the dynamics of the
CO separately for the states with 50, 17, and 40 character. For Fe(CO)s; we can
observe the dynamics of the states with a Fe(3d), CO(50 + 17), and CO(40) character
separately. It would be desirable to further discriminate the contribution of the states
with a 50 and a 17 character in the region between 13eV and 17eV.

intensity / arb. units

intensity / arb. units

2 6 10 14 18
E../eVv

Figure 3.19: A static spectrum of a) CO and b) Fe(CO);s with peak assignment.
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3 Molecular Dynamics

The spectrum is divided according to the changes of the intensity one can identify
three regions, b, ¢, and d. For 11.5eV < Ey;, < 13.5eV the intensity increases,
for 13eV < Ep, < 17€V the intensity decrease, and for 17eV < Ep;, < 19eV the
intensity does not change significantly for increasing delays, see Figure [3.20
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Figure 3.20: Spectra of Fe(CO)s at different delays.

The difference spectra help to further discriminate these regions. They are calculated by
subtracting the spectrum at early delays from the spectra at larger delays. The Fe(3d)
lines shift to lower energies (AF; = 0.69eV, AE; = 0.70 V) for increasing delays. At
higher energies I have identified seven regions, one to seven, see Figure a). The
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3.2 The Photoinduced Dynamics of Iron Pentacarbonyl

traces of these regions differ significantly with respect to each other, see Figure In
region one (11.5eV < Ey;y, < 13.5€V) the intensity rises after tg. Most likely this rise
reflects the formation of Fe(CO)4. The difference between the centers of the Fe(CO)s
and Fe(CO)y 3d lines is about one eV. We can assume that the peaks with ligand
character shift by a similar amount. If this is the case then the rise in region one is
caused by a shift of the large band (13eV < Ey;,, < 17€eV) to lower binding energies.
In region two (13.5eV < Ep;y, < 13.9¢€V) the intensity first decrease and later in-
creases again. It is possible that this is due to energy shifts of multiple peaks or
that we see the decrease and increase of multiple species. In the regions three to
five (14.0eV < Ep;, < 16.3eV) and seven (17.4eV < Ey;, < 19.0€V) the intensity
decreases after ty. The intensity decreases in the range 11eV < Ep;, < 16.5€eV.
The envelope of the intensity decrease partially resembles the mirrored spectrum of
Fe(CO)s, see Figure It is likely that we observe the overall decrease of the entire
Fe(CO)s signal and a rise of the CO signal. The rise in region six is most likely an
indicator for the formation of free CO. The energy coincides with the energy of the
CO(1m) peak.

I have fit the traces of all seven regions with an erfc function, see [3.2l The centers are
located in the range —149 fs < tg < 123 fs but show no clear trend.

Can we interpret the data in the framework of the o — 7 backdonation? While one
carbonyl dissociates from the complex the overlap between the carbonyl and the iron
valence orbitals becomes smaller therefore the backbonding decreases. Electron density
flows back from the molecular orbitals with CO(27*) character to the orbitals with
Fe(3d) character. At the same time the orbitals with Fe(3d) character return electron
density to the orbitals with CO(50) character. It is hence difficult to speculate about
the dynamics of Fe(3d) band intensity. Within this picture an increased population of
the CO(50) orbital should yield an intensity increase of the peak associated with a
state of CO(50) character, that is a final state with an ionized CO(50) orbital.

The experimental data do not indicate such dynamics. I find an overall decrease of the
intensity for the states with a dominant CO(50, 17) character with three exceptions.
The sharp peak at Ep;,, = 13.8eV and the broader peak at 17.0eV can be attributed
to the formation of free CO. The depletion relates to the reduction of Fe(CO)s in
the probing volume. The corresponding Fe(CO), states are shifted to lower energies.
Shifts in energy can indicate changes in the hybridization. Last but no least, we can
discuss the changes of the state with CO(40) character. The 40 peak of free CO is
located at 19.45 eV which is 1.70 eV above the peak with CO(40) character in the iron
complex. One could expect that during the dissociation the 40 peak separates into two
peaks. One remaining at 17.7 eV and one splitting off and shifting towards 17 eV for
increasing delays. This however can not be observed. The changes in intensity with
time are small and no shift in energy can be detected.

