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Kurzfassung

In dieser Doktorarbeit zeige ich, wie Chiralitätsdetektion mittels Photoelektronen
Zirkulardichroismus in Oberflächenstreuexperimenten umgesetzt werden kann und
präsentiere eine neue, dafür entworfene Apparatur zur Molekularstrahlstreuung
an Oberflächen. Proben können in verschiedenen resonanzverstärkten Mehrpho-
tonenionisationsprozessen mittels einstellbarer ns- und fs-Lasern ionisiert werden
und es werden entweder die Kationen in einem Flugzeitmassenspektrum, Kationen
einer Masse mit geschwindigkeitsaufgelöstem "ion imaging" oder Winkelverteilun-
gen der Photoelektronen detektiert. Damit verfüge ich über unterschiedliche Me-
thoden, um Proben im einfallenden Molekularstrahl oder Desorptionsprodukte in
Streu- oder temperatur-programmierten Desorptionsexperimenten zu charakter-
isieren. Die Winkelverteilungen der Photoelektronen liefern bei Ionisation mit
zirkularpolarisiertem Licht zusätzlich Informationen über den Enantiomerenüber-
schuss der desorbierenden Moleküle.

Der erste Teil der Promotionsarbeit bestand aus der Konzeption und dem
Aufbau der neuen Versuchsapparatur, dem sogenannten "chiral beamer", der für
die oben genannten Messmethoden ausgestattet ist. Um die grundsätzliche Mach-
barkeit von Chiralitätsdetektion in Oberflächenstreuexperimenten zu beweisen,
wurde Fenchon als Referenzmolekül von einer Ag(111)-Oberfläche gestreut, da
keine chemische Reaktion in diesem System erwartet wird. In zeit- und ge-
schwindigkeitsaufgelösten Streuexperimenten wurden Desorptionsparameter von
EA = 0.52 eV und A = 1.5 · 1011 s−1 bestimmt. Ähnliche Kinetik wurde in
temperatur-programmierten Desorptionsexperimenten erhalten. Die Chiralität
wurde im einfallenden Molekülstrahl und von desorbierenden Molekülen mittels
Photoelektronen Zirkulardichroismus gemessen. Bei beiden Oberflächeninterak-
tionsexperimenten wird eine typische vorwärts/rückwärts Asymmetrie vergleichbar
zum einfallenden Molekülstrahl nachgewiesen werden. Damit konnte ich zeigen,
dass Chiralitätsdetektion mittels Photoelektronen Zirkulardichroismus auch in
Streu- und temperatur-programmierten Desorptionsexperimenten eine nutzbare
Methode ist, um die Chiralität von Desorptionsprodukten zu messen.

Mit diesen Methoden wurde die Oberflächeninteraktion zweier potentiell reak-
tiver, chiraler Moleküle auf einer Ag(111)-Oberfläche verglichen und untersucht,
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Kurzfassung

ob diese nach Desorption die Chiralität beibehalten. Styroloxid reagiert nach-
weislich auf Ag(111)-Oberflächen und Propylenoxid wurde als alkylisches Ver-
gleichsmolekül benutzt. Mittels Kombination von ns- und fs-Laserionisation und
Flugzeitmassenspektroskopie konnte bei temperatur-programmierten Desorption-
sexperimenten von Styroloxid von Ag(111) die Desorptionspeaks eineindeutig Sty-
roloxid (250 K) und Phenylacetaldehyd (485 K) zugeordnet werden. In zeit- und ge-
schwindigkeitsaufgelösten Streuexperimenten konnten Desorptionsparameter von
EA = 0.89 eV und A = 4.6 · 1015 s−1 für die Desorption von Styroloxid bestimmt
werden. In keiner der beiden Oberflächeninteraktionsexperimente konnte eine Än-
derung der Chiralität beobachtet werden. (2+1) und (3+1) REMPI-Prozesse
von Propylenoxid wurden mittels Photoelektronenspektroskopie im einfallenden
Molekularstrahl mit einem einstellbaren fs-Laser charakterisiert. Desorptionspa-
rameter von EA = 0.4 eV, A = 3.2 · 1013 s−1 und eine niedrige Desorptionstempe-
ratur von Ag(111) sprechen für eine Physisorption von Propylenoxid an Ag(111).
Auch bei desorbierendem Propylenoxid wurde keine Änderung der Chiralität in
Streu- oder temperatur-programmierten Desorptionsexperimenten beobachtet.

Da die Apparatur mit einer zweiten Düse ausgestattet ist, können fortfolgend
auch heterogen katalysierte, bimolekulare Reaktionen und der Einfluss von chiralen
Oberflächen auf den Enantiomerenüberschuss der Reaktionsprodukte untersucht
werden.
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Abstract

In this thesis, I demonstrate the combination of chirality detection via photoelec-
tron circular dichroism with surface scattering experiments and present a novel
molecular beam surface science apparatus, specially designed for this type of ex-
periment. Chiral molecules can be ionized via different resonance enhanced mul-
tiphoton ionization schemes by using tunable ns- or fs-lasers. Ionization products
can either be detected via time-of-flight mass spectroscopy, velocity map imag-
ing at a single ion mass or photoelectron angular distributions. Therefore a lot
of controllable parameters are available to characterize the sample in the inci-
dent molecular beam and desorption products of either scattering or temperature
programmed desorption experiments. Photoelectron angular distributions after
ionization with circularly polarized light provide information on the enantiomeric
excess of desorption products.

The first part of my PhD thesis was the construction and set up of the new appa-
ratus called "chiral beamer", equipped for above mentioned measuring techniques.
As a proof of principle experiment, fenchone was used in desorption experiments on
Ag(111), because no chemical interaction was expected and fenchone is a bench-
mark molecule for photoelectron circular dichroism experiments. With velocity
resolved desorption kinetics experiments, desorption parameters were determined
to be EA = 0.52 eV and A = 1.5 · 1011 s−1. Similar kinetics can be found in
temperature programmed desorption experiments. The chirality of incident beam
and desorbing molecules was probed via photoelectron circular dichroism mea-
surements. For both types of surface interaction experiments a forward/backward
asymmetry can be detected, resembling incident beam measurements. This shows,
that performing photoelectron circular dichroism measurements in scattering- and
desorption experiments is a viable option of probing the chirality of desorption
products.

These experimental tools can be used to compare the surface interaction of
two potentially reactive, chiral molecules with an Ag(111) surface and whether
they retain their chirality after desorption. Styrene oxide proofed to react on an
Ag(111) surface and propylene oxide was used as an alkylic comparison. Using
ns- and fs-laser ionization in temperature programmed desorption experiments

v



Abstract

of styrene oxide on Ag(111) and detecting desorption products via time-of-flight
mass spectroscopy, I can assign desorption peaks unambiguously to styrene oxide
(250 K) and phenylacetaldehyde (485 K). Desorption parameters of EA = 0.89 eV
and A = 4.6 · 1015 s−1 were determined in velocity resolved desorption kinetics
experiments. No change of chirality could be detected in scattering and tempera-
ture programmed desorption experiments. For propylene oxide (2+1) and (3+1)
resonance enhanced multiphoton ionization schemes were characterized via pho-
toelectron spectroscopy in the incident molecular beam using a tunable fs-laser.
With desorption parameters of EA = 0.4 eV, A = 3.2·1013 s−1 and a low desorption
temperature from Ag(111) a physisorbed adsorption state could be assigned for
propylene oxide at Ag(111). Probing the chirality of desorbing propylene oxide,
no change of enantiomeric excess could be found in scattering and temperature
programmed desorption experiments.

For future experiments, this machine is already equipped with a second molecu-
lar beam nozzle for characterizing desorption products from heterogeneous cataly-
sis like oxidation on chiral surfaces and probing the enantiomeric excess of reaction
products.
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1. Introduction
The concept of chirality is a center piece in pretty much every biochemical reac-
tion and therefore life itself. Carbon atoms, as the backbone of all biochemical
molecules, form chiral centers whenever four different substituents are attached,
which is schematically illustrated in figure 1.1. It is not yet known, whether there
is a biophysical reason for the chirality of life or just a coincidence of evolution,
but almost every chiral molecule found in cells was only found in one enantiomeric
form or the enantiomers serve very different purpose in the living object [1]. As an
example in our sweet world, D-glucose tastes sweet, spikes up insulin levels and is
digested in the human body to produce energy, while L-glucose still tastes sweet,
raises insulin levels, but can not be digested [2].

(a) clockwise - rectus (R) (b) anti-clockwise - sinister (S)

Figure 1.1.: Molecules with four different substituents - Size representing priority
from small to big - as mirror images of each other. Priority of the three foreground
substituents are sorted either clockwise (left) or anti-clockwise (right).

While some chiral molecules have a biochemically active and an inactive enan-
tiomeric form, others have two bioactive forms with different effects. One of the
biggest pharmaceutical scandals arose from (R)-thalidomide being used as a bar-
biturate, while (S)-thalidomide was biochemically inactive in animal testing with
mice and rat. After marketing a racemic mixture of thalidomide as Contergan or
Softenon 10000 to 20000 children were born with dysmorphic limbs and/or hands,
while the amount of stillborn children remains uncounted. At least 2000 research
papers have been published in the last 40 years proposing 15 to 16 plausible mech-
anisms for (S)-thalidomides teratogenicity [3], while it was without pathological
findings in animal testing. This kind of enantiomer specific effect needs to be
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1. Introduction

avoided using enantiomerically pure pharmaceuticals. Therefore, detailed under-
standing of enantioselective catalysis is important in production of valuable chem-
ical compounds [4].

Since separating enantiomers from a racemic mixture via e.g. crystallisation and
sorting [5] or chiral chromatography [6] is quite demanding and half of the reac-
tion yield is getting dumped, asymmetric synthesis gained economic and ecological
importance. Using metalorganic compounds with asymmetric ligands William S.
Knowles and Ryōji Noyori (Nobel prize 2001) found catalysts promoting asym-
metric hydrogenation [7], [8]. The Nobel prize was shared with Barry Sharpless,
who also worked on asymmetric metalorganic catalysts for chiral oxidation and
epoxidation reactions [9], [10].

Though these metalorganic catalysts are just used in marginal quantities they
contain heavy metals and most of them are biotoxic. With green chemistry gaining
importance, Benjamin List and David MacMillan (Nobel prize 2021) worked on
organic catalysts for enantioselective reactions [11]–[16], replacing the catalytic
active metal center with clever combinations of amino acids, phosphates, sulfates,
etc.

Alternatively, catalysts could be isolated easily from reaction products when
heterogeneous catalysis is used instead of homogeneous catalysis. Chiral sites
on surfaces can be produced by either cutting the single crystal of a metal in
a certain direction e.g. Cu(643)R and Cu(643)S, templating surfaces with chiral
molecules or one-to-one modifier molecules adsorbed on a surface [17]–[20], which
can be used for asymmetric reactions. To simplify the reaction system, chiral
molecules and chiral reactions at surfaces have been studied under ultra-high vac-
uum (UHV) conditions, to remove other disturbing adsorbates and impurities,
via circular dichroism in the angular distribution (CDAD) of adsorbates’ photo-
electrons, scanning tunneling microscopy (STM), atomic force microscopy (AFM),
calorimetry, temperature-programmed desorption (TPD), high-resolution electron
energy loss spectroscopy (HREELS), x-ray photoelectron spectroscopy (XPS), and
low-energy electron diffraction (LEED) [21]–[37].

Several methods have been developed to detect chirality of desorbing molecules
at low molecular densities [38]–[55]. Especially three-wave mixing in mi-
crowave spectroscopy [39], [40] and multiphoton photoelectron circular dichroism
(MP-PECD) spectroscopy [50]–[53], [55] demonstrated to be effective tools de-
tecting an enantiomeric excess in the gas phase at a sensitivity of better than
1%. With a lower detection limit of 109 molecules/cm3 for three-wave mixing, this
method is unsuitable for scattering- or TPD experiments, which typically reach a
concentration of 106 molecules/cm3 in 2 cm distance from the surface.

2



In MP-PECD measurements chiral molecules are photoionized with either left-
hand- or right-hand circularly polarized light (LCP or RCP) and photoelectron
angular distributions (PADs) are detected with an imaging detector [56], [57].
The resulting PADs exhibit a forward/backward asymmetry regarding the light
propagation axis, which switches sign when reversing the molecular chirality or
helicity of the ionizing light [58]. Characterizing the amount of asymmetry for
enantiomerically pure samples can be used as a tool to determine the enantiomeric
excess in gas-phase mixtures [59].

At first, PECD measurements were done using synchrotron radiation to ionize
samples with a single photon (SP) [49], but in the last decade, MP-PECD em-
ploying resonance enhanced multiphoton ionization (REMPI) schemes, enabled
PECD experiments to be performed using table-top laser systems [50], [51], [60],
[61]. Utilizing REMPI schemes, additional parameters like laser pulse duration,
excitation wavelength and intermediate electronic state were added, influencing
resulting PECD effect [59], [62]. As benchmark samples, fenchone and camphor
were used in MP-PECD, SP-PECD and circular dichroism (CD) measurements
[50].

In this thesis, I present a new apparatus ("Chiral Beamer"), which we con-
structed in the first two years of my PhD thesis. This apparatus is designed for
scattering chiral molecules utilizing a comparably small UHV chamber equipped
with an imaging detector suitable for measuring PADs and velocity map imaging
(VMI) of parent cations. A heatable pulsed supersonic molecular beam expansion
nozzle was used to produce a seeded molecular beam of the chiral samples. Com-
bining MP-PECD spectroscopy with surface science experiments we demonstrate
the feasibility of detecting chirality in molecular desorption processes, which was
suggested in previous studies [60]. Furthermore, we use MP-PECD spectroscopy
to characterize the reactive system of styrene oxide and Ag(111) [63], [64]. As an
alkylic comparison we use propylene oxide desorbing from Ag(111), after charac-
terizing its REMPI schemes and MP-PECD effect in the incident beam.

3





2. Theoretical Background
In the following chapter, I give an introduction to the underlying theoretical con-
cepts involved in the employed experiments. With the main goal of scattering
chiral molecules from metal surfaces in mind, a rough introduction into dynamics
at surfaces and different experimental modi will be given. Basics of REMPI will
be explained, which is used to ionize incident beam- and desorbing molecules. At
last, the PECD effect and its characterization will be explained, since this is our
method of choice to characterize the chirality of desorption products.

2.1. Dynamics at Surfaces
In the physical chemistry field of dynamics at surfaces, microscopic details of
chemical reactivity at surfaces are researched. Amongst others this includes fun-
damental processes in heterogeneous catalysis. To understand these fundamental
processes like adsorption, energy transmission, surface diffusion, etc. , experimen-
tal conditions need to be simplified. Instead of rough and porous catalysts or
nanoparticles, well defined surfaces are cut from single crystals and cleaned of any
adsorbents under UHV conditions and instead of high pressured mixtures of reac-
tive gases, well-defined gases or gas mixtures interact with the surface. This results
in a much lower sample density compared to conditions in heterogeneous catal-
ysis, enabling characterization of incremental changes in the interaction system.
Combining laser ionization spectroscopy with different types of ion and electron
detection, gives a multitude of parameters to characterize desorbing molecules.

In non reactive scattering experiments, a particle hitting a surface could either
bounce back directly, which is called direct scattering, or get trapped at the sur-
face and desorb, which is therefore known as a trapping and desorption process.
Whether direct scattering or a trapping and desorption process happens for a cer-
tain particle-surface system, can be determined by measuring angular distributions
and velocity of the scattered particle. For direct scattering, a simple assumption
can be made, that particles and surface atoms collide elastically. With conversion
of impulse and energy, the mean energy of scattered particles Escat can be calcu-
lated as the "Baule limit" via Eq. 2.1 [65]. Einc is the mean energy of incident
particles, ms the mass of a surface atom and mp the mass of the scattered particle.

5



2. Theoretical Background

Escat = Einc ·
m2

s + m2
p

(ms + mp)2 (2.1)

The Baule limit indicates the upper limit for the mean energy of scattered particles,
since most collisions are not elastic collisions. It can be used to calculate the
energy dissipated in rotational or vibrational excitation of the particle or phonon
excitation of the surface.

In trapping and desorption processes, the angular distribution of desorbing par-
ticles is independent of the incident angle and the velocity distribution can be
a Maxwell-Boltzmann distribution at surface temperature. For adsorption and
desorption processes the principle of detailed balance can be applied which states
that these are reverse processes of one another. Depending on the depth of the
adsorption well or the height of the adsorption activation energy two phenom-
ena can be found distorting the velocity distribution [66]. With a low adsorption
energy, incident particles with higher kinetic energy have a higher probability of
scattering directly instead of adsorbing which can be expressed with a sticking
function [67]–[69]. For particles, which need to overcome an adsorption activa-
tion barrier, particles with lower kinetic energy are less likely to adsorb at the
surface [70] (compare Fig. 2.1). The sticking probability for both phenomena is
a sigmoid function going from high to low sticking probability with rising kinetic
energy, in the low adsorption well case, and from low to high sticking probability,
in adsorption cases with an adsorption activation barrier. Since the principle of
detailed balance states that the desorption process is reverse to the adsorption, the
velocity distribution of desorbing particles is the product of a Maxwell-Boltzmann
distribution and the sticking function. For desorption with a desorption activation
barrier, this leads to a hyperthermal velocity distribution, often found for desorp-
tion of dissociated molecules like H2 on copper [70] or CO oxidation on platinum
[71]. For the case with the low adsorption well, a subthermal velocity distribution
of desorbing molecules can be measured, i.e. adsorption of argon on a hydrogen
saturated tungsten surface [69]

The trapping or adsorption processes of molecules at a surface can be classified
into physisorption or chemisorption [72]–[74]. Due to attractive intermolecular
interactions like London dispersion forces, dipole-dipole interactions or H-bonds
every molecule or atom can physisorb at a surface if the surface is sufficiently cooled
and the incident kinetic energy of particle is sufficiently low. Some adsorbent-
surface systems can undergo chemisorption, which involves the formation of a
chemical bond between the adsorbent and the surface. Schematic potential energy
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2.1. Dynamics at Surfaces

curves dependent on the molecule-surface distance are shown in Fig. 2.1 with
systems undergoing physisorption (blue) and another system a physisorption well
and chemisorption well (red). The depth of the physisorption- and chemisorption
well, adsorption radii and barrier height between physisorption and chemisorption
depends on the specific adsorbent-surface system.

Figure 2.1.: Schematic potential energy curve in surface adsorption with a system
undergoing only physisorption (blue) and another potential curve with a physisorption
well further from, and chemisorption well closer to the surface (red). Curves have an
offset for better visibility.

In this thesis two types of surface interaction experiments are performed.
Molecules are either scattered from the surfaces at elevated surface temperatures,
like shown in the upper part of figure 2.2, detecting desorbing molecules via VMI
(see Chap. 3.5) in a so called velocity resolved desorption kinetics. Or the sample
molecules can be adsorbed on a surface at cryogenic temperatures and desorb
by heating the crystal (TPD), which is two step experiment (see bottom part of
Fig. 2.2).

Figure 2.2.: Schema of two types of surface interaction experiments. Top: Scattering
of a molecular beam from a clean surface at elevated temperatures and detection of
desorbing molecules, which happens within the repetition rate of the pulsed molecular
beam. Bottom: TPD experiment with adsorption of the molecular beam with the sur-
face at cryogenic temperatures and subsequent heating of the surface whilst detecting
desorbing molecules.
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2. Theoretical Background

Scattering experiments are performed at surface temperature, where the des-
orption time of a monolayer is in the scale of milli- to microseconds range. Upper
and lower limits for this range are due to experimental limitations. Lower limit is
the width of the molecular beam pulse and the upper limit is found with either
a worsening signal to noise ratio or when the desorption time is longer than time
difference between two molecular beam pulses. In contrast for TPD experiments,
the desorption time of a monolayer is in the scale of seconds, when the desorption
temperature of the sample is reached. Therefore, the repetition rate of scattering
experiments is at 200 Hz, while TPDs can be performed every 15 to 20 minutes,
depending on the temperature range, heating- and cooling rate.

2.1.1. Velocity Resolved Desorption Kinetics

The following method was first published by Harding et al. [75], [76] in 2015. In
this type of experiment, a seeded molecular beam is scattered from a surface at
fixed surface temperature (see Fig. 2.2 top). Desorbing molecules are detected us-
ing VMI, where parent ions are mapped with the respective velocity of the ionized
molecule orthogonal to the detection direction (further explained in Chap. 3.5).
Thereby, velocity distributions are measured at each nozzle-laser delay. Through
various calculation steps, residence time distributions of the sample at a given
temperature can be calculated, described in further detail in Chap. 4.2.

In the simple case of unimolecular desorption with a single adsorption state, the
residence time distribution can be fitted with a single exponential decay function,
giving the residence lifetime. The residence lifetime is reciprocal to the desorption
rate constant k, which is temperature T dependent, as shown in Eq. 2.2, with Edes

being the desorption activation energy, A the Arrhenius prefactor and kB.

k = A · exp
(−Edes

kB T

)
(2.2)

Measuring a series of these velocity resolved desorption kinetics at different
surface temperatures ln(k) is plotted over 1

T
as the commonly known Arrhenius

plot (see Eq. 2.3). The desorption kinetic parameters can be derived from a linear
fit with the slope −Edes/kB and ln(A) as intercept.

ln(k) = ln(A) + −Edes

kB T
(2.3)
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2.1. Dynamics at Surfaces

For bimolecular processes like CO oxidation [71] or desorption from different
adsorption states, seen in NH3 on Pt(111) and Pt(332) [77], biexponential decay
functions need to be used to fit the residence time distributions.

2.1.2. Temperature Programmed Desorption

In TPD experiments, the surface is cooled below the desorption temperature of
the sample, which is dosed onto the surface. Afterwards the surface is heated at a
constant heating rate. While heating the surface, adsorbates, which have enough
kinetic energy to break their binding energy, desorb from the surface (compare
Fig. 2.2 bottom).