The observed changes in intensity and energy reflect convoluted dynamics and their
interpretation remains speculative. Several ways can be taken in order to improve
our understanding of the ¢ — m backdonation trough time-resolved photoelectron
spectra of Fe(CO)s. The statistics should be improved through longer acquisition
times. An angular-resolved measurement increases the sensitivity for the difference
between the o and the m system. The sensitivity is greatest if the light is polarized,
the measurement is angular resolved, the molecules are anisotropic, and the molecules
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Figure 3.21: Differnce spectra and scaled differences of Fe(CO)5 at various delays.

are aligned. An increase in the energy resolution as well as calculations with a more
precise peak assignment and stronger separation of the contributions between o and 7
character of the spectroscopic lines will facilitate the interpretation. The results of
the photoelectron spectroscopy on Fe(CO)s are complicated and their interpretation
is challenging. We can improve our understanding of the photoelectron spectra of
Fe(CO)s with These calculations should include the ionic final state. As long as the
required theory is in development I suggest a systematic study of the photoelectron
spectra of various transition metal carbonyls. The mono-nuclear metal carbonyls of
group six are a singular target for such a study. Cr(CO)g, Mo(CO)g, and W(CO)g
are of octahedral symmetry. The valence configuration of the metals is similar, see
Table [3:5] The photodissociation can be induced in all three hexacarbonyls with
266 nm photons . The ionization energy for the valence orbitals of these metals
is also similar. I have measured the ultrafast dynamics of Cr(CO)g in the gas phase
with trPES as a first step in this comparison. The results will be discussed in the next
section.
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Figure 3.22: Traces of the Fe(CO); spectra at selected energies.

element electronic configuration

Cr [Ar]3dP4s?
Mo [Kr)4d®5s!
w [Xe]df1*5d465>
Fe [Ar])3d04s?

Table 3.5: The valence electronic configuration of selected transition metal atoms.
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Which ligand leaves the Fe(CO)s complex first?

The D3 symmetry of Fe(CO)s leads to two types of ligands, two axial and three
horizontal ligands. The electron density of Fe(CO)s in the ground state was calculated
with density functional theory (DFT) including numerical frequencies [P. Midema
private communication]. The results give an idea of the orbitals. In the ground state
the ¢/ HOMOs are occupied. The electron density is located in the horizontal plane but
not on the M-CO bond axes. The excitation via a 266 nm photon causes an MLCT.
The €’ orbitals depopulate and the e” orbitals populate. Here the electron density is
located further away from the central metal atom on the axial ligands. In the LF state
it is the a) orbital which is populated. The €” orbitals are empty. The electron density
of the a) orbital is located on all M-CO axes with a higher amount of electron density
on the axes with the axial ligands.

The depopulation of the ¢’ orbitals clearly weakens the bond to ligands in the horizontal
plane. The population of the €’ orbitals strengthens the bond to the axial ligands.
But the dissociation does not start in the MLCT state. During the transition to the
LF state we populate the anti-bonding a) orbital weakening all ligand bonds, the axial
bonds slightly more. We also loose the additional strength on the axial orbitals. In
this context it would therefore be plausible that an axial ligand dissociates first. To
improve this approximation a calculation of the orbitals in the excited state is required.

MLCTa a

e’ orbitals: populated e” orbitals: populated a’, orbital: populated
in the ground state in the MLCT state in the LF state

Figure 3.23: Depicted are the selected calculated valence orbitals of Fe(CO)s.
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3.3 The Photoinduced Dynamics of Chromium Hexacarbonyl

The UV-vis absorption spectrum of chromium hexacarbonyl (Cr(CO)g) in a solution
of ethanol, isopentane, and ethyl ether has been recorded by Wrighton et al., see
Figure and it was recently discussed by Villaume et al. [97, [98]. The calculations
of the UV-vis absorption spectrum indicate that metal centered states and MLCT
states can be excited by a 266 nm pulse [99).
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Figure 3.24: The UV-Vis spectrum of Cr(CO)g [97]

The static photoelectron spectrum has been recorded by Higginson et al. and Nilsson
et al. [100, 101]. The peaks in the spectrum have been assigned based on calcula-
tions. As in the spectrum of Fe(CO)s there is a peak at 8.53 eV in the spectrum of
Cr(CO)g with a strong metal 3d character, the Cr(3d) line. However, there is only
one Cr(3d) but two Fe(3d) lines. This is due to the difference in the symmetry of
the two complexes. Cr(CO)g has an octahedral symmetry, Fe(CO)s5 has a trigonal
bipyramidal symmetry. The difference between the equatorial ligands and the axial
ligands in Fe(CO)s5 splits the atomic Fe(3d) orbitals in the unoccupied a) and the
occupied €’ and €’ orbitals |95, [102]. €” and €’ are not degenerate. The 3d orbitals of
the atomic Cr split in the complex to form the unoccupied e and the occupied ta4
orbitals that represent the LUMO and HOMO, respectively. e and 5, are not further
split because all ligands are equivalent in Cr(CO)g.

In the spectrum Cr(CO)g of Between 11 eV and 20 eV peaks with a ligand character
dominate [100, 101}, 103].

For my experiments I have used Cr(CO)g as purchased from Sigma-Aldrich with a
98 % purity. The solid sample was sublimated at a temperature of 24°C' into the
vacuum chamber. During the experiment chamber pressure was at p =5 - 1076 mbar.
The sample was pumped with 263 nm femtosecond pulses and probed with 23.25eV
femtosecond pulses. I assume no shift of the temporal overlap ty between the two
experiments.

I have recorded the excited state dynamics of Cr(CO)g in the gas phase with time-
resolved photoelectron spectroscopy for the first time. The spectrum is shown in
Figure a) and b). It can be separated into two regions. Region one includes the
valence states with a strong Cr(3d) character, region two includes valence states with
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a strong ligand character. The peak with the metal character is located at 8.53eV. It
has been assigned to a state where the 2¢5, orbital is ionized .

The intensity of the Cr(3d) line decreases for increasing delays. The center of the
depletion of peak one is located at to = —68 fs, see Figure c¢). The difference in
time to the sideband is similar to the difference found between the Fe(3d) lines and
the sideband. As discussed above this discrepancy will not impact the results.
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Figure 3.25: The photoelectron spectrum of Cr(CO)g in a) linear and b) logarithmic repre-
sentation. ¢) the trace of peak one at 8.53 eV .

The dynamics of the 3d line of Cr(CO)g in the electronically excited state is shown
in I observe a fast transition of the excited state population to higher binding
energies. This is in contrast to Fe(CO)s where I found a detectable intermediate state
at comparable delays, compare Figure and

I can identify a background signal. It is located at about 5.5 eV and independent of
the delay. As in the case of the spectra of Fe(CO)s5 I assume that this background
derives from a contamination of another harmonic (H13). This other harmonic signal
would project the C'r(3d) line onto an a binding energy of 5.44 eV .
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Figure 3.26: Photoelectron spectrum of Cr(CO)g excited state as function of energy and
time
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Figure 3.27: Photoelectron spectrum of Fe(CO)s excited state as function of energy and
time

Models for the photodissociation have been proposed by Trushin et al. and Paterson
et al. . According to their model the excitation with a 266 nm photon causes
the dissociation of the complex on a sub-100 fs timescale . It is assumed that
the light promotes a wave packet to a high MLCT state (177,) state from where the
wave packet relaxes to a lower MLCT state (1T%,). From this second MLCT state the
molecule dissociates one carbonyl group . These early dynamics have been
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simulated [105].
Calculations (DFT/MRCI, TDDFT/B3LYP, and MS-CASPT?2) agree with the experi-

mental result, the lowest excited state 11T}, is located at about 4.44 eV. The second
lowest excited state, 21771, is located at 5.48 eV’ .

Crespo-Otero et al. argue that a number of dark states in this energy region can borrow
intensity from the 71, state via vibronic coupling . In the photoelectron spectra I can
not identify a specific excited stated, see Figure [3.:28] The region 2eV < Ep;y, < 5.6€eV
is populated simultaneously. While states in the region 5.6 eV < Ey;,, are populated
at increasing delays. The population appears to occur over a broader energy range
and less specific than in the iron complex. This is in agreement with the theory of the
coupled states.