Depending on the adsorbate-surface-system, desorption kinetics of zeroth-, first-
or second order are commonly found. The desorption rate dr

dT
can be described

with Eq. 2.4 with a thermal part considering the desorption energy Edes at a given
temperature and a coverage Θ dependent term [78]. The exponent n is the kinetic
order of the desorption process.

dr

dT
= A · exp

(−Edes

kB T

)
· Θn (2.4)

In Fig. 2.3, I present simulated desorption spectra at different starting coverages
and kinetic orders based on Eq. 2.4. The kinetic order can be determined with
the shift of maximum desorption temperature. For zeroth order the desorption
rate raises till no adsorbates are left on the surface resulting in a rising maximum
desorption temperature at higher dosages. Zeroth kinetic order in monolayer des-
orption can be explained with formation of two dimensional islands, where parti-
cles desorbs selectively from the edges [79]. For example noble gas- or multilayer
desorption happens in zeroth order. In first order kinetics a steady maximum des-
orption temperature can be observed since the desorption probability rises with
rising dosage. Most other unimolekular desorption systems show first order kinet-
ics with particles interacting within the layer [79]. For second order kinetics the
coverage influence is squared and a decrease of maximum desorption temperature
at higher dosages can be seen. Typical systems for second order are dissociative
systems, where two particles have to recombine to desorb from the surface e.g.
hydrogen recombination after dissociation on copper [80].

Experimentally, for measuring TPD spectra a single UHV chamber with a
sample holder, surface cleaning and -characterization equipment, a cryocooler,
a dosing- and a detection system is needed. The dosing system can be quite mini-
malistic like a stainless steel tube reaching into the chamber and a leak valve which

9



2. Theoretical Background

Figure 2.3.: Simulated TPD-spectra of 0th- (left), 1st- (middle), and 2nd (right) ki-
netic order with different starting dosages of 1, 0.75, 0.5, 0.25 monolayers with artificial
offset for better visibility.

can be operated outside of the chamber. For more controlled dosing capillary array
collimator can be mounted at the end of the tube working as a diffuser [81]. A
simple and commonly used detection system for the desorbing molecules consists
of ionization via electron impact ionization(EI) and detection with a quadrupole
mass spectrometer.

2.2. Resonance Enhanced Multiphoton Ionization
To ionize or excite molecules, photons with the energy E and the wavelength λ

can be absorbed, which are related via Eq. 2.5 with h being the Planck constant
and c the speed of light.

E = hc

λ
(2.5)

The simplest way of photoionization is a single photon ionization (SPI). But with
ionization energies for most organic molecules around 8.5 eV [82] (fenchone) wave-
lengths of 146 nm are needed. Experimentally, these have the drawback that par-
ticles in the air absorb them as well, and the whole laser and laser path need to be
evacuated. Therefore, light below 200 nm is called vacuum ultraviolet (VUV) light.
Most SPI studies involve synchrotron radiation or a free electron laser, which are
only available at respective facilities [83].

A more available method of laser ionization is the absorption of multiple pho-
tons with a focused laser beam, enabling MPI with table-top laser systems. The
ionization probability W depends on the laser intensity I and quanta of photons
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2.2. Resonance Enhanced Multiphoton Ionization

needed to ionize i via W ∝ I i [84]. To raise the ionization efficiency samples can
be electronically excited with n photons to an intermediate state and ionized sub-
sequently with m photons. Therefore the nomenclature (n+m) REMPI is used to
describe the ionization process [85]–[87].

Figure 2.4.: Photoionization via SPI, MPI and REMPI schemes shown in semi-
proportional energy diagram. Excited and cationic states are depicted with a Morse
potential. Absorbed photon energy are color graded arrows (dark violet: high photon
energy; to red: lower photon energy). Kinetic energies of photoelectrons in REMPI
processes are depicted with black arrows between IE (energy of (0 − 0) ionization) and
vibrational ground state of Morse potential of the cation.

Fig. 2.4 schematically shows different photoionization processes from the highest
occupied molecular orbital (HOMO). Energy levels of the ground state HOMO
and the ionization energy (IE) are given as vertical lines and absorbed energy of
a photon is depicted as an arrow, with energy of the photon color mapped from
high energy (dark violet) to low energy (red). Excess energy of each ionization
process can be detected in photoelectron spectroscopy (PES) as kinetic energy of
the emitted electron. The kinetic energy of emitted photoelectrons Ekin(e−), in
SPI and MPI, stemming from a (0 − 0) transition corresponds to the difference of
the tip of an arrow to the IE and can be calculated via Eq. 2.6.

Ekin(e−) = i · hc

λ
− IE (2.6)
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In both processes, photoelectrons of less kinetic energy could be found, correspond-
ing to ionization processes from the vibrational ground state to a vibrationally
excited cation [88].

Additionally, (1+1), (2+1), (3+1) single color- and (1+1’) two color REMPI
processes are shown in Fig. 2.4. With n photons the ground state molecule is ex-
cited to an electronically and vibrationally excited intermediate state, as depicted
with the Morse potentials. In these examples the molecule is ionized with one more
photon from the intermediate state. For this ionization step, a similar equilibrium
geometry of the intermediate and the cationic state can be assumed with conser-
vation of the vibrational quantum numbers (δv = 0) [89], [90]. This is represented
with the Morse potential of the cation above the ionization energy, which shows
schematically that the absorbed photon energy is distributed in vibrational energy
of the cation and kinetic energy of the photoelectron. When ionizing a molecule in
a (n+m) REMPI process with a tunable laser and the photon energy gets raised,
the energy difference of n photons is stored as vibrational energy of the cation and
of m photons as kinetic energy of the photoelectron. Therefore, the kinetic energy
of the photoelectron Ekin(e−) in a (n+m) REMPI process can be calculated via
2.7, with Eint as energy level of the intermediate state.

Ekin(e−) = Eint + m · hc

λ
− IE (2.7)

Apart from the difference in ionization efficiency, MPI and REMPI can be distin-
guished by measuring PES. When shifting the wavelength of the ionization laser,
Ekin(e−) shifts with an energy of m photons in (n+m) REMPI processes and with
i photons in MPI processes.

For two-colored REMPI schemes, two lasers at different wavelengths are needed.
This enables two kinds of experiments giving more information on the spectroscopy
of a sample. Either a tunable excitation laser can be used to probe the electronic
and vibrational excitation levels of the sample or the lifetime of excited states can
be measured by varying the time delay between the laser pulses.

2.3. Photoelectron Circular Dichroism

To determine the chirality of a sample, the probing method itself needs to carry
chiral information. Using circularly polarized light in absorption spectroscopy of a
purified enantiomer, the absorbance of LCP- and RCP light differ probing a single
enantiomer and are inverted when the opposite enantiomer is probed. This effect
is called circular dichroism (CD) and can be used to measure the enantiomeric
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2.3. Photoelectron Circular Dichroism

excess of a sample in the liquid phase [91], [92]. At lower molecular densities, as
typically found in surface interaction experiments (see Chap. 2.1), this method is
not suitable for characterizing the chirality of desorption products.

Angular distributions of photoelectrons emitted by unpolarized molecules were
considered to have no asymmetry regarding the laser propagation axis [93]. In
1976, Ritchie predicted an exception from this assumption in an electric dipole
approximation [58]. When photoionizing chiral molecules with circularly polar-
ized light, a significant forward/backward asymmetry of the photoelectron angular
distribution regarding the laser propagation axis persists even for randomly ori-
ented gas phase molecules. 25 years later, first measurements were performed at
synchrotron facilities, verifying the theoretical prediction via SPI with circularly
polarized light [49], [94], [95].

Figure 2.5.: Schema of measuring a PAD showing circular polarized ionization laser
(blue) with the laser propagation axis k⃗, ion optics of the detector (repeller, extractor
and ground), the expanding photoelectron spheres and resulting PAD from image de-
tecting the photoelectron sphere.

The experimental setup for measuring photoelectron angular distributions is
shown in Fig. 2.5. The black spot marks the ionization spot, where the ionizing
laser and molecular beam coincide. At the ion optics of the VMI detector, volt-
ages are applied, focusing photoelectrons with the same velocity orthogonal to the
detection direction onto the same spot of the detector. The spheres imply the
three-dimensional geometry of the photoelectrons of same kinetic energy leaving
the molecule in a random direction but distinct velocity, while being pushed to-
wards the detector. The measured PAD is a two-dimensional projection of the
photoelectron sphere.
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2. Theoretical Background

2.3.1. Single Photon Photoelectron Circular Dichroism

First ansatz by Garcia et al. [94] to characterize the asymmetry in normed PADs,
was to fit the intensity distribution Ip(θ) of the raw PADs after ionization with
RCP and LCP light with a Legendre polynomial second degree (see Eq. 2.8). θ

is the angle regarding the laser propagation axis, cn are Legendre co-efficients at
nth order, p is the polarization (+1 for RCP, -1 for LCP) and Pn are Legendre
polynomials. P0 to P6 are given in the appendix (see Eq. A.2 to A.8).

Ip(θ) = 1 + cp
1P1 cos θ + cp

2P2 cos θ (2.8)

Subtracting a normed PAD with LCP ionization from a normed PAD with
RCP ionization gives the difference image with clear forward/backward asymmetry
regarding the laser propagation axis. Plotting the intensity difference over θ, they
could fit the data with a cosine function like Eq. 2.9 with c−1

1 as the asymmetry
factor derived from Legendre polynomial Eq. 2.8.

IRCP (θ) − ILCP (θ) = 2c−1
1 cos θ (2.9)

This phenomenon is later on termed photoelectron circular dichroism (PECD).
In a second approach of analysing the forward/backward asymmetry, the electron
density D(θ) of the spheres (compare Fig. 2.5) was mathematically expanded via
Abel inversion from a PAD. The electron density is projected as a two dimensional
ring and described with Legendre polynomials Pi shown in Eq. 2.10 with a set of ci

as fitted Legendre co-efficients at each radius r of the ring and n being the amount
of photons used to ionize the sample. With calibration measurements the radius
r can be converted into the kinetic energy of photoelectrons (see Chap. 4.4.1).

D(θ, r) =
2n∑
i=0

ci(r) · Pi(cos θ) (2.10)

Following Yang’s theorem [96], the electron density spheres of SPI measurements
can be reconstructed using Legendre co-efficients c0, c1 and c2. Eq. 2.8 and 2.10
look pretty similar, but the first was used to fit the angular intensity distribution
of the raw PAD and the second describes the photoelectron density depending on
the corresponding kinetic energy after Abel inversion. The later enables PECD
analysis of photoelectrons stemming from different ionization transitions, as shown
by Garcia et al. [88].
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2.3. Photoelectron Circular Dichroism

2.3.2. Multiphoton Photoelectron Circular Dichroism

Later on Lux et al. [50] have shown, that chirality detection utilizing the PECD
effect is usable with table-top femtosecond lasers. As benchmark molecules of
SP-PECD, they ionized fenchone and camphor in (2+1) REMPI processes. Fol-
lowing Yang’s theorem [96], the resulting PADs were expanded and reconstructed
with a Legendre polynomial and corresponding co-efficients of up to seventh order
(compare Eq. 2.10).

To visualize the influence of each Legendre polynomial on the resulting photo-
electron density distribution, Fig. 2.6 shows the contribution of each single Legen-
dre parameters in a two dimensional image. For a clean depiction, all but the de-
picted Legendre co-efficients are set zero, while the depicted Legendre co-efficients
got a positive value at a fixed radius. The laser propagation axis k⃗ follows from
left to right. c0 gives the whole electron intensity at each radius, which is also used
for PES measurements, while all other co-efficients only shift the electron density
within the ring. Regarding the forward/backward asymmetry, only odd Legendre
parameters influence the PECD effect.

(a) Legendre parameter c0 (b) Legendre parameter c2 (c) Legendre parameter c4 (d) Legendre parameter c6

(e) Legendre parameter c1 (f) Legendre parameter c3 (g) Legendre parameter c5

Figure 2.6.: Influence of single Legendre co-efficients on intensity distribution of simu-
lated PADs. c0 is the photoelectron density at a given radius, while c2, c4 and c6 distort
the photoelectron density symmetrically and c1, c3 and c5 asymmetrically regarding
the laser propagation axis k⃗.

Further analysis of the PECD effect is explained in Chap. 4.5. Regarding the
quantification of the PECD effect, methods of Janssen et al. and Kastner et. al
[54], [60] were used.
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2. Theoretical Background

Most recently, MP-PECD measurements have shown the potential to measure
the chirality of two samples in a mixture [97]. Mixing a single enantiomer of
fenchone and camphor in a supersonic beam expansion nozzle, a tunable ns-dye-
laser was used to ionize the samples separately. This way the chirality of each
sample could be probed without overlapping photoelectron signal.
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Considering scattering experiments, vast experience and knowledge has been col-
lected in our work group under the professorship of Prof. Alec Wodtke. Different
machines were already set up for scattering rather small molecules and atoms like
hydrogen atoms, nitric oxide, carbon monoxide, hydrogen chloride, or formalde-
hyde. Even kinetics of surface dissociation reactions with methane, water, am-
monia, carbon dioxide, or methanol have been researched [98]. But for detection
of chiral molecules in molecular beam scattering experiments, the experimental
setup needs to meet some different requirements. Most chiral molecules are quite
large compared to before mentioned samples and need to be evaporated at higher
temperatures. Since larger molecules stick longer to chamber walls compromising
UHV-conditions, a smaller machine with less chamber surface and smaller volume
would be beneficial. For detection of chirality a state of the art imaging detector is
needed to measure angular distributions of electrons. To meet these requirements,
a new surface scattering machine called chiral beamer was designed and set up. It
comprises three chambers:

• source chamber, fitting two supersonic expansion nozzles including skimmers

• differential pumping stage

• UHV chamber, containing a sample holder, a residual gas analyzer (RGA),
an ion gun, an Auger-spectrometer and a detector

A two dimensional schema of the apparatus is shown in Fig. 3.1. Chiral molecules
can get expanded by two supersonic expansion nozzles in the source chamber. The
expanded gas pulse gets skimmed into a beam of 1 mm diameter while passing into
the differential pumping chamber (skimmer Ni Model 2, Beam Dynamics, Inc.).
The molecular beams pass through separate apertures into the UHV chamber and
intersect behind the detector on the surface. Separating source- and differential
pumping chamber two slide valves are installed between the chamber wall and
the skimmers. This is a mayor design element for this machine, because it allows
taking out the nozzles for maintenance and refilling with a given sample without
shutting down and venting the whole machine.
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Figure 3.1.: Schema of the chiral beamer apparatus on laser- and molecular beam level
showing the two nozzle setup within the source chamber, skimming of the expanded
gas into molecular beams (red and light blue line) and the slide valves separating the
source- from the differential pumping chamber. In the ultra-high vacuum chamber
the velocity map imaging detector, the sample holder and the direction of the ionizing
laser (blue line) with corresponding CaF2-windows can be seen. Blue arrows indicate
turbomolecular pumps and the corresponding pumping speed. On the right hand side
are the Ar-Ion gun (in same level) and Auger spectrometer (above Ar-Ion Gun).

The UHV chamber contains a sample holder, an ion gun for sputtering and an
Auger spectrometer for analysing the surface. Furthermore a RGA is installed
for mass spectrometry of potential contaminants in the chamber. In direction of
the laser beam two differentially pumped calcium fluoride windows were installed.
The sample holder is mounted on a manipulator allowing for rotation and move-
ment in all three spacial directions. Additionally using a hollow rod to mount the
sample holder allows for cooling the surface with liquid nitrogen. Sapphire discs
are installed between the footing of the sample holder and the two side elements
holding the sample to ensure electric insulation while enabling heat transmission.

3.1. Ultra-high vacuum

For doing any controlled surface scattering experiments a well defined and clean
surface is of utmost importance. Surface preparation is described in Chap. 3.2,
but to keep surfaces clean from adsorbing gas molecules and atoms a low chamber
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pressure is needed. Defining the dosage in the unit Langmuir (1 L - corresponding
to a coverage of roughly one monolayer) a vacuum pressure of 5 · 10−6 Torr is
sufficient for a coverage of 1 L within a second [99], assuming a sticking coefficient
of 1. At UHV conditions of 10−10 Torr this coverage is attained after several hours.
In order to reach 10−10 Torr as a base pressure, only UHV-compatible materials
were used setting up the machine.

• the UHV-chamber was carved out of a single piece of stainless steel and
sandblasted to minimize the surface area.

• cylinder with flange for the detector and the other two chambers were con-
nected via welding.

• windows and external parts were flange-mounted using deoxidized copper
gaskets as a sealing.

• differentially pumped CaF2-windows in laser trajectory and differentially
pumped rotational stage of the manipulator (two differential pumping stages)
were used.

• other windows were metal-fitted fused silica windows.

• sample holder was made from stainless steel, copper and tantalum for resistive
heating.

• for electric insulation only Kapton (for wires), PEEK, ceramic (detector) or
sapphire (sample holder for heat transmission) were used.

• all equipment and chamber surface was (if possible) cleaned in a supersonic
bath (either with Tickopur RW 77 or a ethyl acetate - acetone mixture)
and/or cleaned with methanol to remove any lipid or oil contaminations.

Many other commonly used materials are either penetrable for some gas
molecules, degas encapsulated gas, contain volatile molecules or have a significant
gas pressure. To reach a vacuum of 10−10 torr, turbo-molecular pumps (TMPs) are
used. In this machine one Pfeiffer Vacuum Hipace 700 is mounted per chamber,
reaching 10−7 torr in the differential pumping chamber and 10−6 torr in the source
chamber. Additionally a Pfeiffer Vacuum, Hipace 300 H was used as a booster
pump for the UHV chamber providing a backing pressure of 10−7 torr at the high
pressure side of the UHV-TMP. For each chamber a diaphragma pump (Pfeiffer
Vacuum, MVP 070-3) was set up to provide a prevacuum below 1 mbar in front of
the TMP’s. After each opening of the UHV-chamber a baking process of at least
12 h is needed to reach 10−10 torr.
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3.2. Surface preparation

A uniform surface of the desired metal is needed in order to do controlled scattering
experiments. To reduce defects in the resulting crystal structure, metal single
crystals can be made by controlled cooling of the molten mass in a cone-shaped
crucible starting crystallization from the conical end [100]. This was refined into
the "Bridgman method" growing a single crystal at the interface of a superheated
fluid and a supercooled crystal [101].

For the following experiments a Ag(111) crystal was used. Silver crystallizes
like most metals in a face-centered crystal (FCC) structure [102]. A model of the
FCC unit cell is shown in Fig. 3.2a. Additionally, the Miller indices (h k l) = (111)
are given to describe the cutting plane of the surface through the silver crystal
[103]. h, k and l describe a vector along the three axes of the unit cell as whole-
numbered multiples. The corresponding surface is normal to the (h k l)-vector
and is marked as a blue plane in Fig. 3.2a and a blue triangle in Fig. 3.2b. The
Ag(111) single crystal was purchased from MaTecK, who produce a (111) surface
with a orientation precision of <0,05° by polishing resulting in a surface roughness
<10 nm [104].

(a) FCC cell (b) Ag(111) surface

Figure 3.2.: Model of a face-centered cubic crystal with surface cut orthogonal to
(111) vector (left) and a surface structure of Ag(111) (right).

As a standard procedure for surface cleaning, surface sputtering with argon
and subsequent annealing has been established [105]. In the sputtering process,
argon atoms get ionized and accelerated with an electric field towards the surface.
Bombarding the surface with argon ions sets of collision cascades along the crystal
lattice. If these cascades recoil towards surface atoms and the energy is greater
than the binding energy of the surface atoms, these atoms get ejected [106]. This
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bombardment of the crystal also removes layers of the crystal and leaves the surface
with different imperfections [107], [108].

Subsequent annealing increases the mobility of surface atoms, curing steps, dents
and dislocated atoms reshaping a (111)-surface. In this process, the surface area
gets minimized, minimizing the free energy of the silver crystal [109]. Experi-
mentally Ag(111) was sputtered for 20 min with 9 µA of 3 keV argon ions and
subsequently annealed for 20 min to 25 min at 820 K.

To verify the cleanliness of the surface an Auger spectrum was recorded. In this
experiment an electron gun emits electrons with a kinetic energy of 2 keV, which
is sufficient to ionize core electrons [110]. If core ionization happens an outer-level
electron decays to fill the hole. The excess energy of this recombination can get
transferred to another electron and eject it. The kinetic energy pattern of these
so called Auger electrons is characteristic for each element. Besides these Auger
electrons a background of inelastic scattered electrons is measured. For better
visibility of Auger electrons the first derivative of the electron count over their
kinetic energy is plotted.

Experimental Auger electron spectra were recorded using a CMA-2000 by LK-
Tech and are shown in Fig. 3.3a. Auger signals are assigned by comparison to
literature spectra published by McGuire [110]. Before cleaning distinct signals of
sulfur (152 eV), carbon (273 eV) and oxygen (510 eV) could be seen. To get rid
these contaminants multiple, elongated sputter and anneal cycles were performed.
The Auger spectra after cleaning show the same Auger signals as published in the
literature for silver.

(a) Experimental Auger spectra of used Ag(111) surface. (b) LEED of Ag(111).

Figure 3.3.: (a) Experimental Auger spectra of the used Ag(111) surface without
cleaning (red) and after several cleaning cycles (black). Spectra are normalized to
main signal of the silver signal of silver at 355 eV. (b) Experimental LEED pattern of
used Ag(111)-crystal measured on a different machine at a beam energy of 200 eV.

Verifying that the surface of the used silver crystal cuts the FCC-crystal struc-
ture in (h k l) = (111) plane a LEED pattern was measured on another machine
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beforehand. LEED utilizes an electron source emitting electrons at a kinetic en-
ergy of 50 eV to 200 eV, which get diffracted by the surface and subsurface atoms.
Diffracted electrons can be detected with a fluorescent screen. Diffraction patterns
are reciprocal lattices of the atom lattice of the surface. E.g. surface reconstruc-
tions or adsorbed molecules in periodic patterns get visible as diffraction spots
in between diffraction spots of the crystals unit cell [111], [112]. The measured
diffraction pattern (Fig. 3.3b) is typical for a (h k l) = (111) surface of a FCC
crystal [113, p. 120].

3.3. Molecular beam

The second part of a scattering experiment is a well defined molecular beam.
A short, pulsed molecular beam with a narrow velocity distribution is necessary
to study time dependence of scattering experiments. This can be achieved via
supersonic expansion from a pulsed nozzle. Additionally, used chiral molecules are
liquid or solid at room temperature and have a low vapor pressure. To evaporate
these into the molecular beam they need to be heated. When letting a short
pulse of a pressured gas through a small orifice into high vacuum chamber, gas
molecules are vibrationally and rotationally cooled via adiabatic expansion [114].
In summary, a short gas pulse of vibrationally and rotationally cooled particles
with a narrow velocity distribution is generated.

Figure 3.4.: Schematic of supersonic expansion nozzle showing the gas inlet (a), sample
reservoir (b), Even-Lavie design opening mechanism (c), nozzle orifice (d), and the
copper heating element (e).
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The home-built nozzle shown in Fig. 3.4 fulfills the above mentioned needs. The
gas inlet was used to supply seeding gas like helium, argon, krypton, or xenon
at 1 - 8 bar backing pressure for supersonic expansion at different velocities. A
reservoir is set up right in front of the opening mechanism for storing liquid or
solid samples. The opening mechanism is a home-built solenoid valve based on
the Even-Lavie design. A moving steel hammer, held in sealing position with a
steel spring, was used as the opening and sealing part between the high pressure
side of the gas inlet and the nozzle orifice towards the source chamber. Applying
a short (20 µs) current (500 A, 100 V) to a coil (see Fig. 3.4 c) induces a magnetic
field pulling the hammer back and opens the nozzle for a short gas pulse. This
setup works at frequencies of up to 200 Hz.

Regarding the sample preparation the reservoir was filled with layers of cotton
wool and MgSO4 (purity 99%) to adsorb any water coming into the nozzle. Several
drops of the liquid samples were poured into the cotton wool and evaporated into
the seeding gas via gentle resistive heating of the copper casing of the tip. Heating
the nozzle this way accomplished a higher temperature at the tip than at the
reservoir to avoid condensation of the sample within the tip[115], [116].

To get a rough idea about the mean velocity of supersonic beam two assumptions
were made. Since the samples have a vapor pressure of 0.4 mbar to 600 mbar and
the overall pressure in the nozzle is about 2 bar, the following calculation only uses
the mass of the seeding gas. Secondly, assuming the supersonic expansion leads to
a complete cooling of rotational and vibrational degrees of freedom, Eq. 3.1 can
be used to calculate the mean velocity v [117].

v =
√

2kB

m

γ

γ − 1TN (3.1)

With the mass of the seeding gas m, γ is the ratio of heat capacities at fixed volume
and pressure and TN is the nozzle temperature. In Tab. 3.1 the mean velocities
for helium, argon, and krypton are calculated for different nozzle temperatures
of 25 ◦C, 80 ◦C, 90 ◦C and 100 ◦C. 80 ◦C to 100 ◦C is the used nozzle tempera-
ture for evaporation of samples with low vapor pressure and shows a rather small
temperature dependence within this temperature range.

3.4. Laser Systems

Multiphoton ionization with pulsed lasers is employed, as ionization method. Since
lasers produce coherent light with a distinct wavelength and polarization at high
intensities, they can be used to probe photophysics or photochemistry of the sam-
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Table 3.1.: Mean velocity of supersonic expansion beams utilizing Helium (He), Argon
(Ar) and Krypton (Kr) as seeding gases at nozzle temperatures (TN) of 25 ◦C, 80 ◦C,
90 ◦C and 100 ◦C calculated using Eq. 3.1.

Calculated mean velocity [m
s

]
TN v(He) v(Ar) v(Kr)

25 ◦C 1760 557 385
80 ◦C 1916 606 419
90 ◦C 1943 615 424
100 ◦C 1969 623 430

ples. Using a laser setup with variable wavelength like dye lasers or an optical
parametric amplifier (OPA) system enables spectroscopic measurements regard-
ing ionization pathways like REMPI (Chap. 2.2). In the following experiments a
femtosecond laser system and a nanosecond dye laser system were used.

3.4.1. Femtosecond Laser System

The femtosecond laser Solstice Ace by Spectra-Physics is a Ti:Sapphire laser
equipped with a regenerative amplifier and provides femtosecond laser pulses at a
wavelength of 800 nm, pulse length of <35 fs, 5 mJ energy, and a frequency of 1 kHz
with a spectral full width at half maximum (FWHM) of 13 nm. These laser pulses
can either be used directly for non-resonant MPI at high laser powers or frequency
doubled with a BBO (beta barium borate) crystal for REMPI at 400 nm. Enabling
spectroscopic measurements an OPA can be pumped with the femtosecond laser
to get pulses with variable wavelength within the range of 2600 nm to 240 nm.
The OPA system is a TOPAS Prime and NirUVis by Spectra-Physics. For the
following experiments only a range of 395 nm to 310 nm was used. At this range
a spectral FWHM of approximately 6 nm was measured.

3.4.2. Nanosecond Dye Laser

The used nanosecond dye laser is a Sirah Cobra with a tuning range of 760 nm to
360 nm utilizing two gratings with 2400 lines/mm to tune the lasing wavelength
with a line width of 1.8 pm. Utilizing Coumarin 153 as a dye allows a variable
wavelength in the range of 520 nm to 560 nm. To get laser beams in the UV-region,
a downstream second harmonic generator was used to double the frequency to
260 nm to 280 nm. The dye laser was pumped by the third harmonic of a Nd:YAG
laser Spectra-Physics Quanta-Ray Pro.
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3.4.3. Polarization

Since the produced laser beams are perpendicularly, linearly polarized (LIN) and
for following PECD-experiment CP light is needed, a quarter-wave plate is used
to change the polarization [50][118, pp. 109 sq.]. CP light can be described as
an interference of two orthogonal linear polarized waves (in x- and y-direction)
propagating in the same direction z. If both waves are in phase, the result of the
interference would be linearly polarized light with a polarization angle of 45° re-
garding both waves. However, shifting the phase produces elliptically polarized
light with the special case of shifting by a quarter of a wavelength giving circularly
polarized light as shown in Fig. 3.5.

Figure 3.5.: Model of circular polarized light produced by interference of two orthog-
onal linearly polarized waves with a phase difference of a quarter wavelength.

A quarter-wave plate consists of a birefringent material, which has a slow and a
fast wave retaining axis, was used to produce circularly polarized light. If linearly
polarized light comes in at 0° to any of these two axis, the polarization doesn’t
change. Turning the quarter-wave plate by an angle of ±45°retains the linearly
polarized light in the slow axis for 1/2 of a wavelength. With the slow- and fast
axis being orthogonal to each other and the described retention the resulting wave
behind the quarter-wave plate gives a circular polarization (compare Fig. 3.6).
Clockwise circularly polarization is defined as RCP and counter-clockwise as LCP,
respectively.

Experimentally, the laser was aligned through the center of two irises standing
in front of and behind the chamber. Vertical polarization was checked using a
Glan-laser polarizer, the quarter-wave plate was mounted on a remote controlled
turning stage to produce circular polarization. The quality of the resulting circular
polarization depends on the compatibility of the quarter-wave plate and the corre-
sponding wavelength, rotational angle alignment of the quarter-wave plate to hit
the slow- and fast-axis in described angles and lastly the tilt of the quarter-wave
plate. To adjust the tilt the remote controlled turning stage with the quarter-wave
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Figure 3.6.: Working principle of a quarter-wave plate with polarization axis of the
incoming light hitting the slow- and fast-axis of the quarter-wave plate in a 45°-angle.

plate is mounted on a stage with tilting screws in all three spacial directions.
To analyze the resulting laser polarization, a second Glan-laser polarizer was

mounted on a remote controlled turning stage behind the quarter-wave plate with
a powermeter right behind it, as shown in Fig. 3.7a. Measuring the laser power
while turning the polarizer in 5°-steps and the quarter wave plate to +45°, 0° and
−45° allows for analysis of the circular polarization described in the PhD thesis
of Christian Lux[119]. The Stokes-parameter S3 is a measure of the quality of the
circularly polarized light and calculated via Eq. 3.5 [120, pp. 148 sq.].

The Stokes parameter S0 (Eq. 3.2) normalizes the overall intensity of the incom-
ing light, S1 (Eq. 3.3) measures the quality of linear polarization, and S2 (Eq. 3.4)
describes the ratio of linearly polarized light in ±45°angle.

S0 = P (180◦) + P (90◦) ≡ 1 (3.2)
S1 = P (180◦) − P (90◦) (3.3)

S2 = 2P (135◦) − S0 (3.4)

|S3| =
√

S2
0 − S2

1 − S2
2 (3.5)

An experimental stokes scan is shown in Fig. 3.7b. The resulting S3-parameters
for RCP and LCP are at 99% and the intensities at each angle of the polarizer are
almost identical for both circular polarizations. The high S3-parameters indicate
almost perfect circular polarization, but a slight ellipticity can be seen easily. By
fitting an ellipse to the data points and dividing the obtained values of the semi-
major and semi-minor axis an ellipticity of about 0.79 [121] can be calculated.
However, for the following experiments the circular polarization was sufficient with
S3 ≥ 99%.

Doing a stokes scan behind the chamber revealed that standard windows made
from kodial glass or fused silica glass distort the circular polarization into elliptic
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(a) Setup of Optics for a stokes scan (b) Experimental stokes scan

Figure 3.7.: Experimental stokes scan with 400 nm femtosecond laser being polarized
with a quarter-wave plate at +45°, 0° and −45° to produce RCP, LIN, and LCP light.

polarization rotated apart from each other, when they are stressed by the pressure
difference inside and outside of the ultra-high vacuum chamber. CaF2-windows in
differentially pumped glass retainers don’t distort the polarization, which is the
reason they are used in the experimental setup (Chap. 3).

3.5. Imaging Detector

The used imaging detector is shown in Fig. 3.8a and consists of an ion lens setup, a
mu-metal shielded tube, allowing charged particles a field-free flight and a detector.
The ion lens setup was designed as described by Eppink and Parker [57], consisting
of a repeller-, a lens- and a grounding plate pushing ions or electrons towards the
detector, while focussing all charged particles with the same kinetic energy in
x- and y-direction on the same radius. Experimentally a voltage of ±2000 V and
±1380 V at the repeller- and the lens plate, respectively, was needed to focus either
cations or electrons as described. The lens voltage still depends on the height of
the laser focus. 1380 V corresponds to the alignment described in Chap. 3.4.3. By
shifting the laser focus up or down via raising or lowering the optical lens, to ionize
less of the incoming beam, a shift of the lens voltage to higher or lower voltages is
needed.

Charged particles get detected at the bottom of the detector using two mi-
crochannel plates (MCPs, Topag, MCP 56-15) and a phosphor screen by Proxi-
Vision which is depicted in Fig. 3.8b. For any experiments involving imaging a
voltage of 5 kV was applied to the phosphor screen. For signal amplification, a
maximum voltage difference of 1 kV can be applied per MCP. At the bottom 2 kV
and at middle 1 kV were applied as maximum voltages (compare Fig. 3.8b). The
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(a) Imaging Detector (b) Detector Stack

Figure 3.8.: (a) Illustration of the VMI detector, consisting of a repeller plate, a
lens plate and a grounding plate both with wider holes to let ions fly through, while
producing a focussing electro-magnetic field at the top. The tube in the middle is made
from mu-metal shielding the inside from an electro-magnetic field. At the bottom are
two MCPs amplifying the signal of incoming charged particles and a phosphor screen.
(b) Zoomed version of the detector stack consisting of two MCPs, a phosphor screen,
pink insulator rings, and gray electrode rings with corresponding voltages.

top is either grounded or a pulsed voltage of 250 V to 400 V is applied over a short
period, for detection methods like PAD and VMI, where the detector is solely
sensitive for this short period. Voltages were lowered regarding the needed signal
amplification.

In Fig. 3.9 three different detection modes used in following experiments are
shown schematically. Fig. 3.9a shows the working principle of using the detector
as a time-of-flight mass spectrometer (ToF-MS). With the phosphor screen turned
off the amplified electron signal can be detected using an oscilloscope, measuring
a signal over time. Since all particles are accelerated in the same electric field,
particles with different mass to charge ratios arrive at different times, enabling
mass spectroscopic measurements.

To do velocity-resolved desorption kinetics experiments, we followed the exper-
imental means developed previously in Göttingen [71], [75], [76], [122]. The phos-
phor screen was turned on and the MCP voltage was reduced till no ion impacts
are visible anymore. Applying a short (200 ns), pulsed voltage of about 250 V to
400 V on the top MCP enables detection of ions within this period. The start of
this gating pulse is triggered regarding the laser trigger. Tuning the gating tim-
ing to different mass to charge ratios (compare Fig. 3.9a bottom) makes impact
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3.5. Imaging Detector

(a) Time of Flight Mass Spec-
trometry

(b) Velocity Map Imaging (c) Photoelectron Angular Dis-
tribution

Figure 3.9.: Possible detection modes: (a) measuring the incoming ion signal with
different mass-to-charge ratios coming in at different times making up a basic time-of-
flight mass spectrometer; (b) gating MCPs on a specific ion mass detecting velocity of
incoming and desorbing/scattered molecules; (c) gating MCPs for electron detection
focussing all electrons with the same velocity in x- and y-direction on one ring.

spot of these ions visible. Using the mass of parent ions enables determination of
incoming and scattered molecules as shown in Fig. 3.9b. These experiments are
done with the parent ion mass, since their velocity doesn’t change significantly
by ejecting an electron. Whenever fragmentation happens, fragments get repulsed
from the ionization spot. This repulsion velocity is dependent on the mass of the
fragments, with bigger fragments having a lower and smaller fragments a higher
repulsion velocity. The superimposing repulsion velocity makes analysis of the
molecular velocity of incident beam or scattered molecules harder, which is the
reason the parent ion mass is used for this experiment.

To detect a PAD, negative voltages are applied at the repeller- and lens plates.
Since electrons don’t have rotational- or vibrational degrees of freedom they carry
the excess energy after ionization as kinetic energy. Disregarding the laser po-
larization and the angular momentum of the ionization transition, electrons get
ejected in a random spacial direction with electrons of the same kinetic energy
making up a sphere as shown in Fig. 3.9c. Impact of this sphere at the MCPs
results in a circular shaped sum picture with the intensity of the upper and lower
half of sphere within the circle. The intensity depends on the laser polarization
and the angular momentum of the ionization transition and can be reconstructed
as described in Chap. 4.5.
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3.6. Triggering
As mentioned in Chap. 3.3, 3.4 and 3.5 the nozzle, the ionizing laser as well as
the imaging detector are pulsed. To ensure constant delay times for each module
one time-scale is started by the trigger pulse emitted by either the Q-switch of
the Nd:YAG-Laser or an output trigger of the femtosecond laser. A delay/pulse
generator (Stanford Research Systems, DG535 ) is used to generate trigger pulses
for the nozzle and the gating voltage at the MCP with defined time differences,
compared to the incoming trigger pulses from the lasers. In case of the femtosecond
laser, which operates at 1 kHz, a home-built box, that passes through every or every
second, fifth, 10th, 20th, 50th, 100th, or 250th trigger pulse, is used to reduce the
experimental frequency. This allows measurements and dosing at 1 kHz to 4 Hz.

The nozzle was used at a frequencies of 200 Hz, using every fifth trigger pulse of
the femtosecond laser. In Fig. 3.10 a triggering schema is shown with black callig-
raphy the intensity over time for ions (outside) and electrons (inside). Triggering
of nozzle- and gating pulse are depicted as blue- and red boxes, respectively. Since
the molecular beam is obviously slower than the laser light, the nozzle needs to
be opened before the used laser trigger. Ions can be detected shortly after 0.2- to
7 µs after the zero trigger Tr0. But when detecting electrons with a gated MCP,
it becomes apparent that the trigger signal travels slower through than the laser
pulse and the photoelectrons. That’s the reason, we detect electrons around the
first skipped trigger pulse Tr1.

Figure 3.10.: Trigger schema for one repetition in incident or scattering experiments
with the blue box as nozzle opening pulse, the red boxes as gating pulses for imaging
experiments, and black calligraphy as intensity of impacting charges. Exterior signal
depicts ion signal with positiv voltages on repeller and lens, and the interior signal
depicts electron detection with negative voltages. In this example with the 1 kHz fem-
tosecond laser using every fifth trigger pulse ion imaging is done at the zero trigger Tr0
and electron imaging at the first skipped trigger Tr1.
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In the following chapter, I will discuss some of the principles applied to analyze
our data. But first of all, recap what kind of data we measured with the machine.
As discussed in Chap. 3.5, ionization products are either detected as time-of-
flight spectra via oscilloscope or VMI/PAD-pictures taken with a CCD-camera
(charge-coupled device). With adjustable nozzle-laser delay (Chap. 3.6) time-of-
flight dependence of surface scattering can be measured, which is further explained
in Chap. 4.2. Alternatively, the surface can be cooled to −180 ◦C and heated at
fixed heating rates allowing for TPD experiments (see Chap. 4.3). Regarding PES
or PECD experiments (Chap. 4.4 and 4.5) a fixed nozzle-laser delay is used to
average PADs of the incident beam or desorbing molecules.

4.1. Raw Data Conversion

The two types of data we get, are time of flight mass spectra via oscilloscope and
images from a CCD camera. The following chapters describe standard procedures
of processing the time of flight signal into a mass spectrum and the processing of
raw images.

4.1.1. Time of Flight to Mass Spectra

Time of flight spectra can be converted into mass spectra using Eq. 4.1 to switch
the time axis into a mass axis with m is the mass, t as time, t0 is the offset time
and k a correction factor.

m = k (t − t0)2 (4.1)

Changing the x-axis in a non-linear way makes need of y-value or f(x) correction
via the Jacobian variety. Principle of the Jacobian variety is shown in Eq. 4.2 with
x being the original x-scale and xnew the converted x-scale. Eq. 4.3 is application
of the Jacobian variety in the case of time of flight to mass conversion with Iraw

as measured intensity and I the resulting intensity in a mass spectrum.
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f(xnew) = f(x) · dx

dxnew
(4.2)

I = Iraw

2k · (t − t0)
(4.3)

The time of flight to mass spectrum conversion is visualized as an example in
Fig. 4.1a and 4.1b. For a calibration of the fit parameters t0 and k, a xenon beam
was ionized with a femtosecond laser at high energy. In the mass spectrum xenon
can be found at multiple ionization states. Additionally, residual hydrogen and
carbon from different background gas are detected in this mass spectrum.

(a) Time of Flight of Xenon. (b) Mass Spectrum of Xenon.

Figure 4.1.: Example for a conversion of a time of flight into a mass spectrum. For
calibration a xenon beam was ionized with a focused 800 nm femtosecond laser at 200 µJ
per pulse. t0 and k can be fitted to xenon signal at 131 amu with subpeaks at other
isotopic masses and the hydrogen peak at 1 amu.

4.1.2. Image Processing

Regarding analysis of the images, recorded in VMI and PAD measurements, a
standard procedure to extract the signal from each picture consists of the following
steps. At first a smaller window around the ion signal is cropped around the signal.
Secondly the image is scanned for dead pixels (low or high intensity anomaly) and
these are overwritten with the respective averaged frame value. The intensity
from an edge of the picture is averaged and subtract it as background intensity.
All pixels below 5% of the maximum intensity are set zero.
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4.2. Desorption Kinetic Trace Measurement
The novel method of measuring and analyzing desorption kinetic traces was estab-
lished by Harding et al. [75], [76]. In a pulsed scattering experiment, desorption
products are ionized and mapped via VMI at differing nozzle laser delay times.
The following chapter describes the steps taken in data analysis from recorded
VMI images to calculating the desorption energy and Arrhenius parameter of the
desorption process.

Recorded images are edited as described in Chap. 4.1.2. An example is shown in
Fig. 4.2 (A). Since in the VMI experiments molecules can just fly towards or back
from the surface, two dimensional intensity distribution can be summed orthog-
onally to the flight direction to get a intensity over number of pixel distribution
for each picture (see Fig. 4.2 (B)). Additionally, background gas builds up hav-
ing a Maxwell-Boltzmann distributed velocity distribution at room temperature
in isotropic propagation direction, which can be detected as background signal.
Summing the intensity distributions over the delay timing of the incoming beam
and a range of timings, where no signal of desorbing molecules is expected gives
intensity distributions of the incident beam and background molecules (Fig. 4.2
(D) and (E)). Fitting these distributions with a Gaussian function gives a central
pixel of the incident molecular beam corresponding to the mean velocity of a su-
personic expansion beam as discussed in Chap. 3.3 and the background molecules
corresponding to zero velocity. These can be used to transform the x-axis from
pixels to a linear velocity scale. Additionally the background Gaussian was scaled
for each image to subtract the intensity of the background molecules.

With the experimental setup, we measure the density of desorbing molecules
is probed. To account for the lower density of molecules with higher velocity in
a snap-shot measurement a density-flux-conversion needs to be done, multiplying
the intensity at each velocity with the corresponding velocity (see Fig. 4.2 (F)).
The resulting velocity distribution (v) at each delay time can be transformed into
flight time (tflight) distribution via Eq. 4.4. With dIoSurf being the distance between
surface and ionization spot. Eq. 4.5 is the Jacobian conversion (Eq. 4.2) for the
intensity Iflight. Example of this conversion is shown in Fig. 4.2 (G).

tflight = dIoSurf/v (4.4)

Iflight = Iv · dIoSurf

tflight2
(4.5)
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The nozzle-laser delay times, at which the VMI images are taken, is converted
into a time difference, when the incident beam hits the surface using the distance
between ionization spot and surface, the mean velocity-, and most probable nozzle-
laser delay of incident molecules. Subtracting the flight time from their respective
time difference since hitting the surface gives the residence time tres of desorbing
molecules (see Fig. 4.2 (H)). After binning these into a uniformal distribution, it
can be fitted with a convolution of a Gaussian (Eq. 4.8) with the width of the
incident beam and a monoexponential decay function (Eq. 4.6) multiplied with a
step-function (Eq. 4.7) like shown in Fig. 4.2 (I).

f(tres) = g(tres) · exp
(−tres

τ

)
(4.6)

g(tres) =

0 tres ≤ 0

1 tres > 0
(4.7)

h(tres) = 1√
2π · σ2

exp
(

−t2
res

2 σ2

)
(4.8)

With τ as residence lifetime of the molecules on the surface and σ as the variance
of the Gaussian function. With the residence lifetime being reciprocal to the
desorption rate constant k the linearized Arrhenius equation Eq. 2.3 can be used
to determine the desorption energy Edes and the pre-exponential factor of the
desorption kinetic, as described in Chap. 2.1.1.