Traces of the experimental data further support this model, see Figure [3.29, The
states in the range 2.0eV < Fy;, < 5.6 eV are populated roughly simultaneously. The
lifetime of these states is slightly shorter and the population shifts earlier to higher
binding energies relative to the iron complex. The faster dynamics are in agreement
with the model proposed by Trushin et al. They claim that the first dissociation step
from Cr(CO)g to Cr(CO)s + CO takes 31 fs [89).

We can compare this model with the PE spectra. The intensity as a function of time
and energy is shown in Figure Similar to the dynamics in Fe(CO)s, excited states
are populated quickly after ¢y and decay on the femtosecond timescale. The Cr(3d)
line shifts to higher energies for increasing delays. This can be seen by the edge shift.
The shift can be quantified with the help of the difference spectra. When comparing
positive delays with negative delays the Cr(3d) line at 8.53 ¢V looses intensity and a
second line appears at 7.78 V. This is most likely the Cr(3d) line of Cr(CO)s.
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Figure 3.28: Photoelectron spectrum of the Cr(CO)g excited state region at different delays.
The background signal (contamination with another harmonic) was subtracted.
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Figure 3.29: Traces of the Cr(CO)¢ excited state region at different energies. Non-normalized
(a) and normalized (b) intensities.

The PE spectrum of Cr(CO)g at various delays is shown in Figure ). The ligand
region of the spectrum is structured similarly to the spectrum of Fe(CO)s. Based
calculations these features have been assigned to states. The peaks above 10 eV have a
dominant ligand character. The peak at 13.5eV has been assigned a CO(50) + Cr(3d)
character. The peak at 14.1eV has a CO(17), the peak around 15.5eV has a CO(1m)
character, and the peak at 17.6 eV has a CO(40) character 107]. The values in
my experiments deviate less than 0.3 eV from the literature data.

The difference spectra for the same data are shown in Figure b). I can observe
a shift of the Cr(3d) line towards a lower binding energy for increasing delays. The
shift is AE = 0.84 eV and hence slightly larger than the shift of the two Fe(3d) lines
(AE =0.69¢V, AE = 0.70€V). In the ligand region we can observe the same dy-
namics as in F'e(CO)s. There is an overall intensity decrease indicating the reduction
of Cr(CO)g. Intensity rises in three energy regions. The rise at Ep;,, = 12.5¢eV is
most likely linked to the rise of the Cr(CO); spectrum at lower energies. The rise at
13.8 eV and 16.8 eV derives from the formation of free C'O.

The overall dynamics in the Cr(CO)g spectrum are similar to the ones observed in
Fe(CO)s. A direct comparison of the excited state dynamics permits me to state
that the population of the first excited state and the following relaxation occur on the
same timescale as the dynamics in Fe(CO)s. Most likely the progression is faster in
the Cr complex. This point will be examined in the future with an in-depth analysis
of the photoelectron spectra of Cr(CO)g. The first impression of a fast decay time,
compared to Fe(CO)s, is in agreement with literature data , , .
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Figure 3.30: Photoelectron spectrum of Cr(CO)g excited at different delays and the photo-
electron spectrum of CO.
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3.4 The Differences of the Electronic Dynamics Coupled to
Nuclear Motion

In the past, many reactions have been successfully modeled in the Born-Oppenheimer
approximation. The approximation assumes that the motion of the electrons can be
separated from the motion of the nuclei. For ultrafast reactions this approximation can
break down. In order to know, whether the approximation is valid in a specific reaction
both the dynamics of the electrons and the dynamics of the atomic nuclei should be
measured and compared. Experimental data for the nuclear dynamics of Fe(CO)s5 or
Cr(CO)g on the femtosecond timescale are not available yet. In the models for the
photodissociation of both Fe(CO)s and Cr(CO)g the electronic dynamics are coupled
to the nuclear dynamics. Let us investigate if we can interpret the PES results, and
specifically the differences between the spectra of the two complexes, in agreement
with the model.

The PE spectra covering the photodissociation of Fe(CO)s; and Cr(CO)g are shown
in Figure a) and b). In the spectrum of Fe(CO)s the excitation leads to a
detectable intermediate. A peak is located at about 4.6 eV and 50 fs. The intensity
decreases towards higher energy and larger delays with a minimum in energy at about
5.5eV. At even higher energies 7.4 eV and larger delays the intensity increases again
towards 7.4eV.

The PE spectra of Cr(CO)g are different. At a delay around 0 fs, the intensity increases
over the energy range between 4.0eV and 5.0eV. In contrast to Fe(CO)s, there is
not a single peak, but rather a band. For larger delays, the intensity shifts towards
higher energies. At delays of 500 fs, the low energy flank is located at about 7.4eV.

The spectra are shown again in Figure ¢) and d), but here the intensities are
normalized to one along each energy channel. We can see that the detectable initial
state of Fe(CO)E starts at lower energies with respect to the peak found in the spectra
of Cr(CO)§ at the same delays. The Fe(CO)f peak slides to larger energies for an
increasing delay. In Cr(CO)g, the transition of the peak from lower to higher energies
for increasing delays occurs faster.

I have interpreted the spectra of Fe(CO)s on the basis of the discussion around the
UV-vis spectrum of Fe(CO)s and the model for the excited state dynamics proposed
by Trushin et al. [9]. This model is summarized in Figure a). It consists of five
time constants 71 5. The first three time constants are relevant for the dynamics of
Fe(CO)s, while the last two are relevant for the dynamics of Fe(CO)s. The pump
pulse excites the molecule into the 2' E' MLCT state. The depicted reaction coordinate
q(€’) is very likely the bond distance Fe—C or C—0O. Along this coordinate, the
degeneracy of each of the 2' E’ state and 1'E’ LF state is lifted. The wave packet can
transition from the 2! E’ to the 1! A MLCT state and back or move directly along
the 2! E’ potential. Both 2! E’ and 1' AY are only weakly repulsive [9]. The transition
from the 2! E’ to the 1'E’ state is associated with the first time constant 7y = 21 fs
[9]. The wave packet moves faster on a steeper curve, therefor the reaction speed can
depend on this slope. The 1'E’ state has a steeper potential energy curve than the
21 F’ state. I believe that the peak at 4.6 eV, Figure a) reflects the dynamic on
the 2! E' state potential energy curve. In Fe(CO)s, the reaction occurs mainly along
the two potential curves of the 2! E' and 1! E’ state. Along this path, q(€/) increases
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Figure 3.31: Time-resolved PE spectra of Fe(CO)s and Cr(CO)g during the photodissocia-
tion. The data of Fe(CO)s [a) and c)] are the same is in Figure [3.9 and The data of
Cr(CO)g [b)] are the same is in Figure

2'E' (MLCT) b)

1'E' (LF)

pump

to'B,
of Fe(CO) )

it d(M - CO)
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Figure 3.32: An illustration of the movement of the wave packet along the potential energy
curves in a) Fe(CO)s5 and b) M(CO)g. In b), the solid lines indicate the pathway after an
excitation with 270 nm. The dashed lines indicate the pathway after an excitation with 318 nm
and 345 nm as discussed in the text. a) is a detail of Figure (Adapted from [9] and [89])
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3.4 The Differences of the Electronic Dynamics Coupled to Nuclear Motion

between these two states above the crossing, whereas it decrease below the crossing.
From a mechanistic perspective, it takes time to slow the stretch motion down and
reverse the direction. The movement on the 1'E’ curve along the q(e’) coordinate is
associated with the second time constant 75 = 15 fs, while the movement along the
d(Fe—CO) coordinate is associated with the third time constant 73 = 30 fs.

The !By Fe(CO)j state is reached only after the third time constant. From the !By
state, the wave packet transitions to ' A; the lowest singlet state of Fe(CO)y. The
transition is associated with the time constant 74. Fe(CO)4 in the 1 A, state dissociates
into Fe(CO)3 + CO. 75 is the time constant of this dissociation.

The absorption of a single 266 nm photon causes in both the iron and chromium
complex the population of an MLCT states with an ungerade ('u’) symmetry. A
transition from the ground state to a pure LF state with a gerade (’g’) symmetry is
symmetry forbidden. Due to the mixing of the states, the transition can still occur,
but it carries a low oscillator strength [98, |108]. These transition have been assigned

to absorption maxima in the UV-vis spectrum of Cr(CO)g, see Figure [3.33]
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Figure 3.33: Gas-phase UV-vis absorption spectra for the metal hexacarbonyls M(CO)g
(M = Cr,Mo,W). (Adapted from [108])

These MLCT states are not strongly dissociative states. The LF state, on the other
hand, is a dissociative state, but is not primarily populated with the pump pulse [9,
108]. It is therefore expected that the wave packet crosses from the MLCT state to a
particular LF state, it is only then that the molecule dissociates.