4.3. Temperature Programmed Desorption

TPD experiments are performed as discussed in Chap. 2.1.2. Desorbing molecules
can be detected via ToF-MS, VMI or PAD (see Chap. 3.5). ToF-MS detection in
TPD can be used to differentiate desorption products at different desorption peaks.
Desorption products can be identified with their mass spectra e.i. different mass
to charge ratio or different intensity ratios at same mass to charge ratios. This
can be useful whenever the adsorbant-surface-system allows multiple desorption
products e.g. if different components are dosed at once or when working with
reactive surfaces. Taking PADs at desorption peak can either be used to measure
PES for differentiating desorption products or using the PECD effect to determine
the chirality of a desorbing component.

As described in Chap. 2.1.2, commonly adsorbates are dosed onto the surface
via leaking the gaseous sample through a steel tube or with a MCP mounted at
the doser working as a diffuser [79]. With this method the whole crystal surface
and parts of the sample holder get dosed. When working with samples of low
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Figure 4.2.: Example for an analysis of a desorption kinetic trace measurement. A is
a single image at nozzle-laser delay of 4255 µs shown after image processing described
in Chap. 4.1.2 and beneath B is the summed intensity over the horizontal axis. C
shows the summed intensity over nozzle-laser delay with a red box indicating delay
times of the incident beam and blue boxes for summing background intensity. D and
E are the summed intensities over delay times of incident beam (E) and background
intensity (D) with Gaussian fits marking the central pixel for 432- and 0 m s−1. F
shows the transformed velocity distribution at nozzle-laser delay 4255 µs. The flight
time distribution G was calculated using Eq. 4.4. Calculating the residence time on
the surface for all nozzle-laser delays is shown in H. For I intensities of H are binned
in equidistant intervals and fitted with convolution of Eq. 4.6 and a Gaussian with a
width the incident beam.
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vapor pressure, which can adsorb and desorb from surfaces of the dosing system
or clog a MCP plate, a reproducible dosage is much harder to achieve, even if the
whole dosing system is heated equally. On our machine, the supersonic expansion
nozzle is used to dose the surface. This way a spot of 1 mm in diameter is dosed,
it can be started and stopped immediately and the dosage is reproducible. But
molecules can diffuse on the surface, which makes estimating a monolayer dosage
harder. As an example, in Fig. 4.3 the integrated monolayer intensity is plotted
over the number of molecular beam pulses. At lower dosages intensity rises linearly,
because molecules can still adsorb on open binding sites, while at higher dosages
open binding sites arise from adsorbed molecules diffusing away from the incident
molecular beam spot [123]. A full monolayer dosage within the incident beam spot
is estimated at the intersection dosage of the respective linear fit functions.

Figure 4.3.: Example for an estimation of a full monolayer dosage within the beam
spot of 1 mm diameter. The integrated monolayer intensity is plotted over the amount
of molecular beam pulses of (R)-propylene oxide dosed onto Ag(111) beneath the mono-
layer desorption temperature. Two ranges at lower and higher dosages are fitted with
linear fit functions. Estimated dosage of one monolayer is at the intersection of the
linear fit functions.

Working with the 1 kHz femtosecond laser, the detection frequency of a TPD
experiment can be raised to 1 kHz for ToF-MS and VMI detection, and to 500 Hz
for PAD since dosing with the nozzle, and desorption is split into to processes. PAD
images can just be taken at 500 Hz since the gating timing for the electron imaging
is to close (~50 ns) to the laser trigger for the trigger generator to process as shown
in Fig. 3.10. Regarding determination of a PECD effect in TPD experiments,
measurements have to be repeated several times to get a higher signal to noise
ratio.

Using Eq. 2.4, TPDs can be simulated, since the desorption rate depends on
the coverage, which changes over the course of the desorption. Needed parameters
are desorption energy and Arrhenius factor, which can be derived from time of
flight measurements, heating rate and desorption kinetic order analogous to TPD
experiments, and an arbitrary starting coverage. The simulated TPDs, shown in
Fig. 2.3, are prepared via spreadsheet analysis to show the influence of desorption
kinetic order.
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4.4. Photoelectron Spectroscopy
As shown in Chap. 3.5, recorded PADs are just a two dimensional image of an
electron sphere with its diameter being determined by the kinetic energy of the
photoelectrons. Using REMPI (Chap. 2.2) as the ionization method, enables spec-
troscopic insights on a sample molecule. Independent of using a (1+1)-, (2+1), or
(3+1)-REMPI scheme, the kinetic energy of the emitted electron (Ekin(e−)) can
be calculated via Eq. 4.9, assuming the vibrational energy of the excited neutral
molecules is retained in the cation. Here, IE is the ionization energy, Ex is the
energy difference of the resonant state regarding the ground state and Eν is the
energy of the ionizing photon.

Ekin(e−) = Ex + Eν − IE (4.9)

Experimentally, a half-wave plate was used to change the laser polarization from
vertical- to horizontal linear polarization. The horizontal polarization is orthog-
onal to the repeller-detector direction of the imaging detector. Like Smeenk et
al.[124] have shown, this causes electrons to be emitted predominantly in horizon-
tal direction resulting in ring shaped electron images at the detector.

For the reconstruction of the electron sphere from the two dimensional photo-
electron signal, the MaxEntropie algorithm developed by Dick [125] was used. The
electron density of the reconstruction is described with Legendre polynomials of
6th order with a set of seven co-efficients at each radius. c0 is the electron density,
while c2, c4, and c6 are symmetric- and c1, c3, and c5 are asymmetric distortions
in regard to the laser propagation axis. Therefore, in PES only the c0 co-efficient
is needed.

4.4.1. Detector Calibration for photoelectron spectroscopy

To analyze a PES of a sample molecule, a calibration with a known system is
needed. The Nd-YAG laser, which previously was used to pump a dye laser, pro-
vides nanosecond laser pulses at 355 nm and line width of 1 cm−1 [126], which
can be converted to 3.492 51 eV per photon. It can be used for calibration mea-
surements ionizing xenon and krypton. With ionization potentials listed in NIST
webbook [127], and Eq. 4.9 photoelectron kinetic energy can be calculated. The
ionic state of xenon and krypton, their respective ionization potentials and result-
ing photoelectron kinetic energies are listed in Tab. 4.1.
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Table 4.1.: Photoelectron kinetic energy of xenon (Xe) and krypton (Kr) after ion-
ization with 4, and 5 photons respectively with a 355 nm Nd:YAG ns-laser. Values are
calculated using Eq. 4.9 and ionization potentials listed at NIST webbook [127].

Sample ionic state ionization potential / eV photoelectron kinetic energy / eV
Xenon Xe II 2P3/2 12.1299 1.8402
Xenon Xe II 2P1/2 13.4363 0.5338

Krypton Kr II 2P3/2 13.9996 3.4629
Krypton Kr II 2P1/2 14.6654 2.79714

An experimental PAD of a xenon-krypton mixture in the incident beam ionized
with 20 mJ per pulse is shown in Fig. 4.4a. Two inner rings stem from photo-
electrons ejected by xenon and the two outer rings arise from photoionization of
krypton. In the center of the PAD a spot is visible at zero kinetic energy. The
origin of this spot is not quite clear, but it can be used to find the PADs center.
Utilizing the Abel inversion gives pretty narrow radii (r) for each photoelectron
ring, which can be fitted with a quadratic fit function Ekin = c · r2. The resulting
fit is shown in Fig. 4.4b and was further used to convert radii in sample PADs to
kinetic energies of photoelectrons.

(a) PAD of a xenon and krypton mixture (b) Quadratic fit

Figure 4.4.: Calibration for photoelectron kinetic energy measurements. (a) showing
raw PAD of a mixture of xenon and krypton being ionized with horizontally polarized
355 nm Nd:YAG laser. (b) shows the quadratic fit function used to convert the radius
of photoelectron after Abel inversion shown in (a) into photoelectron kinetic energy
utilizing known kinetic energies from Tab. 4.1.

As described in Chap. 3.4.3 two irises on either side of the chamber are used
to make sure the ionization spot doesn’t change when switching ionization lasers.
This alignment makes photoelectron spectra reproducible and the calibration valid.
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4.5. Photoelectron Circular Dichroism
For PECD measurements, PADs with RCP and LCP of the sample are recorded
separately. If the electrons stem from one transition, the PECD effect can be
derived from normed raw PADs without Abel inversion. As previously discussed
by Janssen et al. [60], Eq. 4.10 can be used to calculate a MP-PECD value. The
MP-PECD value describes the asymmetry in forward/backward direction regard-
ing the laser propagation axis found in PADs after photoionization with RCP and
LCP light.

MP − PECD = IRCP,f − ILCP,f

0.5 − IRCP,b − ILCP,b

0.5 (4.10)

Regarding data analysis, the resulting PADs are edited as described in Chap. 4.1.2,
and symmetrized along the laser propagation axis. After subtracting the PAD with
LCP-laser ionization from the one with RCP-laser ionization an antisymmetriza-
tion is done orthogonally to the laser propagation axis. An example for the analysis
via raw PAD images is shown in Fig. 4.5 (left).

Image preparation for Abel inversion is done as described in Chap. 4.1.2, except
for the last step which is setting all pixels below 5% of maximum intensity to zero.
The three-dimensional PADs are reconstructed via the MaxEntropie algorithm
developed by Dick [125]. The reconstruction is given as coefficients (cn) scaling
the influence of Legendre polynomials up to the sixth order following Yang’s the-
orem [96]. The reconstruction of each PAD can be plotted as a three-dimensional
image again. To get a PECD image from the Legendre co-efficients the inten-
sity at each radius c0(r) is summed, even co-efficients are set to zero since they
don’t contribute to an asymmetry and odd co-efficients of LCP-laser ionization
are subtracted from RCP-laser ionization. With c+1

odd = −c−1
odd (+1 for RCP and

-1 for LCP) this operation resembles averaging of Legendre co-efficients for the
final PECD image. The following determination of linear PECD (LPECD) and
squared PECD (QPECD) values could be done with co-efficient set after RCP and
LCP separately, but this way systematic differences between RCP and LCP mea-
surements are averaged. Systematic differences include small misalignments of the
laser or molecular beam, stray fields or inhomogeneous signal gain of the MCP and
phosphor screen stack [60]. Using this set of co-efficients a LPECD at each radius
can be calculated via Eq. 4.11, characterizing the asymmetry in forward-backward
direction. The final LPECD value is a weighted average of the LPECD over the
radii of interest.

LPECD = 1
c0

(
2c1 − 1

2c3 + 1
4c5

)
(4.11)
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4. Data Analysis

Figure 4.5.: Schema of steps taken to analyze PECD effects from the raw PAD (left)
and via Abel inversion (right). Graphs show different ways to determine a MP-PECD
value with integration of forward (F) and backward (B) intensity (left) and an inten-
sity weighted LPECD integration utilizing Legendre co-efficients according to Eq. 4.11
(right).

For samples with higher order of asymmetry c1 and c3 can have the same sign
resulting in a lower LPECD value since they cancel each other out in regards to the
forward-backward asymmetry. Alternatively the relative asymmetry can be calcu-
lated as QPECD analogous to Lux et al. [55]. From Eq. 4.12 only positive values
arise for the asymmetry independent of any direction. Difference of enantiomers
can be seen in LPECD values or the inversion of their respective PECD images.
Analogously to the final LPECD value, the final QPECD value is determined with
a weighted average over the photoelectron ring of interest.
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4.5. Photoelectron Circular Dichroism

QPECD =
√

12
c0

√
c2

1
3 + c2

3
7 + c2

5
11 (4.12)

Fig. 4.5 shows described steps from raw PADs to a raw PECD image (left half)
and a PECD image after Abel inversion (right half). Additionally two graphs
at the bottom depict how the MP-PECD value is calculated, which can be done
either like Janssen described via integration of forward- and backward scattered
intensity difference (Eq. 4.10) or via intensity weighted analysis of Legendre co-
efficients (Eq. 4.11 or 4.12).

Another way to get a better understanding about complex asymmetries, is
through plotting each odd asymmetry parameter as a function of the kinetic en-
ergy of the photoelectrons. Therefore, Eq. 4.11 can be broken up into additive
parts Eq. 4.13, 4.14, and 4.15.

b1,L = 1
c0

2c1 (4.13)

b3,L = − 1
2 c0

c3 (4.14)

b5,L = 1
4 c0

c5 (4.15)

As an example, (S)-(+)-fenchone was ionized with 400 nm RCP and LCP fs-
laser via a (2+1) REMPI schema. PADs were reconstructed via Abel inversion
and Legendre co-efficients were averaged, as described above. Fig. 4.6 shows the
photoelectron intensity c0 at the corresponding kinetic energy (black), the LPECD
calculated via Eq. 4.11 (blue) and the individual influence of first b1,L (red), third
b3,L (orange) and fifth b5,L (violet) order of asymmetry calculated via Eq. 4.13,
4.14 and 4.15.

For the LPECD analysis, the LPECD is the sum of its asymmetry parameters
b1,L, b3,L and b5,L. A similar analysis can be done for the QPECD. Eq. 4.12 can be
broken into b1,Q, b3,Q and b5,Q which show the influence on the forward/backward
asymmetry of each odd order. These are calculated from the Legendre co-efficients
via Eq. 4.16, 4.17 and 4.18. In contrast to LPECD, the QPECD is not the sum of
its asymmetry parameters.
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4. Data Analysis

Figure 4.6.: LPECD analysis of (S)-(+)-fenchone after ionization with a 400 nm fs-
laser. Photoelectron intensity c0 (black), LPECD (blue) calculated via Eq. 4.11 and
influence of first (red), third (orange) and fifth (violet) order of asymmetry calculated
via Eq. 4.13, 4.14 and 4.15 at corresponding kinetic energy.

b1,Q =
√

12
c0

√
c2

1
3 (4.16)

b3,Q =
√

12
c0

√
c2

3
7 (4.17)

b5,Q =
√

12
c0

√
c2

5
11 (4.18)

With the same set of Legendre co-efficients from PECD measurements of (S)-
(+)-fenchone (compare Fig. 4.6), a QPECD analysis can be done, plotting the
photoelectron intensity c0, the QPECD and squared asymmetry factors of first
b1,Q, third b1,Q and fifth order b1,Q over the kinetic energy of the photoelectrons
(see Fig. 4.7).

When comparing LPECD- and QPECD analysis, as shown with the example of
(S)-(+)-fenchone Fig. 4.6 and 4.7, differences in both methods are clearly visible.
The linear analysis gives an easier insight on which order of asymmetry influences
the LPECD in which way, because LPECD is the sum of its asymmetry parameters.
The squared analysis has an obvious upside, when analyzing more complex PECD
measurements, when either multiple photoelectron rings are visible, higher order
of asymmetry have a bigger influx or the direction of asymmetry switches with the
kinetic energy of photoelectrons.
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4.5. Photoelectron Circular Dichroism

Figure 4.7.: QPECD analysis of (S)-(+)-fenchone with same set of Legendre co-
efficients (see Fig. 4.6). Photoelectron intensity c0 (black), QPECD (blue) calculated
via Eq. 4.12 and influence of first (red), third (orange) and fifth (violet) order of asym-
metry calculated via Eq. 4.16, 4.17 and 4.18 at corresponding kinetic energy.
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5. Chirality Detection after Surface
Interaction using Photoelectron
Circular Dichroism

The first step towards chirality detection of surface desorption products is the
implementation of chirality detection in surface interaction experiments, like sur-
face scattering or temperature programmed desorption. Therefore, we study the
interaction of fenchone with surfaces in benchmark experiments.

As described in Chap. 2.1, UHV conditions are needed to perform experiments
on clean surfaces, leading to very low concentrations of the chiral sample. A
sufficient method to probe the chirality at low concentrations is PECD (described
in Chap. 2.3). A table-top femtosecond laser is used as a coherent light source for
resonance enhanced multiphoton ionization (Chap. 2.2) with circular polarization
(Chap. 3.4.3) to analyze the chiral sample. As introduced in Chap. 1, fenchone
is already a well studied sample for chirality detection via PECD with different
types of laser ionization systems in the gas-phase. We use an Ag(111) crystal
as surface since the silver fenchone system is expected to be non-reactive and
only physical interactions should be observed. The following results are already
published Ref.[128] by AIP Publishing.

5.1. MP-PECD of Incoming Molecules

At first, we started with recording PADs of fenchone in the incident beam anal-
ogous to the work from Lux et al. [50]. (S)-(+)-fenchone and R-(−)-fenchone
was seeded in helium and expanded from the orthogonal nozzle (Fig. 3.1). With
a frequency doubled femtosecond laser (400 nm) fenchone were ionized employ-
ing a (2+1) REMPI schema exciting the B band (n � 3s transition) [54], [129],
[130]. The ion yield of the incident beam as a function of the nozzle-laser delay
is shown in Fig. 5.1. The incident molecular beam pulse has a full width at half
maximum (FWHM) of approximately 40 µs. A corresponding ToF-mass spectrum
with assignment of fragment ions can be found in Chap. A.2.
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5. Chirality Detection after Surface Interaction using Photoelectron Circular Dichroism

To determine the MP-PECD of fenchone, PAD images were taken with RCP and
LCP laser light at the maximum of the incident molecular beam. The insets in
Fig. 5.1 show raw PECD images and difference images after Abel inversion in the
bottom and top half, respectively. The laser propagation axis k from left to right.
An obvious forward/backward asymmetry of the photoelectrons with respect to
the light propagation axis is visible for both enantiomers, which switches sign when
changing the enantiomer.

Figure 5.1.: A) Ionization yield of S-(+)-fenchone seeded in helium and ionized with
linear polarized 400 nm femtosecond laser light depending on the nozzle-laser delay
time. The inset shows MP-PECD image subtracting PADs after ionization with left-
and right-handed circular polarized light. The lower half shows the antisymmetrized
raw image, while the upper half shows the difference image after Abel inversion. B)
Same measurement done with R-(−)-fenchone with slightly larger opening time of the
nozzle. Reprinted from Ref.[128], with the permission of AIP Publishing.

Calculating the MP-PECD with Eq. 4.10 gives a MP-PECD value of −15%
and +13% for S-(+)-fenchone and R-(−)-fenchone, respectively. These values are
in accordance with studies by Kastner et al. [54]. The MP-PECD value of R-
(−)-fenchone is corrected to accommodate the lower enantiomeric excess of 84%.
Calculation of the LPECD value via Legendre polynomial coefficients from Abel
inversion was done as described in Chap. 4.5. Results yield identical values within
the error margin of ±3%. In a rather accidental measurement, shown in Chap. A.3,
we recorded MP-PECD images of the incident molecular beam. Switching from
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5.2. Velocity Resolved Desorption Kinetics

(R)-(−)-fenchone to (S)-(+)-fenchone the nozzle was not properly cleaned and
with recording MP-PECD images repeatedly a change of the enantiomeric excess
in the incident beam can be seen. A quantification of the enantiomeric excess from
this measurement was not possible, but it still shows the potential of PECD for
chirality detection quite well.

5.2. Velocity Resolved Desorption Kinetics

Measuring a series of desorption kinetic traces (Chap. 2.1.1) of fenchone scattered
from Ag(111) at different surface temperatures allows for a determination of the
type of surface interaction fenchone undergoes at the Ag(111) surface. Additionally
desorption kinetic parameters like desorption energies and Arrhenius parameters
can be determined.

As described in Chap. 2.1, two types of molecule surface interactions can be
observed in molecular beam surface scattering experiments. Either molecules
can scatter directly from the surface or they get trapped via physisorption or
chemisorption and desorb again. Characteristic for a trapping and desorption
interaction is a velocity distribution of scattered molecules that is close to a
Boltzmann-distribution at the respective surface temperature, since the molecules
thermalize while being trapped at the surface.

Figure 5.2.: Velocity distribution of desorbing S-(+)-fenchone from Ag(111) at surface
temperatures of 323 K (black dots) and 363 K (red dots) summed over the full delay
range of desorbing molecules. Solid lines (black and red) indicate simulated velocity
distribution for a molecular weight of 152 amu and respective temperatures. The inset
shows the raw velocity map image at the surface temperature of 363 K with directional
arrows for incoming and scattered molecules and two rings showing the velocity-radius
scaling. Reprinted from Ref. [128], with the permission of AIP Publishing.
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5. Chirality Detection after Surface Interaction using Photoelectron Circular Dichroism

While analyzing the velocity resolved desorption kinetics, velocity distributions
are calculated at each nozzle-delay time (see Fig. 4.2 (F)). The summed veloc-
ity distributions of desorbing molecules at 323 K and 363 K with corresponding
Boltzmann distributions at the same molecular mass and temperature are shown
in Fig. 5.2. At higher temperatures, the distribution shifts towards higher veloc-
ities. Both shown velocity distributions fit almost perfectly to their respective
Boltzmann distribution having no peak at higher velocities. This indicates that
all measured molecules stem from a trapping and desorption process with no in-
dication of subthermal or hyperthermal effects found via detailed balance.

Figure 5.3.: Kinetic desorption traces of S-(+)-fenchone desorbing from Ag(111)
(dots) and their respective fitted decay functions (solid lines) at different temperatures
(color-scaled). The dashed black line shows the width of the incident molecular beam.
The inset displays the resulting Arrhenius plot with an activation energy of 0.52 eV
and an Arrhenius prefactor of 1.5 · 1011 s−1 for the desorption process. Reprinted from
Ref.[128], with the permission of AIP Publishing.

To determine desorption kinetic parameters, a series of desorption kinetic traces
were measured of S-(+)-fenchone desorbing from Ag(111) with varied surface tem-
perature as described in Chap. 2.1.1. The resulting VMI images were analyzed
as described in Chap. 4.2. The residence time distributions at different surface
temperatures and their corresponding exponential decay fit are shown in Fig. 5.3.
Residence times of fenchone on the surface are getting shorter at elevated temper-
atures. The residence lifetime is reciprocal to the desorption rate constant, which
can be used for the Arrhenius plot shown in the inset of Fig. 5.3. From the Ar-
rhenius plot a desorption activation energy of 0.52 eV and an Arrhenius prefactor
of 1.5 · 1011 s−1 can be derived.
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5.3. PECD of Desorbing Molecules

Using n-alkanes desorbing from non-reactive surfaces as a comparison [131]–
[134], the desorption activation energy is comparable to hexane or heptane (0.52 eV
to 0.57 eV). A similar desorption activation energy was also found for benzene des-
orbing from Ag(111) [135]. However, the Arrhenius prefactor is surprisingly low
in comparison to benzene (1013s−1) or hexane (1016s−1). In transition state the-
ory (TST), the increase of entropy between an adsorbed state and a transition
state to desorption is related to the desorption prefactor. For most polyatomic
molecules the increase of entropy in the transition state is due to the increase
of translational, rotational and torsional degrees of freedom. Since fenchone is a
rigid bicyclic terpene with three attached methyl groups significantly less torsional
modes are available compared to hexane or heptane. Additionally the molecule
might go through different intermediate states influencing the experimentally mea-
sured prefactor. Molecular dynamic (MD) simulations would help to understand
the desorption dynamics in detail.

The same measurement was performed with R-(−)-fenchone yielding a desorp-
tion activation energy of 0.51 eV, which is identical to S-(+)-fenchone within the
error margin of the experiment. The desorption energies of both enantiomers do
not differ with desorption from an achiral surface.

5.3. PECD of Desorbing Molecules
Like the chirality characterization of incident beam molecules (Chap. 5.1),
MP-PECD can be used to identify chirality of desorbing molecules. In this
measurements, the MP-PECD is detected 500 µs after adsorption of the incident
beam. With this time difference an interference with photoelectrons ionized from
the tail end of the incident molecular beam is avoided.

Fig. 5.4 shows the desorption kinetic traces of R-(−)-fenchone and S-(+)-
fenchone at the same surface temperature of 333 K with the corresponding fit
function (see Chap. 4.2). The corresponding MP-PECD images are displayed as
insets. A distinct forward/backward asymmetry regarding the light propagation
axis is visible with a change of sign comparing the enantiomeric forms. The
MP-PECD images of desorbing molecules look blatantly similar to the incident
beam in Chap. 5.1. Calculated MP-PECD values via Eq. 4.10 of -17% and 14%,
respectively, are within error margin of ±3% identical to MP-PECD value of the
incident beam. The measured identical MP-PECD values are expected for the
non-reactive system of fenchone and Ag(111). Through thermalization to surface
temperature desorbing molecules are vibrationally excited. Studying MP-PECD
values of different vibrational modes, Kastner et al. [61] found the vibrational
character to have only a minor influence on the PECD effect.
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Figure 5.4.: Kinetic desorption traces of R-(−)-fenchone (black dots) and S-(+)-
fenchone (red dots) from an Ag(111) crystal at a surface temperature of 333 K with
fitted decay functions in black and red solid lines. The insets show MP-PECD of des-
orbing molecules with a residence time of 500 µs on the surface. The lower half shows
the antisymmetrized difference image and the upper half the difference image after
Abel inversion. k⃗ indicates the laser propagation axis. Reprinted from Ref.[128], with
the permission of AIP Publishing.

From TPD experiments, a coverage of one molecular beam pulse can be esti-
mated to be 0.01% of a monolayer. With a 2 cm distance between surface and
ionization spot, a molecular density of 8 · 106 molecules/cm3 corresponding to a
local pressure of 2 · 10−10 Torr at 300 K for a desorption lifetime of 500 µs can be
estimated. Even at these low molecular densities the experiment shows that the
two enantiomeric forms of fenchone can be distinguished after desorption using
MP-PECD.

Excitation of vibrational modes is visible in a PES of desorbing molecules when
compared to incident beam molecules. In Fig. 5.5 the PES of the incident beam
fenchone (blue) and desorbing fenchone from Ag(111) with surface temperatures
of 423 K (green), 623 K (orange) and 673 K (black) are shown together with the
spectral width of the femtosecond laser (black dotted). Like Singh et al.[136], who
measured vacuum ultraviolet absorption spectra of fenchone using synchrotron
radiation, we assign the single peak shown in all four spectra to the 3s � S0

transition. Analogous to the PECD measurements fenchone was ionized with
linearly polarized light at 400 nm provided by a femtosecond laser system (see
Chap. 3.4.1). Analysis of the PES was done as described in Chap. 4.4.

With vibrational excitation the PES changes depending on the Franck-Condon
overlap between vibrational modes in electronic ground state and electronically
excited state. A broadening of the 3s peak towards lower photoelectron energies
is observed. Even with a FWHM of 30 meV of the excitation laser a slight de-
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Figure 5.5.: Photoelectron spectrum of S-(+)-fenchone molecular beam seeded in
helium (blue) and after desorption from a Ag(111) surface with a surface temperature
of 423 K (green), 623 K (orange) and 673 K (black). The dashed line shows the spectral
width of the used 400 nm femtosecond laser. The inset shows a schema of the 2 + 1
REMPI process via 3s � S0 transition. Reprinted from Ref.[128], with the permission
of AIP Publishing.

pendence on the surface temperature can be seen at the low-energy tail of the 3s
peak. This could be target of further investigations using lasers with narrower
frequency bandwidth evaluating vibrational energies of polyatomic molecules in
surface collision experiments.

5.4. Temperature Programmed Desorption

As a second approach of investigating the desorption kinetics of fenchone from
Ag(111), TPD experiments were used. The dosing of fenchone was performed
with the supersonic expansion nozzle using argon as seeding gas with translational
energy of 280 meV (see Chap. 4.3). The surface can be cooled to cryogenic tem-
peratures with liquid nitrogen (see Chap. 3).

A series of TPD measurements of S-(+)-fenchone/Ag(111) at different coverages
is shown in Fig. 5.6. REMPI-ToF-mass spectrometry is used to detect desorption
products while heating the surface. TPD curves are constructed by plotting the
parent ion mass of 152 amu as a function of the surface temperature. When dosing
the surface at 193 K, two peaks at 224 K (α) and 248 K (β) are detected. Dosing at
153 K a third peak at 191 K appears. The third peak does not saturate at higher
dosages and has the typical peak shape of zero-order desorption kinetic (compare
Fig. 2.3). Therefore it is assigned as multilayer desorption peak. Summed mass
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Figure 5.6.: Temperature-programmed desorption of S-(+)-fenchone desorbing from
Ag(111) for different dosages (colored solid lines) using REMPI-ToF-MS with a 400 nm
femtosecond laser dosed at 193 K. The heating rate of the surface was 2 K s−1. Two
distinct desorption peaks at 224 (α) and 248 K (β) can be observed. The dotted line
shows the TPD curve after dosing at 153 K with a multilayer peak visible. A TPD
curve was simulated using the activation energy and Arrhenius prefactor from the
kinetic desorption traces (solid black line) and multiplied by −1 for better visibility.
The inset shows the summed mass spectra for each desorption peak. Reprinted from
Ref.[128], with the permission of AIP Publishing.

spectra of multilayer-, α- and β desorption peaks are shown as insets of Fig. 5.6.
The fragmentation patterns of all three peaks are identical and characteristic for
fenchone with REMPI at 400 nm indicating no reaction happened at the Ag(111)
surface. The desorption temperature of both the α- and the β peak indicate phy-
sisorption interaction of S-(+)-fenchone/Ag(111) system. Since both maximum
desorption temperatures do not vary at different dosages, a first order kinetic can
be assumed for both peaks (compare Fig. 2.3). With both peak intensities rising
equally at increased dosages, they are assigned to make up the monolayer on the
Ag(111) surface. Possible explanations for the desorption temperature difference
could be adsorption at different surface sites, desorption channels via different
intermediate steps, dimer formation, adsorption on edges, and different adsorp-
tion geometries. Other experimental techniques like reflection-adsorption infrared
spectroscopy (RAIRS), XPS, or HREELS could be used to further investigate the
different adsorbed states of fenchone on Ag(111).

Using the desorption kinetic parameters of the desorption kinetic trace experi-
ment (see Chap. 5.2) a TPD spectrum can be simulated. As described in Chap. 4.3,
an identical heating rate as used in the experiment and a full layer is assumed as
additional parameters. Analogous to the α- and β-peak a first order desorption
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kinetic is used to simulate the black curve in Fig. 5.6. The simulated peak overlaps
almost perfectly with the α-peak. With the uncertainty of the kinetic parameters
considered, an error of the TPD maximum of ±10 K can be calculated. In the
desorption kinetic trace experiment (Chap. 5.2) no hint of a second desorption
component corresponding to the β-peak can be observed.

As a proof-of-concept experiment, we combined the MP-PECD detection with
the procedure of TPD. In this experiment, a monolayer of S-(+)-fenchone was
dosed onto the surface at a surface temperature ot 195 K using the diagonal nozzle
(compare Fig. 3.1). Cooling down the surface to 150 K multilayers of R-(−)-
fenchone can be dosed with the orthogonal nozzle. To get sufficient signal to noise
ratio the surface was moved ±1 mm orthogonal to the molecular beam direction,
while dosing the monolayer. With this approach we expect to prepare multiple
layers of R-(−)-fenchone on top of a S-(+)-fenchone monolayer since both molecu-
lar beams intersect at the surface. In the subsequent TPD experiment desorption
products were ionized in different scans with a LCP or RCP femtosecond laser at
400 nm and are detected via PAD imaging. The surface was heated at 2 K s−1,
the PAD imaging detector works at 200 Hz and images were recorded at 5 Hz.
PADs of corresponding desorption peaks were summed and analyzed as described
in Chap. 4.5 with calculation of a MP-PECD from the raw images.

Figure 5.7.: TPD of fenchone desorbing from Ag(111), dosing S-(+)-fenchone as a
monolayer onto the surface at a temperature of 193 K and R-(−)-fenchone as multilayer
at a surface temperature of 153 K. Using a circular polarized 400 nm femtosecond
laser PAD images of desorbing fenchone were taken at a frequency of 200 Hz. This
was done with right- and left-handed circular polarized ionization laser. The insets
show the difference image for multilayer- and monolayer peaks from summed images
over respective desorption peaks, and their respective PECD values. Reprinted from
Ref.[128], with the permission of AIP Publishing.
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The electron intensity is plotted as a function of the surface temperature in
Fig. 5.7 with MP-PECD images corresponding to the multilayer peak and the com-
bined α- and β-peak. With MP-PECD values of 12% and -11% respectively, the
enantiomers are clearly distinguishable and can be assigned as expected from our
preparation procedure, when compared to MP-PECD images of the incident beam
molecules (Fig. 5.1). This indicates that at temperatures below 200 K molecules
of the monolayer do not exchange with overlaying molecules.

TPD experiments cannot be averaged as extensively as desorption kinetics ex-
periments (see Chap. 5.3). Within one TPD experiment the number of detectable
molecules interacting with the surface is limited to at maximum one monolayer.
Therefore PAD- and resulting MP-PECD images are significantly noisier. However,
the MP-PECD values for multilayer-, and combined α- and β-peak are compara-
ble to MP-PECD values of desorbing (see Chap. 5.3) and incident beam molecules
(Chap. 5.1) within the experimental uncertainty. The combined method of MP-
PECD detection in TPD experiments proof to be a potential technique for enan-
tioselective detection in surface reaction experiments in particular when combining
with pulsed lasers at high frequencies.
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6. Surface Reaction of Styrene
Oxide

After successful combination of PECD measurements and surface interaction ex-
periments using the non-reactive system of fenchone on Ag(111), we extended our
studies to reactive systems. The reaction class of heterogeneously catalyzed epox-
idation of unsaturated hydrocarbons using silver-based catalysts is of industrial
relevance [137]. To better understand the reaction mechanism at the surface, dif-
ferent experimental techniques like TPD, XPS, RAIRS, and HREELS supported
by density functional theory (DFT)-based calculations have been used in previous
studies [63], [64], [138]–[147]. The partial oxidation of styrene oxide at oxidized
Ag(111) surfaces was probed in TPD and XPS studies [63], [64], [146], [148], [149].
Thereby the formation of styrene oxide via a five membered oxametallacycle inter-
mediate at the Ag(111) was confirmed. Dosing styrene oxide directly onto a clean
Ag(111) surface the same oxametallacycle is produced by a ring-opening reaction.
As done by Enever et al. [150], the intermediate oxametallacycle can be studied
conveniently by investigating the styrene oxide/Ag(111) system.

Figure 6.1.: Reaction schema of styrene oxidation by Zhou and Madix. Reprinted
from Surface Science, 603, L. Zhou and R. J. Madix, Strong structure sensitivity in the
partial oxidation of styrene on silver single crystals., 1751–1755, 2009, with permission
from Elsevier.

55



6. Surface Reaction of Styrene Oxide

Before the chirality of desorption products can be addressed, we need to in-
vestigate what is actually desorbing from the surface. Zhou and Madix [63], [64]
performed temperature programmed reaction experiments of styrene oxidation on
i.a. Ag(111) combined with temperature dependent XPS measurements. Their
complete reaction mechanistic scheme is shown in Fig. 6.1. Compared to this, the
number of possible desorption products is reduced using an oxygen-free Ag(111)
surface. Doing TPD experiments with styrene oxide on Ag(111), Enever et al.
[150] found two desorption peaks at 320 K and 480 K, which they assign to styrene
oxide and styrene oxide mixed with phenylacetaldehyde, respectively. As they
used EI and detected fragmentation patterns via mass spectrometry, assignment
of these desorption peaks can be challenging. Fig. 6.2 shows styrene oxide adsorb-
ing on Ag(111) via ring opening reaction and styrene oxide, phenylacetaldehyde
and acetophenone as possible desorption products, which have the same molecular
mass and similar fragmentation patterns when ionized.

Figure 6.2.: Schema of possible desorption products after dosing styrene oxide.
Molecules with the same molecular mass as styrene oxide (1) (120 amu) are pheny-
lacetaldehyde (2), and acetophenone (3).

In our experiment we are employing photoionization with different REMPI
schemes in TPD experiments, giving spectroscopic properties as an additional
measure to identify the desorption products. Thereby we follow the lines recently
developed by Sugimoto et al. [151] and Winbauer et al. [152]. The following
results are published under conditions of a Creative Commons Attribution 4.0
International Public License [153].

6.1. Spectroscopic Measurements

Since no REMPI schemes are established for styrene oxide, comparisons to other
molecules with the same functional groups can help to find it. From absorption
spectroscopy of acetone the n � π∗ transition is known to be around 260 nm to
280 nm [154], [155], and of benzene the π � π∗ transition is known to be around
266.7 nm to 241.7 nm (4.65 eV to 5.13 eV) [156], [157]. With known vertical ioniza-
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tion potentials of styrene oxide of 9.2 eV [158], acetophenone of 9.38 eV [159], and
phenylacetaldehyde of 9.15 eV [160], a (1+1) REMPI schema seems to be possible
in the range of 260 nm to 270 nm. Fig. 6.3 panels a and b show resulting REMPI
spectra of styrene oxide, acetophenone and phenylacetaldehyde using the frequency
doubled nanosecond dye laser (Chap. 3.4.2) around 266 nm. Analogous to acetone
absorption spectra, we assign a n � π∗ transition for the resonant state in this
(1+1) REMPI process. In panel c the femtosecond laser system (Chap. 3.4.1)
was used to record (2+1) REMPI spectra between 320 nm and 405 nm. To assign
the resonant states in these (2+1) REMPI processes we draw a comparison to
propylene oxide, which has n(O) � 3s and n(O) � 3p absorption bands in the
range of 7.08 eV to 7.71 eV and σ � 3s and σ � 3p transitions at 7.85 eV and
8.35 eV (Chap. 8.1). Similar transition states should serve for styrene oxide in
(2+1) REMPI processes between 320 nm and 400 nm. For all spectra the ion yield
at the parent ion mass of 120 amu is plotted.

Figure 6.3.: REMPI spectra of styrene oxide, phenylacetaldehyde and acetophenone.
a) (1+1) REMPI spectrum of styrene oxide in the incident molecular beam seeded in
He ionized with a nanosecond dye laser (black) and the (1+1) REMPI spectrum of
desorbing styrene oxide from a Ag(111) surface at 423 K (red). b) Spectra of phenylac-
etaldehyde (black) and acetophenone (red) in the incident molecular beam seeded in
helium. c) (2+1) REMPI spectrum of incident molecular beam styrene oxide, pheny-
lacetaldehyde and acetophenone seeded in helium ionized with the femtosecond laser.
The ion signal is recorded at the parent ion mass of 120 amu.
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For the incident beam molecules of styrene oxide (panel a, black line) we can
resolve vibrational features due to rotational and vibrational cooling in the super-
sonic expansion process. After desorption from the Ag(111) crystal, the REMPI
spectrum (panel a, red line) is drastically broadened, since internal degrees of free-
dom equilibrate with the surface temperature. Applying the same experimental
parameters to measuring the ion signal of incident molecular beam acetophenone,
and phenylacetaldehyde via REMPI, no photoionization can be observed at parent
ion mass (see panel b). Measuring (2+1) REMPI spectra using the femtosecond
laser system 320 nm to 400 nm REMPI signal can be found for all three samples at
parent ion mass (see panel c). For all three molecules, the spectra look quite simi-
lar with maxima at 384 nm, 370 nm, 350 nm and 334 nm. For desorbing molecules
same spectra were observed. In contrast to the (1+1) REMPI spectrum utilizing
a nanosecond laser, the aforementioned broadening is negligible with femtosecond
ionization due to the even broader spectral width of the femtosecond laser (see
Chap. 3.4.1). This is also the reason the shown femtosecond spectrum is recorded
in steps of 2.5 nm.

The missing ion signal of phenylacetaldehyde and acetophenone ionized with the
nanosecond laser is consistent with photochemistry of carbonyls. When excited
with near-UV light they undergo rapid photodissociation similar to Norrish type
I-, or roaming reactions [161]–[163]. Toulson et al. investigated several dissociative
channels of acetaldehyde following excitation to S1 at 240 nm to 336 nm (S1 � π∗

transition). For two of them acetaldehyde dissociates into the electronic ground
state after internal conversion (IC), or from the first excited triplet state T1 after
inter system crossing (ISC). At 266 nm a kISC of 4.2·109 s−1 was found, which corre-
sponds to a sub-nanosecond lifetime[161]. With the photodissociation being faster
than multiphoton ionization on the nanosecond time scale and assuming a simi-
lar process for phenylacetaldehyde and acetophenone, REMPI of both carbonyls
around 266 nm is significantly less efficient, compared to REMPI of styrene oxide,
when using a ns-laser. This explains the missing ion signal in the spectral scan
at 263 nm to 274 nm. However, using a femtosecond laser with a (2+1) REMPI
all three molecules can be detected, since the ionization process is faster than the
photodissociation.
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6.2. Temperature Programmed Desorption
Employing the spectroscopic knowledge on TPD experiments, we have performed
REMPI-TPD experiments ionizing desorbing molecules either with 266 nmns laser
light or with 370 nm fs laser system (compare Fig. 6.3). The resulting TPDs of
styrene oxide desorbing from Ag(111) are shown in Fig. 6.4. The TPD spectra
using (1+1) REMPI for photoionization is shown as the black line, and the (2+1)
REMPI via femtosecond laser ionization is shown as red line. The dashed line
shows the TPD spectrum recorded by Enever et al. [150] dosing with an un-
skimmed effusive beam and ionizing via EI. For all three TPD spectra the plotted
signal is recorded at the ion mass of 120 amu at a coverage of 1 ML and a dis-
tinct peak between 200 K to 350 K (β-peak) is visible. For two of them a second
desorption peak is detected at 485 K (γ-peak). When ionizing with the 265 nm
nanosecond laser system this peak is missing. Further major differences are the
respective desorption temperatures comparing results of both studies.

Figure 6.4.: TPD curves of styrene oxide adsorbed on Ag(111) recorded at 120 amu.
Above the multilayer desorption temperature one monolayer of styrene oxide was ad-
sorbed. The black solid line shows the ion signal with photoionization using a nanosec-
ond dye laser, the red solid line shows the TPD spectrum after ionization with a
femtosecond laser and the dashed black line shows a TPD spectrum utilizing electron
impact ionization [150]. The β-peak is the monolayer peak and γ indicates chemisorp-
tion.

In contrast to the TPD spectrum measured by Enever et al., for our measure-
ments the signal drops almost to zero beyond the desorption peaks. This is inde-
pendent of the used REMPI schema and gives better resolved desorption peaks. It
may be caused by the different dosing and detection systems used in the studies.
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6. Surface Reaction of Styrene Oxide

As described in Chap. 4.3, we are using the supersonic expansion nozzle with a
diameter of 1 mm covering only a small fraction of the surface. With the beam
being directed onto the surface, we avoid dosing styrene oxide on other parts of the
sample holder, which can not be avoided when dosing with an unskimmed, effusive
beam. After desorption, we ionize molecules with a tight laser focus ca. 20 mm in
front of the surface. In contrast to an EI mass spectrometer, which traps desorbing
molecules till they get ionized by an impacting electron. The open detector setup
(compare Fig. 3.8a) prevents molecules from sticking at chamber walls and a build
up of a local background pressure.