According to Kosma et al. in Cr(CO)g, this LF state is higher in energy than the
MLCT states in the ground state geometry. With increasing Cr—CO distance, the
LF decreases strongly in energy [108]. This is illustrated in Figure b). The
population of the MLCT state(s) can transition over to the LF potential energy
curve. In the hexacarbonyls, the progression of the reaction does not require a re-
version of the reaction coordinate which could explain why a single electronically
excited intermediate state can note be detected in the spectra. The transition from the
MLCT states to the LF state and the change in energy of the LF state occur too quickly.

In the spectra of Fe(CO)s, I could detect at least one intermediate state which is

localized in energy. I have observed the population of the MLCT state during the early
excited state dynamics of Fe(CO)s. With the resolution in my experiment, it is not
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3 Molecular Dynamics

possible to discriminate whether, after this initial excitation, only one MLCT state or
two MLCT states close in energy (4.50eV, 4.71eV') are involved. My findings are in
agreement with the Trushin model.

in the spectra of Cr(CO)g, I could not detect an intermediate state which is localized in
energy. The swift shift of the intensites in the spectra of both Fe(CO)s and Cr(CO)g
likely reflects the movement of the wave packet along the LF potential. A similar
observation can be made in calculated photoemission spectra of Bro. The spectra are
shown in Figure At a delay of 0 fs, the intensities can be assigned to molecular
orbitals. During the photodissociation, these orbitals change their character, their
energy, and transform into atomic orbitals . I have discussed such a continuous
change in the energy of a state, see Figure ¢) section

Whether the population of a specific state can be detected depends on the resolution
of the experiment and on the velocity of the reaction. The difference in velocity of the
photodissociation in Fe(CO); and Cr(CO)g can be partly explained as result of the
coupling of the electronic dynamics to the nuclear motion. During the dissociation of
Fe(CO)s the direction of the nuclear motion has to change twice. The first turning
point is located at the conical intersection which connects the MLCT curve and the
LF curve, the second turning point is located at the ground state geometry where the
LF potential curve is degenerate. However, no change in direction is required during
dissociation of Cr(CO)g.
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Figure 3.34: The calculated photoelectron spectra of Bry during the photodissociation. (The
figure is adapted from [109])
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3.4 The Differences of the Electronic Dynamics Coupled to Nuclear Motion

Let us now compare the steps after the dissociation for Fe(CO)s; and Cr(CO)g. In the
PE spectra of Fe(CO)s, I have identified the intermediate state ! By of Fe(CO)j. This
state is reached (43 =+ 8) fs after the initial population of the first MLCT state. The
time is consistent with the (66 4+ 5) fs proposed by Trushin. However, it would also
be consistent with a second scenario. If the initial MLCT state would be dissociative,
then the duration of the path to the !By state is determined by the first two time
constants of the Trushin model. The !By state should then be reached after 36 fs.
This scenario is unlikely because the MLCT states are only slightly repulsive, and the
slopes of the LF potentials are much steeper. A dissociation path only along an MLCT
potential energy curve should therefore be slower.

In earlier studies of M(CO)g (M = Cr, Mo, W), Trushin et al. assumed that the
initial population of the 77, MLCT state first relaxes to a lower MLCT state 15,
before it crosses over to the dissociative LF state 1T19. The two time constants 7 and
T were associated with the relaxation from T}, to 'Th,, and 'Th, to 1T19, respectively.
Cr(CO)g dissociates with a lifetime equal to the sum of the first three time constants
Tdold = Tlold + T2,0ld T T3.0ld = D3 fs, see table [96]. With an improved time-
resolution and a variable pump wavelength, Trushin et al. were able to acquire new
experimental data for the purpose of revising their model for the relaxation pathway
in Cr(CO)g. They found an even shorter first time constant of 7j ey = 12.5 fs, as
opposed to the old 71 5q = 23 fs, and they suggested the existence of an even faster
pathway directly from 77, to the LF state, see Tabel [89]. The faster direct path
outcompetes the longer path across the second MLCT state, see Figure [3.35] The
short relaxation time indicates that the two potential energy curves are connected via
a crossing or an avoided crossing [89].

Tiold/ 5 Tood/f5  T3oa/fs  Taoa/fs

Cr(CO) 2341 1041 20+2 5342

Tl,new/fS TQ,new/fS Td,new/fs
CT’(CO)@ 125+ 0.5 18+ 2 31+2

m1/fs T2/ s 73/ fs T4/ fs

O)e 30+£1 20+ 2 35+2 85+ 2
O)s 46 £ 1 23+£2 30£2 99 £ 2

Fe(CO)s 21+£2 15£5 30£3 66 £ 6

Table 3.6: Time constants for the dissociation dynamics of hexacarbonlys and iron pentacar-
bonyl |9} [891 [96].

In fact, if the excitation is performed at different wavelengths i.e., 162 nm — 282 nm,
different MLCT states are populated initially, but the relaxation to a LF state occurs
in all cases. To be exact, the relaxation paths lie on the same potential energy surface
(LF), but meet only in the excited product state S; of Cr(CO)s. The decay of the
LF state is now associated with the second time constant. The path towards the
dissociation is now modeled as follows: the pump pulse excites the wave packet from
the ground state into one of the MLCT states. During the vibration of the M —CO
bond the population of the MLCT state transitions to the LF curve via a crossing or
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3 Molecular Dynamics

an avoided crossing, see Figure [3.35] From here, the complex dissociates. The lifetime
of Cr(CO)g Tgnew after the excitation with a 270 nm pulse is now equal to the sum of
the first two time constants 74 new = T1,new + T2,new = 31 f5.

Td,new

M(CO)g M(CO); + CO

The thorough analysis of the Cr(CO)g PE spectra will allow for the identification of
the Cr(CO)s state and, thereby, the check for 74 ey

u

MLCT

dm—<co |
Il =2 5L
> %, Cay  Dan  Cay
M(CO)¢ M(CO); M(CO),

Figure 3.35: Movement of the wave packet along the potential energy curves in Cr(CO)g for
different pump wavelengths [89].

We have seen fundamental differences of the dissociation pathways in Fe(CO)s and
Cr(CO)g. The starting point of the pathways depends on the energy of the unoccupied
orbitals. A specific orbital can be selected via the photon energy of the pump pulse.
The route of the wave packet occurs along the potential energy curves of the different
states. The wave packet can cross from one curve to another curve radiationless where
there are crossings. The slope of the curves as a function of the reaction coordinate
and hence the location of the crossings is influenced by the type of ligand. From these
aspects, we understand that the pathways depends on properties of the complex in the
ground state. However, predicting the potential energy curves and the course along
these curves remains a challenge. With this work, I can confirm the existing model of
the photodissociation in Fe(CO)s. By confirming this model, we have taken another
step towards the goal to understand the dynamics of two prototype catalysts.
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Chapter

summary and Outlook

This thesis is composed of two topics. The first topic covers a setup for pump-probe
photoelectron spectroscopy based on high harmonic generation. The second topic
covers the application of this setup to study the molecular dynamics of Fe(CO)s and
Cr(CO)g.

I have moved an existing high harmonic setup to a new laboratory, improved it, and
characterized it extensively. A laser delivers 1.7 uJ pulses at a center wavelength of
800mm at a rate of 3 kH z. The pulses are split, for a pump-probe scheme. The photon
energy of the pump pulses can be increased via second and third harmonic generation
in a BBO. The energy of the probe beam is increased via high harmonic generation in
a gas cell. If the cell is filled with argon, photon energies of 38.75 eV can be reached.
A higher photon flux of up to 10! ph/s can be generated with xenon, however the
photon energy is limited to 29.45eV. A specific energy can be selected with a grating
monochromator.