Regarding the first desorption peak another difference to the studies by Enever et
al. is visible. The desorption temperature is shifted by 60 K to lower temperatures.
For their TPD spectrum they dosed the surface at 240 K, while we used 200 K as
dosing temperature. Since their dosing temperature is well above the lowest β

peak desorption temperature, most likely only limited amount of styrene oxide
sticks to the surface, which would also be the reason for the different amplitude
ratio of γ and β peaks. Taking a closer look at the β peak, it seems to have a slight
shoulder towards higher temperatures. Compared to TPD spectra of fenchone this
might be an analogous phenomenon as the α and β peak (compare Fig. 5.6).

However, the most obvious and important difference pointed out in Fig. 6.4 con-
cerns the γ peak measured with three different ionization methods. Photoionizing
with the nanosecond dye laser no γ peak is visible at all, whereas the β peak looks
the same compared to (2+1) REMPI with the femtosecond laser system. This
difference is a strong indication that different molecules desorb at the γ and β

peak. Since styrene oxide is the only molecule of the three possible desorption
products, which gets ionized via (1+1) REMPI using the nanosecond dye laser,
the β desorption peak can be assigned to styrene oxide. The γ peak, on the other
hand, which is visible when ionized via femtosecond laser ionization and EI, must
be produced by desorption of either phenylacetaldehyde or acetophenone. Both of
them are structural isomers of styrene oxide and therefore have the same molecular
mass. Additionally they can be ionized with a femtosecond (2+1) REMPI schema
(compare Fig. 6.3) and both are feasible reaction products by ring opening and
H-rearrangement.

To identify the desorption product at the γ peak, ToF-MS summed over the des-
orption peaks can be compared to mass spectra from the incident beam of styrene
oxide, acetophenone and phenylacetaldehyde. The resulting mass spectra with
(2+1) REMPI at 370 nm are shown in Fig. 6.5. Mass spectra with assignment of
fragment ions of all three molecules in the incident beam can be found in Chap. A.2.
Comparing the fragmentation patterns in the range of 85 to 135 amu acetophenone
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6.2. Temperature Programmed Desorption

can be excluded as reaction product with a prominent peak at 104 amu. Comparing
the fragmentation ratios at 91 and 120 amu strongly suggests phenylacetaldehyde
as desorption product for the γ peak.

Figure 6.5.: Mass spectra after ionization with (2+1) REMPI at 370 nm of the β
and γ peaks are shown in comparison to respective mass spectra of molecular beams
of styrene oxide, phenylacetaldehyde and acetophenone seeded in helium ionized the
same way. The green box highlights the ion signal at 91, 105 and 120 amu.

This differs from results of Enever et al, who interpret the mass spectrum at
the γ desorption peak as a mixture of phenylacetaldehyde and styrene oxide. The
aforementioned experimental differences of the dosing, and detection systems could
explain the interpretation. Enever et al. dosed the surface with an unskimmed
effusive beam without carrier gas, while we used a pulsed supersonic molecular
beam seeded in argon. Regarding the average translational energy, molecules dosed
with an effusive beam source at room temperature typically have a translational
energy around 30 meV, while the argon seeded supersonic beam has an average
translational energy of 250 meV. It is highly unlikely that the incidence energy
of 30−250 eV affects the chemisorption pathway. This assumption can be con-
firmed by further reduction of the incident translational energy to 100 meV by
seeding styrene oxide in xenon. Changing the seeding conditions did not affect the
desorption products.

The different REMPI schemes used in this study with different photochemistry
of desorption products make a definitive assignment much easier than using EI.
As discussed before, desorption products are trapped longer within the ionization
chamber before they get detected, which explains the background after desorption
of the β peak, and with similar fragmentation patterns for styrene oxide and
phenylacetaldehyde a clear assignment is more difficult.
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6. Surface Reaction of Styrene Oxide

Compared to styrene oxidation studies of Zhou and Madix [63], [64] our results
are in agreement with their proposed mechanisms for different oxidation products
(see Fig. 6.1). At cold temperatures of 200 K styrene forms an oxametallacycle
with chemisorbed oxygen and either desorbs at 280 K with a ring closing reaction
as styrene oxide, or undergoes a β-H-elimination. Without further oxidation this
combustion intermediate could desorb at elevated temperatures as either pheny-
lacetaldehyde or phenylketene. The proposed mechanisms of Zhou and Madix
include more pathways, which are only possible with an oxidized silver surface.
For the non-oxidized silver surface used in our experiments these pathways are not
feasible.

62



7. Chirality Detection Of Styrene
Oxide

Knowing, that styrene oxide and phenylacetaldehyde are the only desorption prod-
ucts of the styrene oxide Ag(111) interaction and that their respective desorption
temperatures are well separated, the follow up questions concern the desorption
energy of styrene oxide, which can be probed analogous to the fenchone studies
(Chap. 5.2), and the chirality of desorbing styrene oxide. In the following chapter,
velocity resolved desorption kinetics experiments are used to determine desorption
parameters of styrene oxide from Ag(111) and first PECD studies on styrene oxide
are performed. Chirality detection of desorbing styrene oxide is especially inter-
esting, since Zhou and Madix [63], [64] found chemisorbed styrene oxide on an
Ag(111) surface (Fig. 6.2) via ring opening and formation of an oxametallacycle.
The chirality of styrene oxide could change (see Fig. 7.1) when ring-closure and
desorption from the surface occur. But first PECD measurements need to be done
on incident beam molecules, since there are no PECD measurements reported for
styrene oxide.

Figure 7.1.: Schema of styrene oxide desorbing as either (S)- and (R)-styrene oxide
(left and right).
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7.1. Velocity Resolved Desorption Kinetics

Analogous to fenchone measurements (Chap. 5.2), we can measure a series of
desorption kinetic traces of (R)-styrene oxide scattered from Ag(111) at different
surface temperatures to determine desorption kinetic parameters like desorption
energy and the Arrhenius prefactor.

First, we need to determine whether styrene oxide scatters directly or undergoes
a trapping and desorption process like fenchone, when interacting with Ag(111).
Since adsorbates thermalize in trapping and desorption processes, comparing the
velocity distributions of desorbing styrene oxide to Boltzmann-distributions at
120 amu and a gas temperature equal to the surface temperature helps to deter-
mine the type of interaction. Due to effects found via detailed balance, subthermal
or hyperthermal velocity distributions could also be possible as explained in Chap.
2.1. In Fig. 7.2, the experimental velocity distributions are plotted against the cor-
responding Boltzmann distributions with a gas temperature at surface temperature
and the same molecular weight. The inset shows a raw velocity map image at a sin-
gle nozzle-delay timing with two blue rings as indicators of the velocity scale. For
both distributions, a shift towards higher velocities can be seen at higher temper-
atures. And with the experimental velocity distribution being slightly subthermal
compared to the corresponding Boltzmann distribution, a trapping and desorption
process can be assumed with faster molecules having a lower sticking probability.

Figure 7.2.: Velocity distribution of desorbing (R)-styrene oxide from Ag(111) at sur-
face temperatures T S = 353 K (red dots) and T S = 373 K (black dots) summed over the
full delay range of desorbing molecules. Solid lines (black and red) indicate simulated
velocity distributions for a molecular weight of 120 amu at respective temperatures.
The inset shows the raw velocity map image at the surface temperature of 373 K with
directional arrows for incoming and scattered molecules and two blue rings showing the
velocity-radius scaling.
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The series of desorption kinetic traces were analyzed as described in Chap. 4.2.
In Fig. 7.3 residence time distributions are shown with their corresponding expo-
nential decay fits at different surface temperatures. Residence times of styrene
oxide get shorter at higher surface temperatures. The residence lifetime fitted for
each exponential decay function is reciprocal to the desorption rate constant k.
The temperature dependence of the desorption rate constant is shown as an Ar-
rhenius plot in the inset of Fig. 7.3. A desorption activation energy of 0.856 eV
and Arrhenius prefactor of 2.2 · 1015 s−1 can be determined for the styrene oxide
Ag(111) system.

Figure 7.3.: Kinetic desorption traces of (R)-styrene oxide desorbing from Ag(111)
(dots) and their respective fitted decay functions (solid lines) at different surface tem-
peratures (color-scale). The dashed line shows the width of the incident molecular
beam. The inset displays the resulting Arrhenius plot with an activation energy of
0.856 eV and an Arrhenius prefactor of 2.2 · 1015 s−1 for the desorption process.

The desorption parameters alone are not indicative whether styrene oxide under-
goes physi- or chemisorption when scattered from Ag(111). Regarding chemisorp-
tion the formation of an oxametallacycle is known for oxidation of styrene at
Ag(111) [63], [64] with a desorption temperature of approximately 275 K. As
means of comparison for physisorption, studies of n-alkanes and benzene on non-
reactive metal surfaces can be used[131]–[134]. Both desorption parameters are
comparable to n-octane with a desorption energy of 0.85 eV and Arrhenius prefac-
tor of 2.5 · 1015 s−1 [134]. For n-alkanes the desorption energy rises with growing
chain length, due to rising contact area with the surface. For n-alkanes this can be
achieved with the free rotatable carbon-carbon bonds. Looking at styrene oxide
(see Fig. 7.1) only the carbon-carbon-bond connecting the benzene- and oxirane
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ring is rotatable. Physisorbed benzene on Au(111) has a desorption activation en-
ergy of 0.6 eV [131]. Taking a look at the geometry of styrene oxide (see Fig. 7.1)
the carbon atom at the chiral center is sp3 hybridized and represents the only spot
in a quite stiff molecule, which is rather bendable, while the carbon-carbon bond
connecting the phenyl ring and the oxirane ring is the only turnable bond in the
molecule. With the stiffness of styrene oxide the Arrhenius parameter, seems quite
high for physisorption compared to more flexible or flat molecules like n-alkanes
and benzene.

Using the desorption parameters derived from the Arrhenius plot to simulate
a TPD at first order desorption kinetics and a heating rate of 2 K s−1 gives a
monolayer desorption peak, which is similar to the experimental TPD. This TPD is
shown in Fig. 7.4. Additionally, simulated TPDs at upper and lower standard error
range of the desorption activation energy are plotted with dotted lines. Since Zhou
and Madix [63], [64] found styrene oxide desorbing at approximately 275 K in TPD
experiments and the corresponding oxametallacycle signal vanishing between 250 K
to 320 K in XPS experiments, we assign our desorption parameters to chemisorbed
styrene oxide. XPS or RAIRS experiments will be performed under similar dosing
conditions to ensure this assignment.

Figure 7.4.: Comparison of simulated and experimental TPDs of styrene oxide des-
orbing from Ag(111). For experimental TPDs the surface was dosed at 183 K and
desorbing molecules were detected via REMPI-ToF-MS at 400 nm. The ion signal is
averaged at ion masses of 120 amu, 91 amu, 63 amu and 51 amu (black) and is plotted
together with simulated TPDs with desorption parameters from the desorption kinetic
trace experiment:desorption activation energy of 0.85 eV (solid blue), Arrhenius prefac-
tor of 2.2 · 1015 s−1, and upper- and lower range of the standard error of the desorption
activation energy (dashed blue).

7.2. PECD of Incoming Molecules

To do any chirality detection of desorbing molecules we first need to analyze styrene
oxide in the incident beam. (S)- and (R)-styrene oxide is seeded in helium to avoid
clustering and is ionized with a frequency doubled femtosecond laser at 400 nm
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utilizing a (2+1) REMPI schema. The ionization yields are plotted as a function
of nozzle-laser delay timing in Fig. 7.5. A FWHM of approximately 40 µs can
be achieved for the incident beam. Changing the polarization of the femtosecond
laser to RCP and LCP, PADs of incident beam molecules can be recorded. Insets
in Fig. 7.5 show raw PECD images in the respective bottom halfs and difference
images after Abel-inversion in the top halfs. The laser propagation axis is pointing
from left to right.

Figure 7.5.: A) Ionization yield of (S)-styrene oxide seeded in He and ionized with a
linearly polarized 400 nm femtosecond laser depending on the nozzle-laser delay time.
The inset shows the MP-PECD image the lower half showing the raw PECD image,
while the upper half shows the difference image after Abel-inversion. B) Same mea-
surement done with (R)-styrene oxide with slightly more opening time of the nozzle.

At these ionization conditions a forward/backward asymmetry of the photoelec-
trons with respect to the light propagation axis is visible for both enantiomers,
which switches sign, when changing the enantiomer. The corresponding MP-PECD
is calculated with Eq. 4.10 and gives MP-PECD values of 7% and −7% for S-(+)-,
and R-(−)-fenchone, respectively. Additionally LPECD values were calculated via
Legendre polynomial coefficients from Abel inversion as described in Chap. 4.5
yielding identical values within the error margin of ±3%.
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7.3. PECD in Scattering Experiments

With phenylacetaldehyde desorbing at higher temperatures chirality detection in
scattering experiments below 450 K is one approach to determine whether styrene
oxide switches chirality when adsorbed on Ag(111). In principle, three kinds of
interactions are conceivable. Either styrene oxide only undergoes physisorption on
the silver surface and desorbs, or it chemisorbs through forming the oxametalla-
cycle following either the reversed ring opening reaction, or random ring closing
reaction when desorbing, producing either the same enantiomer or a racemic mix-
ture of both enantiomers, respectively. Scattering a single enantiomer and mea-
suring the MP-PECD of desorbing molecules could answer this question. In case
of a racemic mixture of (S)-, and (R)-styrene oxide desorbing from Ag(111), PADs
with RCP or LCP ionization would not show any forward/backward-asymmetry.

Analogous to desorption kinetic trace measurements (see Chap. 7.1), (S)- and
(R)-styrene oxide were seeded in argon and scattered from Ag(111) at surface
temperatures in the range of the velocity resolved surface kinetics experiments
(353 K to 423 K). With a time delay of 500 µs after adsorption of the incident
molecules, interference with photoelectrons ionized from the tail of incident beam
molecules can be avoided, which can be seen in the VMI detection mode. PADs
were recorded using RCP- and LCP femtosecond laser at 400 nm. Fig. 5.4 shows
MP-PECD images with the raw PECD image in the respective bottom half and
difference images after Abel inversion in the top half.

The MP-PECD images of desorbing styrene oxide show distinct forward/backward
asymmetry regarding the light propagation axis, which changes sign when switch-
ing the enantiomers. Comparing to incident beam MP-PECD images the similarity
is quite obvious. The only difference can be found in the bottom halfs with the
raw PECD image being noisier than measured for incident beam molecules (see
Fig. 7.5). MP-PECD values can be calculated using Eq. 4.10 and are equal to
6%, and −8% for (S)- and (R)-styrene oxide, respectively. This is within the error
margin of ±3% identical to the MP-PECD value of the incident beam.

In Fig. 7.4 MP-PECD images for scattering of both enantiomers are compared
at different surface temperatures. The PECD effect is still detectable with no de-
pendence on the surface temperature. Of the three types of styrene oxide Ag(111)
interactions the model of forming an oxametallacycle and ring closure in a random
configuration can be eliminated. Whether styrene oxide undergoes physisorption,
or forms the oxametallacycle when adsorbing and desorbs forming the initial con-
formation, can not be distinguished measuring the PECD effect in scattering ex-
periments. Zhou and Madix found a shift in the binding energy of C 1s and O 1s
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(a) (S)-Styrene Oxide, Surface Temperature
393 K, MP-PECD: 6% ± 3.0%

(b) (R)-Styrene Oxide, Surface Temperature
353 K, MP-PECD: -8% ± 3.0%

(c) (R)-Styrene Oxide, Surface Temperature
373 K, MP-PECD: -8% ± 3.0%

(d) (R)-Styrene Oxide, Surface Temperature
423 K, MP-PECD: -8% ± 3.0%

Figure 7.6.: MP-PECD image after desorption from Ag(111) of (S)-styrene oxide (a)
at a surface temperature of 393 K and of (R)-styrene oxide at surface temperatures
of 353- (b), 373- (c) and 423 K (d) showing no temperature dependence of the PECD
effect of desorbing styrene oxide.

electrons in styrene oxidation experiments via XPS assigning it to the formation of
the oxametallacycle. To differentiate between physisorption and chemisorption in
this type of experiments XPS measurements of sub-monolayer dosages of styrene
oxide would be needed.

7.4. PECD in Temperature Programmed Desorption
Experiments

Another approach to investigate the chirality of desorbing styrene oxide from
Ag(111) is measuring the PECD effect in TPD experiments. Compared to scatter-
ing experiments, molecules are adsorbed for several minutes on the reactive surface
but at a much lower surface temperature, which are similar conditions as Zhou and
Madix used, who found the XPS signal of the oxametallacycle [63].
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The dosing was done analogous to the monolayer dosing of S-(+)-fenchone in
Chap. 5.4, moving the surface back and forth ±1 mm orthogonal to the molecular
beam direction at a surface temperature of 183 K. With more styrene oxide being
adsorbed on the surface and several repetitions for RCP and LCP ionization a
better signal to noise ratio is achieved. The surface was heated at 2 K s−1 while
ionizing desorbing molecules with either a RCP or a LCP femtosecond laser at
400 nm. PADs were recorded over the whole TPD.

Figure 7.7.: Ionization yield of (S)-styrene oxide desorbing from Ag(111) ionized with
RCP (black) and LCP (red) 400 nm femtosecond laser heating the surface at 2 K s−1

showing β- and γ-desorption peak at 250 K and 475 K. Two insets in the middle show
MP-PECD image subtracting angular distributions of photoelectrons after ionization
with left- and right-handed circular polarized light summing up the β-desorption peak
for multiple TPD experiments. The right inset shows the summed electron signal of
the γ-desorption peak for a single TPD experiment.

The TPD spectrum in Fig. 7.7 shows the summed photoelectron signal of the
recorded PADs plotted against their respective surface temperature. For (S)-, and
(R)-styrene oxide and RCP and LCP ionization the TPD spectra are identical.
Compared to Fig. 6.4, the β and γ desorption peak can be found at 250 K and
475 K as well. With the TPD spectrum being identical to experiments done in
Chap. 6.2, which were recorded at the ion signal at 120 amu, we can be sure
that the PADs stem from ionization of the same desorption products found in
Chap. 6.2. PADs measured with the same circular polarization were summed over
the respective desorption peak. Two insets in the middle show MP-PECD images
with the raw PECD image in the bottom half and the difference image obtained
via Abel inversion in the top half. For both enantiomers a clear forward/backward
asymmetry is visible in regard to the laser propagation axis. The calculated MP-

70



7.4. PECD in Temperature Programmed Desorption Experiments

PECD values of 6% and −8% for (S)-, and (R)-styrene oxide are identical compared
to MP-PECD values from scattering experiments (see Fig. 7.6).

For the γ desorption peak a summed PAD over several TPDs is given as right
inset in Fig. 7.7. In contrast to styrene oxide or fenchone no ring forms at a distinct
radius (see Fig. 4.5), which could be used to analyze a PES via Abel inversion. A
PECD effect is not expected for desorbing phenylacetaldehyde and could not be
found when analyzed analogous to the monolayer desorption peak.

The chirality of styrene oxide was maintained in scattering and TPD experi-
ments. Based on comparison of desorption temperatures found in our TPD ex-
periments and simulated TPDs from desorption parameters with measurements of
Zhou and Madix [63], [64] we expect the formation of oxametallacycles in our ex-
perimental setup. The alternative of a physisorption process can not be excluded.
Additional RAIRS or XPS experiments after dosing styrene oxide could possibly
answer this open question.

Figure 7.8.: Schema of oxametallacycle of adsorbed styrene oxide with carbon in
black, oxygen in red, hydrogen in blue at the silver surface (gray).

However, for desorption of a racemic mixture of styrene oxide, resulting in a
change of the PECD effect, substituents would need to be switched or the carbon-
silver bond would break first to make up a freely rotatable chain with ring closure
after breaking of the oxygen-silver bond. Looking at the geometry of the oxamet-
allacycle shown in Fig. 7.8 the phenyl ring has a stabilizing effect with π-electron-
metal interaction, making this scenario highly unlikely. At higher coverages like in
TPD experiments, a dissociative reaction path would be possible with dissociation
of the carbon-hydrogen bond at the chiral center and random association. This
would cause a second order desorption kinetic, which is not found, and in scatter-
ing experiments the hydrogen would be missing due to surface diffusion and other
reaction products could be found. These pathways might be the reason styrene
oxide desorbs as the same enantiomer as it was dosed or scattered.

71





8. Scattering and PECD
Experiments on Propylene Oxide

Styrene oxide is reported to chemisorb at silver surfaces forming an oxametalla-
cycle [63], [64], [146], which could change the chirality from incident to desorbing
styrene oxide. We observed that desorbing styrene oxide does not change its chi-
rality (see Chap. 7.3 & 7.4). With other oxiranes possibly being able to form
similar oxametallacycles at silver surfaces, propylene oxide is the simplest chiral
oxirane that we could use as comparison. Switching the phenyl group for a methyl
group could change the reactivity on the surface. Since the phenyl group is bulkier
and aromatic, it interacts better with the metal surface and could therefore hin-
der stereochemically challenging reactions. Using a methyl group could enable a
change of chirality as depicted in Fig. 8.1, if it chemisorbs at all.

Figure 8.1.: Schema of (S)-propylene oxide possibly forming an oxametallacycle and
desorbing as either (S)- and (R)-propylene oxide (left and right).

8.1. REMPI-Spectroscopy of Propylene Oxide

For propylene oxide, no (2+1) REMPI schema or REMPI schema in the range
of 300 nm to 400 nm is known from the literature. In the following paragraphs I
summarize the literature leading up to our spectroscopic measurements done in
the 300 nm to 400 nm range.

Propylene oxide is one of the simplest chiral molecules and therefore a bench-
mark molecule for circular dichroism (CD) spectroscopy and calculations of these
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spectra. In 1983, Cohen et al.[164], [165] used hydrogen discharge lamps to charac-
terize absorption bands of propylene oxide in the gas phase. They found absorption
bands at 7.12 and 7.75 eV and assigned them to n(O) � 3s and n(O) � 3p absorp-
tion bands using ab initio self-consistent field calculations. 1991, Carnell at al.
[166] optimized the geometry of propylene oxide with GAUSSIAN 86 simulations
and calculated excitation energies finding the n(O) � 3s and three n(O) � 3p
transitions with good agreement to the experiment. A n(O) � 3d transition was
postulated at 9.22 eV. A few year later, Breest et al.[167] employed synchrotron ra-
diation on gas phase propylene oxide finding absorption bands at 7.08 (n(O) � 3s),
7.70 (n(O) � 3p), 7.85 (n(O) � 3p) and 8.35 eV (n(O) � 3d). Measured and cal-
culated rotational direction of the assignments were in good agreement.

Table 8.1.: Comparison of experimental and calculated excitation energies E and
rotary strength R of (R)-propylene oxide.

Experimental[164] Calculated[166]
State E [eV] R [10−40cgs] E [eV] R [10−40cgs]

n(O) � 3s 7.12 −11.8 7.08 −6.43
n(O) � 3p 7.75 10.8 7.68 +7.85

7.77 −4.97
7.90 +4.45

n(O) � 3d 9.22 −1.84

Experimental[167] Calculated[168]
State E [eV] R [10−40cgs] E [eV] R [10−40cgs]

n(O) � 3s 7.08 −12.5 7.01 −10.492
n(O) � 3p 7.70 +5.9 7.49 −3.95

7.56 4.865
7.71 5.463

σ � 3s 7.85 7.87 6.716
σ � 3p 8.35 −4.1 8.44 −10.302

8.46 −2.006

In a more recent study of Miyahara et al.[168] the molecular structure was
optimized using DFT with the frequently used B3LYP functional. Excitation
transitions were calculated employing symmetry-adapted cluster-configuration in-
teraction (SAC-CI) theory. Due to calculating σ � 3s and σ � 3p transitions at
7.87 and 8.45 eV with higher oscillator strength than six n(O) � 3d transitions
combined, adsorption bands at 7.85 and 8.35 eV were reassigned as σ � 3s- and
σ � 3p transitions. These results are listed in Tab. 8.1.

The ionization energy of propylene oxide was determined by Garcia et al. [88]
to IE = 10.25 eV via single photon ionization utilizing synchrotron radiation. The
aforementioned transition states and a (3+1) REMPI schema at 420 nm via a
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n(O) � 4s transition at 8.65 eV used by Rafiee Fanood et al. [52] were indicators
that (3+1) and (2+1) REMPI processes are possible in the range of 310 nm to
395 nm. Using a femtosecond laser system, which is comfortably tunable in this
range, we measured the ion signal via ToF-MS detection mode after ionization
with 2.5 µJ per laser shot changing the wavelength in 5 nm steps.

Figure 8.2.: REMPI spectrum of (R)-propylene oxide utilizing a tunable OPA-fs-laser
system and ToF mass spectroscopy in steps of 5 nm. The ion signal of 58 amu (black),
43 amu (red) and 28 amu (blue) are integrated at each wavelength.

Fig. 8.2 shows the ion signal at 28, 43 and 58 amu plotted as a function of the
respective wavelength. Several spikes can be seen at 370, 350, 335 and 315 nm.
Comparing the fragmentation ratios, more parent ion signal can be found at 350
and 335 nm. A full ToF-MS at 335 nm with assignment of detected fragment ions
of propylene oxide is given in Chap. A.2. Regarding the ionization mechanism
either three or four photons are needed to ionize propylene oxide. For MPI with
three photons a lower threshold of 3.416 eV can be calculated from the IE of
propylene oxide, corresponding to a wavelength of approximately 363 nm. For
effective REMPI processes a spike in the ionization yield would be expected. These
were found at 350, 335 and 315 nm (see Fig. 8.2) hinting towards (2+1) REMPI
processes with resonant state at 7.08, 7.4, and 7.87 eV, respectively. Two of these
values fit nicely with n(O) � 3s and σ � 3s transitions listed in Tab. 8.1. Between
363 and 395 nm (3+1) REMPI can occur via resonant states above 9.41 eV. With
Rafiee Fanood et al. [52] using REMPI at 420 nm via n(O) � 4s as part of the
n = 4 Rydberg family, a plethora of states should be available for (3+1) REMPI
above 8.65 eV.

With the same ionization conditions and horizontal polarization, a PES of propy-
lene oxide can be recorded at different wavelengths. PADs were Abel inverted and
in Fig. 8.3 the intensities are color-mapped as a function of kinetic energy of pho-
toelectrons and photon energy. Each measurement was scaled to its maximum
intensity. Relative ionization efficiency can be found in Fig. 8.2. Red dotted lines
indicate the energy of three or four photons minus IE of propylene oxide (see
Eq. 2.6), while white straight lines indicate REMPI processes from different inter-
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Figure 8.3.: Photoelectron spectrum of propylene oxide recorded using a tunable OPA-
fs-laser system in steps of 5 nm. The photoelectron intensity is plotted as a color map
as a function of the kinetic energy of photoelectrons after Abel inversion (x-axis) and
the respective photon energy (y-axis). PESs were normed to their respective maximum.
Red dotted lines indicate the calculated kinetic photoelectron energy after MPI with
n-photons (395 nm to 350 nm: 4 photons; 360 nm to 310 nm: 3 photons). White lines
indicate photoelectron kinetic energy after (n+1) REMPI via intermediate states 3s,
3p and 4s (from left to right).

mediate states. The white lines were calculated using Eq. 2.7 with energy of the
intermediate states, photon energy and the IE. In the (2+1) REMPI range of 3.5-
to 4 eV the intensity distribution follows both the n(O) � 3s and n(O) � 3p tran-
sitions with the resonant state energies of 7.08 and 7.77 eV. Below 3.35 eV photon
energy, photoelectrons stemming from (3+1) REMPI processes with a resonant
state energy of 8.65 eV can be found, which corresponds to a n(O) � 4s transi-
tion. Below a photon energy of 3.5 eV, photoelectrons with a higher kinetic energy,
which almost follow the red dotted line, indicating non-resonant four photon ion-
ization, can be seen. As discussed above, plenty of Rydberg states are available
for (3+1) REMPI, which also explain the obvious deviation of the photoelectron
kinetic energy from the red dotted line at most wavelengths. Fig. 8.4 illustrates
these MPI and REMPI processes at 315, 335, 370 and 400 nm comparing it to
(3+1) REMPI at 420 nm used by Rafiee Fanood et al.. Excess energy of theses
processes can be detected as kinetic energy of photoelectrons (Fig. 8.3).

After PES measurements, we can assign the REMPI band at 335 nm (3.7 eV)
to (2+1) REMPI via n(O) � 3s transition state (see Fig. 8.2). The higher ion
yield might be due to a better Franck-Condon overlap of the vibrationally cold
ground state and vibrationally and electronically excited state. Though these
measurements give a good idea of the spectroscopy of propylene oxide, lasers with
a narrower spectral width are needed to elaborate it further.
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Figure 8.4.: Ionization schema of propylene oxide. Left: three photon ionization
(MPI) is shown with red dotted line as Ekin(e−) analogous to the MPI line in Fig. 8.2.
Going to the right, (2+1) REMPI is shown at 315-, and 335 nm via 3s and 3p excitation
at the oxygen atom. In the middle the four photon ionization processes (MPI) are shown
with red dotted line again as Ekin(e−). To the right, (3+1) REMPI processes via the
4s excitation state is shown. Ekin(e−) for all three REMPI processes is shown as white
line in Fig. 8.3. Right: the (3+1) REMPI schema used by Rafiee Fanood [52] is shown
utilizing a 420 nm femtosecond laser via the 4s excitation state. Additional vibrational
states and higher Rydberg states are not shown for better visibility. The PES shows
no sign of REMPI processes from HOMO-1 (σ) electrons.

8.2. Velocity Resolved Desorption Kinetics

For following scattering experiments, the femtosecond laser was tuned to 335 nm
(3.7 eV), due to the high ion yield at the parent ion mass. Desorption kinetic traces
of propylene oxide from Ag(111) were measured at surface temperatures of 183 K
to 273 K in steps of 10 K. Desorbing propylene oxide is detected via ion imaging
with gating at the parent ion mass. To distinguish whether a direct scattering
or trapping and desorption process happens on the silver surface, the summed
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velocity distribution of desorbing propylene oxide can be compared to a Maxwell-
Boltzmann velocity distribution at the same molecular mass and a temperature
equal to the surface temperature. Effects found via detailed balance can influ-
ence the velocity distribution resulting into a slightly subthermal or hyperthermal
distribution.

Fig. 8.5 shows to experimental velocity distributions at 193 K (black) and 223 K
(red) as dots with Boltzmann velocity distributions at equal gas temperature as
straight lines. The inset shows a single VMI image at a nozzle laser delay, where
the tail end of the incident beam (right) and first desorbing molecules (left) can
be detected at a surface temperature of 193 K. To give an idea about the velocity
distribution, two rings indicate the velocities of 200 and 600 m s−1. With the ex-
perimental velocity distributions fitting their respective Boltzmann distributions
almost perfectly, a trapping and desorption process can be assumed for the propy-
lene oxide Ag(111) interaction. The velocity distribution is slight subthermal, with
molecules of higher velocities having a lower sticking probability.

Figure 8.5.: Velocity distribution of desorbing (R)-propylene oxide from Ag(111) at
surface temperatures of T S = 223 K (black dots) and T S = 193 K (red dots) summed
over the full delay range of desorbing molecules. Solid lines (black and red) indicate
simulated velocity distributions for a molecular weight of 58 amu and respective tem-
peratures. The inset shows the raw velocity map image at the surface temperature
of 193 K with directional arrows for incoming and scattered molecules and two rings
showing the velocity-radius scaling.

Apart from the velocity distributions, residence times were calculated as de-
scribed in Chap. 4.2. Residence time distributions at surface temperatures of
203 K, 213 K, 223 K and 233 K are plotted in Fig. 8.6 with their respective decay
function fits. Though more desorption kinetic traces were measured their resulting
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residence lifetimes were beyond the detection limit. At the lower limit for residence
lifetimes the distribution just resembles the width of the incident beam and at the
upper limit with lifetimes of approximately 1.5 ms the signal to noise ratio makes
the results unreliable.

Figure 8.6.: Kinetic desorption traces of (R)-propylene oxide desorbing from Ag(111)
(dots) and their respective fitted decay functions (solid lines) at different temperatures
(color-scale). The dashed line shows the width of incident molecular beam. The inset
displays the resulting Arrhenius plot with an activation energy of 0.4 eV and an Arrhe-
nius prefactor of 3.2 · 1013 s−1 for the desorption process.

The resulting residence lifetimes, which are reciprocal to the desorption rate
constants, can be used for an Arrhenius plot. Desorption kinetic parameters can
be derived from the linear fit of the Arrhenius plot. In the inset of Fig. 8.6,
the Arrhenius plot is shown with the linear fit. The desorption activation energy
is 0.40 eV and the Arrhenius prefactor of 3.2 · 1013 s−1, which differ a lot from
desorption parameters of styrene oxide. Assuming a similar chemisorbed state on
Ag(111) via formation of the oxametallacycle similar desorption energies would be
expected for propylene oxide. Compared to physisorption of n-alkanes on Ag(111)
[131], [134] both desorption parameters are similar to n-butane.

8.3. Temperature Programmed Desorption

Another way to approach the kinetics of propylene oxide desorbing from Ag(111)
are TPD experiments. Propylene oxide is dosed onto the surface by a supersonic
molecular beam seeded in argon. The surface was cooled with liquid nitrogen and
the temperature was controlled with resistive heating. Monolayers were dosed at
surface temperatures of 128 K, while multilayers could be dosed below 113 K.
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Figure 8.7.: TPDs of propylene oxide from Ag(111). Desorbing (R)-propylene oxide
from Ag(111) is ionized with a 335 nm femtosecond laser. The surface was heated at a
heating rate of 2 K s−1. Multilayer, α and β desorption peak are shown at 127, 145 and
170 K at different dosages (solid: series of dosages dosed at 128 K; dashed: dosed at
113 K). A simulated TPD utilizing the desorption parameters of the velocity resolved
desorption kinetics experiment Fig. 8.6 is multiplied with −1 for easier comparability.
The inset shows time-of-flight mass spectrum summed for each desorption peak.

For characterization of the monolayer, a series of TPD measurements of (R)-
propylene oxide/Ag(111) at different coverages was measured with surface temper-
ature above the multilayer desorption temperature. TPDs of this series are shown
in Fig. 8.7. REMPI-ToF-MS is used to detect desorption products while heating
the surface. TPD curves show intensity at parent ion mass of 58 amu. Monolayer
desorption is split into an α-, and β peak at 145 and 170 K, respectively. When dos-
ing at 113 K the multilayer desorption peak (dashed line) appears at 125 K, which
does not saturate at higher dosages and has the typical peak shape of zero-order
desorption kinetic (compare Fig. 2.3). The inset in Fig. 8.7 shows summed mass
spectra of multilayer-, α- and β desorption peaks. The fragmentation patterns of
multilayer, α- and β peaks are identical. These mass spectra are characteristic for
REMPI with a fs-laser at 335 nm of propylene oxide indicating that no reaction
happens at the Ag(111) surface (compare Fig. A.5). α- and β desorption peaks rise
in intensity at increased dosages and they make up the monolayer on the Ag(111)
surface. Their maximum desorption energy is stable at different initial dosages,
which is typical for first order desorption kinetics.
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The desorption parameters resulting from desorption kinetic trace experiments
(Chap. 8.2) can be used to simulate a TPD spectrum with first order kinetic and a
heating rate of 2 K s−1. The resulting spectrum is plotted as a black line in Fig. 8.7
and fits perfectly to the α desorption peak. Assuming an identical Arrhenius
prefactor, a desorption activation energy of 0.44 eV is needed to fit the β desorption
peak. The difference might be due to different orientations on the surface or phase
transitions. Although different adsorption states were found in TPD experiments,
no hint of a second desorption component was found in desorption kinetic trace
experiments. The difference in experimental modi like lower concentration and
shorter timescale might be reasons the more stable configuration is not achieved.
To get a better understanding of the adsorbed state of propylene oxide on Ag(111),
other experimental techniques like RAIRS, XPS, or HREELS could be used.

8.4. PECD-Measurements

For propylene oxide, the PECD effect was investigated via SPI by Garcia et al. [88],
[169], [170] via synchrotron emission. Detecting ion time of flight mass spectra and
electrons in VMI mode, coincidentally enables measurements of the PECD effect
depending on the fragmentation channel. Fragmentation takes place for photon
energies above 10.8 eV and is of no concern for the following ionization bands. The
first band of propylene oxide is at 10.25 eV and is assigned as (0-0) band, remov-
ing a "non-bonding electron from the oxygen lone pairs" [88]. Multiple following
emission bands between 10.25- and 10.62 eV are assigned as transitions from vibra-
tionless neutral molecules to ions with low-frequency skeletal deformation vibra-
tions. As described in Chap. 2.3, the order of asymmetry depends on the number
of photons used in ionization. With SPI, Abel inverted PADs are reconstructed
with a Legendre polynomial of second order. The only asymmetric contribution
is the b1-parameter, which is plotted in this paper [88] as a function of the ion-
ization energy. With the b+1

1 parameter for LCP light and b−1
1 for RCP light the

c1-parameter used in Eq. 4.11 can be calculated by c1 = 2 · b−1
1 = −2 · b+1

1 . Ionizing
(S)-propylene oxide with a photon energy of 10.4 eV the b+1

1 parameter is plotted
as a function of the ionization energy resulting in no effect for the (0-0) band, a
negative effect at 10.28 and 10.3 eV (b1 = −0.03) and a positive effect between
10.32 and 10.4 eV (b1 = +0.03). Employing 10.4, 10.7 and 10.8 eV for ionization, a
general trend of shifting b1-values towards negative values with increasing photon
energy is visible for all vibrational states.[88]

Regarding multiphoton ionization, Rafiee Fanood et al. [52] performed MP-
PECD experiments ionizing propylene oxide with a 420 nm femtosecond laser and
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via a (3+1) REMPI process with a n = 4 Rydberg state at 8.85 eV as intermedi-
ate state. Similarly to Garcia et al., a coincidence imaging apparatus with VMI
electron imaging and time of flight ion detection was used to measure MP-PECD
effects in dependence of their respective fragmentation pattern. They found a
±10% PECD effect at an ion mass of 58 amu for an electron kinetic energy of
1.6 eV, for 43 amu a ±4% PECD effect at 0.4 eV and a ±10% PECD effect at
1.6 eV for ions with the mass of 26 to 32 amu. The parent ion is assigned to
originate from a HOMO-HOMO-1-ionization, while a SHOMO-SHOMO-1 (second
highest occupied molecular orbital) ionization fully dissociates to ions of a mass of
43 amu. The third group with a mass of 26 to 32 amu are proposed to stem from
subsequent photodissociation of the HOMO-1 parent ion.

These PECD-effects arise from photoionization of randomly oriented molecules.
Tia et al.[171] use two position and time sensitive MCP detectors perpendicular to
the molecular and photon beam. Accelerating electrons and ions with a static elec-
tric field enabling coincidence measurements of electron emission angles depending
on the molecular orientation angle with the momentum vector of fragment ions.
This kind of measurement results in a two dimensional PECD-effect map of the
electron emission angle and the molecular orientation angle, which can get up to
a PECD of 30%.

However, no MP-PECD measurements were performed for (2+1)-, and (3+1)
REMPI schemes between 310 nm to 400 nm. Before, measuring PECD effects in
scattering or TPD experiments we need to characterize MP-PECD effects of the in-
cident beam molecules at different wavelengths. We probed the PECD of propylene
oxide at wavelengths of 315 nm, 325 nm and 335 nm for (2+1) REMPI and 370 nm
and 400 nm for (3+1) REMPI, due to good ionization efficiency (see Fig. 8.2).
Hereinafter, results of PECD measurements with (3+1) REMPI at 400 nm and
(2+1) REMPI at 335 nm are shown. Results using the other wavelengths are
shown in the appendix (see Chap. A.4).

8.4.1. PECD measurements at the incident molecular beam

Similarly to MP-PECD measurements of incident beam styrene oxide (see
Chap. 7.2) and fenchone (see Chap. 7.2), propylene oxide is seeded in helium. A
short molecular beam pulse of 40 µs is used.
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(3+1) REMPI at 400 nm

From PES of propylene oxide (see Fig. 8.3), we already know that (3+1) REMPI
processes at 400 nm (3.1 eV) ionize via excitation of the n(O) � 4s transition at
8.65 eV (inner ring) or higher Rydberg states (outer ring) (compare Fig. 8.4). Both
ionization processes are visible in Fig. 8.3. To avoid MPI, MP-PECD measure-
ments were performed at 5 µJ.

(a) (R)-propylene oxide, 400 nm (b) (S)-propylene oxide, 400 nm

Figure 8.8.: PECD image with (3+1) REMPI at 400 nm with (R)- (a), and (S)-
propylene oxide (b). The bottom half shows the raw PECD image and the top half
displays the PECD image after Abel inversion. The inner ring of photoelectrons stems
from (3+1) REMPI processes via n(O) � 4s excitation, while the photoelectrons of the
outer ring got ionized from higher Rydberg states. For the outer ring a higher order of
asymmetry is visible.

In Fig. 8.8a and 8.8b, MP-PECD images of (R)- and (S)-propylene oxide ionized
with 400 nm are shown. The bottom half shows the raw PECD image, while
the top half displays the difference image after Abel inversion. Both exhibit a
typical forward/backward asymmetry. After Abel inversion LPECD values for the
two above mentioned REMPI processes can be calculated (see Tab. 8.2). The
inconsistency of the MP-PECD images and resulting differences in MP-PECD
values might be due to overlapping radii of photoelectrons with different kinetic
energies, higher order of asymmetry for the outer photoelectron ring, and distortion
at the zero kinetic energy spot.

Table 8.2.: MP-PECD values after Abel inversion with 400 nm femtosecond laser
ionization of photoelectrons from two different REMPI processes and the respective
photoelectron kinetic energy Ekin(e−).

intermediate state Ekin(e−) (S)-propylene oxide (R)-propylene oxide
n(O) � 4s 1.3 eV 4.8 −7.5

higher Rydberg state 2.0 eV 0.9 −1.8
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(2+1) REMPI at 335 nm

As shown in Chap. 8.1, (2+1) REMPI processes can be seen below a wavelength
of 360 nm. In following measurements 335 nm was used to ionize propylene oxide
and characterize the PECD effect on incident beam molecules as a reference for
later scattering and TPD experiments. From analysis of PES at 335 nm we found
that propylene oxide is ionized via n(O) � 3s transition (see Fig. 8.3 & 8.4). To
avoid MPI, MP-PECD measurements were performed as 2.5 µJ.

In Fig. 8.9 MP-PECD images for 335 nm are shown with raw PECD images
in the bottom halfs and difference image after Abel inversion in the top halfs of
(R)-propylene oxide (Fig. 8.9a) and (S)-propylene oxide (Fig. 8.9b). For both
MP-PECD images an obvious forward/backward asymmetry regarding the laser
propagation axis k is visible.

(a) (R)-propylene oxide, 335 nm (b) (S)-propylene oxide, 335 nm

Figure 8.9.: MP-PECD images of (R)- and (S)-propylene oxide via (2+1) REMPI at
335 nm. The lower half shows the raw PECD image, while the upper half shows the
difference image after Abel inversion. The laser propagation direction k⃗ is given from
left to right.

Compared to MP-PECD images of styrene oxide (Chap. 7.2) or fenchone
(Chap. 5.1) PECD analysis gets more difficult for propylene oxide, with the
PECD effects showing a higher order of asymmetry (see Chap. 2.3) and at least
two photoelectron rings. For PECD effects of higher order, an analysis of the
LPECD or QPECD effect via Abel inversion is more suitable than the MP-PECD
value from the raw-PECD image. Eq. 4.11 accounts for third and fifth order
asymmetry and is calculated radius dependent, while Eq. 4.10 only accounts for
forward/backward asymmetry. To get an idea, how the odd Legendre co-efficients
influence the LPECD, Eq. 4.11 is broken up into Eq. 4.13, 4.14, and 4.15, as
shown in Chap. 4.5.