Photon energies of Erg; = 1.58 eV, Erge = 3.15eV, Eros = 4.71 eV are now available
for pumping samples, thereby extending the existing setup. The pump pulse energies
are Ppyise(HO01) = 360 pJ and Ppys(H03) = 6 uJ. For probing, photon energies from
Er11 =17.05eV to Egos = 38.75 eV are available. The pulse duration of the higher
harmonic is as short as 98 fs. The temporal resolution for experiments with a HO01
pump and H15 probe is 111 fs. For a combination of the H03 pump and H15 probe,
a resolution of 262 fs has been measured.

With this setup, I have studied the sub-picosecond excited state dynamics of Fe(CO)s
and Cr(CO)g. For the first time, the intermediate electronically excited states of
Fe(CO)s and Fe(CO)4 in the gas phase were directly observed with time-resolved
photoelectron spectroscopy. This demonstrates that the setup is well suited to probe
chemical dynamics on the femtosecond timescale.

For Fe(CO)s, I have detected intermediate states during the photodissociation. I have
measured the occurrence in time with respect to the pump signal, the energy, and, in
some cases, the decay time for intermediate MLCT states of Fe(CO)s, as well as for
the singlet excited state, and the lowest singlet state of Fe(CO)a.

The peaks associated with the excited states of Fe(CO)s are located at 40 fs and
61 fs with respect to the temporal overlap established with the sidebands. The decay
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time of these two states is < 10 fs, and hence, below the detection limit. If only one
MLCT state is assumed, then this stated would be located at 49 fs. A state that could
be associated with the LF state is not observed. The electronically excited !By state
of Fe(CO); and the 1A state of Fe(CO)4 have been observed. They are located at
83 fs and 88 fs with respect to the sideband center. The decay of the !By state is
also < 10 fs. These results of the states with a strong metal character are conclusive
and confirm the model for the photodissociation by Trushin et al. [9]. The results of
the states with a ligand character were so far inconclusive. They require a refined
model to further separate the contribution from the o-type and w-type ligand states. A
future improvement of time and energy resolution as well as a longer data-acquisition
will improve the quality of the spectra. The higher quality might allow the distinction
between a dissociation scenario of Fe(CO)s; with one or two MLCT states.

In the spectra of Cr(CO)g I could not detect intermediate states localized in energy
and time as is the case in the spectra of Fe(CO)s. Possibly several states are initially
populated simultaneously. The peak associated with the excited state(s) slides towards
higher energies for increasing delays. This progression appears faster than in the
spectra of Fe(CO)s. The analysis of the Cr(CO)g spectra is still in progress.

According to Trushin et al., the pathway for the photodissociation is similar for the
two complexes in the sense that a 266 nm photon causes an excitation from the ground
state to an MLCT state [89]. From the MLCT state, the molecule transitions to a
dissociative LF state. According to Trushin, this reaction is faster in Cr(CO)g |9, [89].
The times observed in my spectra largely confirm the time constants in the Trushin
model for the reaction of Fe(CO)s.

The experiments covered in this thesis present a valuable contribution to the ongoing
discussion of the excited state dynamics of metal carbonyls. I have discussed how
we can improve our understanding of the spectra with the help of calculations which
include the final ionic state.

The photoelectron spectra in this thesis are limited in energy range by the photon
energy of the HHG. The valence states are particularly sensitive to the bonding. The
core states, on the other hand, are less sensitive to the bonding, but offer an element
selective perspective. The photodissociation dynamics can be probed at the metal,
carbon, and oxygen atoms separately. Such experiments would complement the valence
spectra. The short pulse length and high photon energies can be reached at free
electron laser such as the free-electron-laser in Hamburg (FLASH).

It would also be interesting to complement the excited state dynamics of Fe(CO)s
and Cr(CO)g with additional systems. These could include Mo(CO)g, W(CO)g, and
Ni(CO)4. Although the pathway in the hexacarbonyls Mo(CO)g and W (CO)g is as
direct as in Cr(CO)g, the reaction is slower than in Fe(CO)s5 [96]. The time-resolved
PE spectra of the valence region will allow for the identification of whether or not
stationary intermediate states are involved. In Ni(CO)4, no direct direct dissociative
pathway exists from the electronically excited Ni(CO)} to the product Ni(CO)s.
The intermediate Ni(CO)} can only decay via fluorescence. This process is orders of
magnitude slower than the radiationless decay. The metal carbonyls Mo(CO)g and
W (CO)g are currently being investigated in our group by my successor.
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