In Fig. 8.10 the photoelectron intensity (black), LPECD (blue) and the asym-
metry parameters of first (red), third (orange) and fifth order (violet) are plotted
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as a function of the respective kinetic energy for (R)-, and (S)-propylene oxide.
For both enantiomers, the intensity distribution is fairly similar and the influence
of b5,L hovers around zero. For (R)-propylene oxide, the third order asymmetry
b3,L drifts from zero at the inner radius to ±2% at the outer radius and the first
order b1,L fluctuates in waves from −4% to +7%. The LPECD effect is dominated
by the first asymmetry parameter. The inverted LPECD effect can be seen for
(S)-propylene oxide. A similar fluctuation can be seen in SPI PECD experiments
of Garcia et al. [94] with photoelectrons of lower kinetic energy being assigned to
transitions from a vibrationless molecule to vibrationally excited cations, which al-
ready happens at shifts of 0.2 eV. This was not analyzed further, since the spectral
width of the ionizing laser with 0.1 eV blurs these transitions.

(a) (R)-propylene oxide, LPECD: 0.5% (b) (S)-propylene oxide, LPECD: -2.2%

Figure 8.10.: LPECD analysis via Abel inversion shows the photoelectron intensity
c0 (black), the LPECD effect (blue) at respective radii, calculated via Eq. 4.11 and the
influence of first (red), third (orange) and fifth (magenta) order of asymmetry calculated
via Eq. 4.13, 4.14, and 4.15 at the respective photoelectron kinetic energy Ekin(e−).
(R)- (left), and (S)-propylene oxide (right) were ionized via (2+1) REMPI at 335 nm.
Over the whole shown radius a LPECD of 0.5% was calculated for (R)-propylene oxide
and −2.2% for (S)-propylene oxide.

As shown in Fig. 8.10, the LPECD value switches sign within the same photoelec-
tron ring. To analyze the relative asymmetry independent of the forward-backward
direction the QPECD effect can be calculated at each radius via Eq. 4.12. And,
as shown in Chap. 4.5, asymmetry parameters of first (Eq. 4.16), third (Eq. 4.17),
and fifth order (Eq. 4.18) can be calculated.

Fig. 8.11 shows the photoelectron intensity (black), the QPECD (blue) and the
asymmetry parameters of first (red), third (orange) and fifth (violet) order as a
function of the kinetic energy. As mentioned before, the QPECD is not a sum of
the asymmetry parameters, but it represent the overall asymmetry regardless of
the forward/backward direction and the first and third order dominate the overall
asymmetry.
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(a) (R)-propylene oxide, QPECD: 3.9% (b) (S)-propylene oxide, QPECD: 5.7%

Figure 8.11.: QPECD analysis via Abel inversion with photoelectron intensity c0
(black), QPECD effect (blue) at respective radii, calculated via Eq. 4.12 and the influ-
ence of first (red), third (orange) and fifth (magenta) order of asymmetry calculated
via Eq. 4.16, 4.17, and 4.18.(R)- (left), and (S)-propylene oxide (right) were ionized
via (2+1) REMPI at 335 nm. Over the whole shown radius a QPECD of 3.9% was
calculated for (R)-propylene oxide and 5.7% for (S)-propylene oxide.

With no directional dependence of the QPECD a weighted average value of
3.9% was calculated for (R)-propylene oxide and 5.7% for (S)-propylene oxide.
Due to better ionization efficiency and better understanding of the resonant state,
the (2+1) REMPI process was used for further investigation of the chirality in
scattering and TPD experiments. Though MP-PECD values derived from raw
PECD images are inconsistent due to asymmetry of higher order, these QPECD
values and the distinct asymmetry visible in PECD images are a good basis for
qualitative analysis of PECD effects at lower molecular densities. MP-PECD mea-
surements at 315 and 325 nm shown in the appendix had experimental problems
due to background electrons distorting PECD effects and could not be used with
the experimental setup.

8.4.2. PECD measurements of scattered molecules

Ag(111) is potentially a reactive surface for propylene oxide via formation of an
oxametallacycle analogous to styrene oxide [63], [64], [146]. From desorption ki-
netic trace experiments we found (see Chap. 8.2) that propylene oxide undergoes a
trapping and desorption process, when scattered from Ag(111). Analogous to the
measurements on styrene oxide, we can investigate whether the chirality changes
after scattering from a Ag(111) surface. With surface temperatures between 203 K
and 233 K and residence lifetimes in the micro second range, these surface tem-
peratures were used to investigate the MP-PECD effect of desorbing propylene
oxide.
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(a) (R)-Propylene Oxide, 335 nm,
surface temperature: 233 K, MP-
PECD: 4.6% ± 3.0%

(b) (S)-Propylene Oxide, 335 nm,
surface temperature: 213 K, MP-
PECD: -5.5% ± 3.0%

(c) (S)-Propylene Oxide, 335 nm,
surface temperature: 298 K, MP-
PECD: -6.5% ± 3.0%

(d) (S)-Propylene Oxide, 335 nm,
surface temperature: 473 K, MP-
PECD: -9.7% ± 3.0%

Figure 8.12.: Raw PECD images after desorption from Ag(111) of (R)-propylene oxide
(a) at a surface temperature of 233 K and (S)-propylene oxide at surface temperatures
of 243 K (b), 298 K (c) and 473 K (d) ionized with a 335 nm femtosecond laser.

PADs were recorded at a nozzle-laser delay with possibly highest signal for
scattered molecules, while no incident beam molecules could be detected in VMI
mode. In Fig. 8.12 resulting raw PECD images are compiled after scattering from
Ag(111) at different surface temperatures. The raw PECD images show similar
forwards/backwards asymmetry like images from incident beam molecules (see
Fig. 8.9). A worse signal to noise ratio, compared to incident beam measurements,
is obviously due to a smaller molecular density after scattering from a surface
and MP-PECD values rise for scattered molecules at elevated surface tempera-
tures. This could be due to vibrational excitation of desorbing propylene oxide.
Thermalizing to surface temperature results in vibrationally excited ground states
which could show a different PECD effect. Alternatively, the rise in MP-PECD
values could be a side effect of worse signal to noise ratio.

Comparing to single photon PECD measurements of (S)-propylene oxide by
Garcia et al. [88] two effects can be seen. Firstly, vastly different SP-PECD effects
were measured for ionization processes resulting in vibrationally excited cations.
After propylene oxide thermalizes at the surface, ionization of vibrationally excited
propylene oxide results in increased vibrational excitation of the cation compared
to incident beam ionization, which could have a similar effect on the MP-PECD
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effect. Secondly, the SP-PECD effects of photoelectrons ionized from the same
state get shifted with increasing the photon energy hc/λ = 10.4 � 10.7 eV towards
negative PECD values. Maybe a vibrational excitation has a similar effect com-
pared to raising the photon energy in SPI measurements. For further investigation
whether this is a real effect or an error due to the bad signal to noise ratio, these
measurements need to be done with an ionization laser with narrower wavelength
distribution.

However, with the PECD images of desorbing propylene oxide showing a dis-
tinct forward-backward asymmetry, a racemization after surface interaction can
be excluded. This would be expected when comparing to results of TPD and ve-
locity resolved desorption kinetics experiments which suggest that propylene oxide
probably physisorbes at the Ag(111) surface. Similar to the adsorbed state of
styrene oxide on Ag(111) future XPS or RAIRS studies could help to differentiate,
whether propylene oxide physisorbes or forms an weakly bound oxametallacycle.

8.4.3. Using Temperature Programmed Desorption
Experiments

As shown in Chap. 8.3, we can do TPD experiments with propylene oxide desorbing
from Ag(111). Using circular polarized light (RCP & LCP) to ionize the desorption
products, PADs can be recorded to investigate the MP-PECD effect of multi- and
monolayers. For the multilayer measurement (R)-propylene oxide was dosed onto
the surface with the supersonic expansion nozzle using argon as seeding gas after
the surface was cooled to 113 K. PADs were recorded while heating the surface at
2 K s−1 with either RCP or LCP femtosecond laser at 335 nm. For the monolayer
measurement three spots ±1 mm left and right of the center spot were dosed at a
surface temperature of 128 K. To get a better signal to noise ratio the monolayer
measurement was repeated eight times and the PADs were summed for RCP- and
LCP ionization separately.

In multilayer measurements the electron signal of the multilayer overlaps with
the monolayer desorption peak and is also multiple times higher. For better visibil-
ity, the TPD spectrum in Fig. 8.13 shows the REMPI signal after dosing 1.85 ML
at 113 K at parent ion mass of 58 amu, which was already shown in Fig. 8.7. The in-
sets show raw PECD images summed for the multilayer- and α+β desorption peak.
These look very similar to MP-PECD images of scattered (R)-propylene oxide (see
Fig. 8.12a). Since TPD experiments can not be averaged indefinitely, the signal
to noise ratio is worse compared to scattering experiments. A forward/backward
asymmetry can be found for both desorption peaks with MP-PECD values of
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Figure 8.13.: TPD of (R)-propylene oxide desorbing from Ag(111) ionized with 335 nm
femtosecond laser. The surface was heated with a heating rate of 2 K s−1 and dosed at
113 K showing multilayer- α- and β-desorption peak at 127 K, 145 K and 170 K. The
insets show raw MP-PECD images after ionization with LCP and RCP light summing
up the multilayer- and α+β-desorption peaks for multiple TPD experiments.

+5.7% and +7.1% calculated from the difference PAD of multi and monolayer,
respectively.

Like the fairly low desorption energy suggested (see Chap. 8.2 & 8.3) propylene
oxide undergoes physisorption on Ag(111). Desorption temperature in TPD exper-
iments and the retained chirality seen in the PECD images of desorbing propylene
oxide in scattering and TPD experiments support this assumption, although we
did not probe the adsorbed state itself.
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9. Conclusion
In this thesis, I present the new chiral beamer, which is a state of the art molecular
beam scattering machine employing two supersonic gas expansion nozzles and an
ion imaging detector. Combining this scattering machine with nanosecond and
femtosecond laser systems with variable wavelengths and different laser optics,
multiple types of experiments are available to characterize incident beam and
desorbing molecules including their respective chirality.

As a first proof-of-concept experiment, we combined multiphoton photoelectron
circular dichroism (MP-PECD) with surface desorption experiments. We used the
bicyclic monoterpene fenchone, a benchmark molecule for circular dichroism (CD)
and PECD experiments, to perform scattering experiments from Ag(111). Since
it is a relatively large molecule, fenchone was expected to adsorb at the surface, as
well as to show no reactive interaction on Ag(111). The desorption kinetics were in-
vestigated with velocity resolved desorption kinetics and temperature-programmed
desorption (TPD) experiments. As expected, fenchone undergoes physisorption at
Ag(111) and does not react. Fenchone was ionized with a known resonance en-
hanced multiphoton ionization (REMPI) schema at 400 nm. Combining these ex-
perimental techniques with measurements of photoelectron angular distributions
after ionization with circularly polarized light shows that an assignment of the
enantiomeric form of desorbing molecules via MP-PECD is possible at low molec-
ular densities of 8 · 106 molecules/cm3 corresponding to the desorption of 0.01% of
a monolayer.

Proofing the potential of enantiomer-specific detection in surface interaction ex-
periments, it can be used to probe reactive molecule-surface systems. Styrene
oxide has shown to chemisorb at Ag(111) by forming an oxametallacycle. Des-
orption products of styrene oxide dosed on Ag(111) were first characterized with
REMPI- time of flight mass spectroscopy (ToF-MS) assisted TPD experiments via
(1+1) REMPI using a nanosecond dye laser and (2+1) REMPI with an optical
parametric amplifier (OPA) assisted femtosecond laser. A TPD of chemisorbed
styrene oxide shows several possible reaction pathways. Ring closure followed by
desorption of styrene oxide or α-H rearrangements with followed desorption of
either acetophenone or phenylacetaldehyde might occur amongst others. In the
TPD spectra obtained from ionization with different REMPI schemes, desorption
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peaks can clearly be assigned. Styrene oxide desorbs around 250 K and a des-
orption peak of phenylacetaldehyde is found at 485 K. These assignments proof
the potential of combining laser spectroscopy with surface science techniques for
characterization of surface-adsorbed species and reactions at surfaces.

With styrene oxide chemisorbing at an Ag(111) surface, the chirality could po-
tentially change after desorption. Since no PECD studies are published on styrene
oxide, the incident molecular beam was ionized with a 400 nm femtosecond laser
in a (2+1) REMPI schema probing the MP-PECD effect of (R)- and (S)-styrene
oxide giving MP-PECD values of +7.1% and −7.1% respectively. Measuring the
MP-PECD effect of desorbing molecules in scattering and TPD experiments no
change in MP-PECD effect was visible and similar MP-PECD values were ob-
tained. Velocity resolved desorption kinetics experiments were performed with
styrene oxide giving a desorption activation energy of 0.89 eV and an Arrhenius
prefactor of 4.6 · 1015 s−1. A simulated TPD with first order kinetics using these
parameters shows an identical desorption peak as measured before in TPD experi-
ments, which leads to the conclusion that the same adsorption state of the styrene
oxide - Ag(111) system was probed as in TPD experiments.

With a phenyl ring providing π-electron-metal interactions a switch of chirality
seems to be hindered. To check the effect of the substituent group, the phenyl
group was substituted with a methyl group representing the smallest alkyl group.
For propylene oxide a chemisorption forming an oxametallacycle would still be
possible. However, there are less substituent-metal interactions and less steric
hindrances for switching the substituent and thus the chirality of the molecule.

For propylene oxide, a (3+1) REMPI process at 420 nm was reported in a MP-
PECD study [52]. Via photoelectron spectroscopy (PES), I investigated REMPI
processes between 315 nm to 400 nm finding that at 335 nm a (2+1) REMPI schema
with good ionization efficiency is available. At higher photon energies a problem
with electrons stemming from stray light occurred. The MP-PECD effect of (R)-
and (S)-propylene oxide was measured in the incident molecular beam as com-
parison. Comparing MP-PECD images of desorbing molecules in scattering and
TPD experiments no change in chirality can be seen. The desorption parameters
of propylene oxide from Ag(111) were characterized in velocity resolved desorption
kinetics experiments giving a desorption activation energy of 0.28 eV and an Ar-
rhenius prefactor of 1.6 · 1011 s−1. Since the desorption parameters differ strongly
from those of chemisorbed styrene oxide on Ag(111), it can be assumed that propy-
lene oxide physisorbs at the surface. From a physisorption interaction, no change
in chirality could be expected. Simulating a TPD with these parameters gives
comparable desorption peaks as found in TPD experiments.
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Assuming no chemisorption for propylene oxide at Ag(111) suggests that the
π-electron-metal interaction of styrene oxide on Ag(111) not only hinders a change
of chirality when chemisorbed at the Ag(111) surface, but this attractive interac-
tion might also be the reason the oxametallacycle forms at all. Without the π-
electron-metal interaction, propylene oxide does not seem to chemisorb at Ag(111).
Additional XPS or RAIRS measurements could help to determine the adsorption
state of styrene oxide and propylene oxide on Ag(111). Oxidation experiments of
propylene comparable to measurements of styrene oxidation by Zhou and Madix
[63], [64] could also be interesting.

After showing the potential of performing REMPI-PECD in surface science ex-
periments with the benchmark molecule fenchone, the technique was successfully
used to investigate the possible change in chirality of desorbing styrene oxide and
propylene oxide from Ag(111). Both molecules adsorb via different processes.
Styrene oxide chemisorbs in formation of an oxametallacycle, while propylene ox-
ide seems to physisorb at the Ag(111) surface. No change in chirality of desorption
products was found for both molecules.

For future experiments, the chiral beamer is equipped with a second diagonal
nozzle, enabling e.g. measuring oxidation of styrene and propylene at surfaces
possessing chiral sites in bimolecular reactions. A possible enantiomeric excess
of either enantiomer could be detected in temperature programmed reaction or
velocity resolved kinetics experiments via REMPI-PECD.

93





A. Appendix

A.1. Legendre Polynomial

Following equations Eq. A.2 - A.8 show the Legendre polynomials Pn used to
reconstruct the PADs in PES and PECD analysis, which can be calculated using
the Rodrigues’ formula [172] Eq. A.1

Pn(x) = 1
2nn!

dn

dxn
(x2 − 1)n (A.1)

P0(x) = 1 (A.2)
P1(x) = x (A.3)

P2(x) = 1
2(3x2 − 1) (A.4)

P3(x) = 1
2(5x3 − 3x) (A.5)

P4(x) = 1
8(35x4 − 30x2 + 3) (A.6)

P5(x) = 1
8(63x5 − 70x3 + 15x) (A.7)

P6(x) = 1
16(231x6 − 315x4 + 105x2 − 5) (A.8)

A.2. Mass Spectra of Samples

For each sample a ToF-MS can be measured in the incident beam and analyzed
as shown in Chap. 4.1.1. In the following figures, mass spectra of all samples
used in this thesis are shown after photoionization with a fs laser at same wave-
lengths as used in prior chapters. With good resolution below 30 amu and limited
amount of possible fragment ions, the most dominant fragmentation peaks could be
assigned with the corresponding structural formulas. For a fragment of acetophe-
none at approximately 105 amu either ethylbenzene (104 amu) or benzoyl cation
(105 amu)would be possible. Zhu et al. [173] assigned the peak in non-resonant
fs-photoionization measurements of acetophenone to the benzoyl cation.

95



A. Appendix

Figure A.1.: ToF-MS of fenchone after photoionization with a fs laser at 400 nm in a
(2+1) REMPI schema with possible fragment ions.

Figure A.2.: ToF-MS of styrene oxide after photoionization with a fs laser at 400 nm
in a (2+1) REMPI schema with possible fragment ions.

Figure A.3.: ToF-MS of phenylacetaldehyde after photoionization with a fs laser at
370 nm in a (2+1) REMPI schema with possible fragment ions.

Figure A.4.: ToF-MS of acetophenone after photoionization with a fs laser at 370 nm
in a (2+1) REMPI schema with possible fragment ions.
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Figure A.5.: ToF-MS of propylene oxide after photoionization with a fs laser at 335 nm
in a (2+1) REMPI schema with possible fragment ions.

A.3. Chirality Detection in Incident Beam

The following PECD measurements stem from a rather accidental measurement.
The reservoir of the nozzle was refilled with (S)-(+)-fenchone after finishing ex-
periments with (R)-(−)-fenchone. When doing PECD measurements on incident
beam molecules no switch of chirality was found in immediate PECD analysis.
With longer opening times of the nozzle and repeated PECD measurements a
switch of enantiomeric excess can be seen in Fig. A.6.

Figure A.6.: MP-PECD measurements on incident beam fenchone at 400 nm. With
the nozzle not being cleaned properly between switching of enantiomers, a change of
the enantiomeric excess over time from the residual (R)-(−)-fenchone from the tip to
(S)-(+)-fenchone, which was refilled into the reservoir, can be seen in MP-PECD values.

This is definitely no controlled experiment and was not used to quantify the
enantiomeric excess. Still it is quite interesting to see the change in the MP-
PECD images and the potential for chirality characterization of the enantiomeric
excess.

97



A. Appendix

A.4. Additional PECD Measurements on propylene
oxide

(3+1) REMPI at 370 nm

A raw PAD after ionization with RCP 370 nm femtosecond laser is shown in
Fig. A.7b. The photoelectron ring with high kinetic energy is still visible with
a kinetic energy of 2.9 eV, but the zero kinetic energy spot is quite dominant.
The broadness of this spot might be due to a Coulomb explosion with negatively
charged electrons repelling each other. The resulting MP-PECD image is shown in
Fig. A.7a. In the raw PECD image the PECD effect is dominated by slight differ-
ences in the zero kinetic energy spot. After Abel inversion the outer photoelectron
ring becomes more visible, but the MP-PECD values change from −2.5% (inner
radius), to 3.4%, to −4.8% (outer radius). Although we found a good ionization
efficiency (see Fig. 8.2) at 370 nm, it can not be used for chirality detection.

(a) (R)-propylene oxide, 370 nm (b) PAD of (R)-propylene oxide,
370 nm

Figure A.7.: raw PAD (Fig. A.7b) with RCP light and PECD image with (3+1)
REMPI at 370 nm of (R)-propylene oxide with the raw PECD image in the bottom
half and the difference image after Abel inversion in the top half.

(2+1) REMPI at 325 and 315 nm

Analogous to the MP-PECD measurements shown in Chap. 8.4.1, we measured
MP-PECD images at 325 and 315 nm. In Fig. A.8, MP-PECD images of (R)-, and
(S)-propylene oxide in the incident molecular beam are shown. Samples are seeded
in helium for effective vibrational and rotational cooling and avoiding clustering.

In the raw PECD image at 315 nm in Fig. A.8a and A.8c an asymmetric back-
ground signal can be seen outside of the outer photoelectron rings, which couldn’t
be subtracted sufficiently. The difference image after Abel inversion shows the
effect with both enantiomers having same signed asymmetry and just the most
outer ring showing different PECD effects. The same can be seen for ionization at
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(a) (R)-propylene oxide, 315 nm, MP-
PECD: -5%

(b) (R)-propylene oxide, 325 nm, MP-
PECD: 9%

(c) (S)-propylene oxide, 315 nm, MP-
PECD: -8%

(d) (S)-propylene oxide, 325 nm, MP-
PECD: -8%

Figure A.8.: MP-PECD images of (R)-propylene oxide (top row) and (S)-propylene
oxide (bottom row) at 315 nm (a&c) and 325 nm (b&d). Lower half shows raw PECD
image, while upper half shows the difference image after Abel-inversion. Laser propa-
gation direction k is given from left to right.

325 nm, especially for the raw PECD image of Fig. A.8d. Calculating LPECD val-
ues after Abel inversion gives quite consistent values with 9.6% for (R)- and −7.0%
for (S)-propylene oxide at the outer photoelectron ring. The higher LPECD value
compared to ionization with 335 nm would have been better for scattering- or
TPD experiments, but with lower molecular densities in these experiments and
high background noise no usable MP-PECD images can be recorded.
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