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Abstract

Marko Hartelt,
Action Spectroscopy of Strongly Bound Clusters in the Gas Phase

The work presented in this thesis aims to provide experimental spectroscopic
data to determine the geometric structures of strongly bound gas-phase clusters as
function of their size and charge state. The development of spectroscopic methods
which allow the study of the infrared spectra of clusters while using less common
IR sources, infrared free electron lasers, was among the major objectives. Very
generally applicable methods are presented, which allow previously inaccessible
systems to be investigated. These new techniques are combined with more estab-
lished methods to obtain a deeper insight into the properties of a single system,
magnesium oxide clusters.

Tunable IR-UV two-color ionization allows the investigation of the IR spectra of
neutral clusters. It is used to study semiconductor and metal oxide clusters in the
mid and far-IR with the Free Electron Laser for Infrared eXperiments (FELIX) as
the IR light source.

For anionic (transition metal) clusters IR spectra are obtained using IR resonance
enhanced multiple photon electron detachment spectroscopy, a technique that re-
cently became possible with the availability of a more intense IR light source, the
Free Electron Laser for Intra-Cavity Experiments (FELICE). The experiments are
among the first utilizing this new laser. Instrument development and proof-of-
principle experiments are performed for metal carbide clusters, which are also
studied by anion photoelectron spectroscopy to provide useful information about
the energetics of the electron detachment process. The method is then applied for
the IR spectroscopy of the transition metal cluster anions of niobium.

Magnesium oxide clusters of different size, charge state, and stoichiometry are
studied by different IR spectroscopy methods. These cluster systems serve as mod-
els for a promising catalyst for the activation of methane. The structural differences
between differently charged gas-phase clusters and the bulk structure are investi-
gated, as well as the effects of the addition of oxygen and/or hydrogen to the clus-
ters. Furthermore, reactions of the clusters with different ligands, such as water,
methane, or carbon monoxide are examined.






Zusammenfassung

Marko Hartelt,
Action Spectroscopy of Strongly Bound Clusters in the Gas Phase

Ziel der Doktorarbeit ist es, spektroskopische Informationen iiber die Geometrie
von stark gebundenen Clustern in der Gasphase als Funktion ihrer Grofle und ih-
res Ladungszustandes experimentell zu ermitteln. Der Schwerpunkt liegt auf der
Entwicklung von Methoden zur Infrarot-Spektroskopie von Clustern unter Ver-
wendung von weniger iiblichen Lichtquellen, Infrarot Freie-Elektronen-Lasern.
Dabei werden Verfahren mit breiter Anwendbarkeit prasentiert, welche die Un-
tersuchung bisher unzugénglicher Systeme erlauben. Diese neuen Techniken wer-
den mit etablierteren Methoden kombiniert, um tiefere Einblicke in ein einzelnes
System (Magnesiumoxid) zu erlangen.

Mittels abstimmbarer IR-UV-Zwei-Farben-lonisation werden die IR-Spektren
von neutralen Clustern bestimmt. Halbleiter und Metalloxid Cluster werden mit
ihr im fernen und mittleren Infrarotbereich untersucht. Dabei kommt der Freie-
Elektronen-Laser fiir Infrarot-Experimente (FELIX) zum Einsatz.

Fiir anionische (Ubergangsmetall-) Cluster kénnen IR-Spektren mittels IR-
Resonanz-Verstarkter-Mehr-Photonen-Elektronenablosung aufgenommen wer-
den. Diese Technik wurde erst kiirzlich durch die Verfiigbarkeit einer inten-
siveren Infrarot Strahlungsquelle, dem Freie-Elektronen-Laser fiir Intra-Cavity-
Experimente (FELICE), ermdglicht. Die hier vorgestellten Experimente zidhlen zu
den ersten, die diesen neuen Laser verwenden. Die Instrumentenentwicklung und
der Nachweis des Funktionsprinzips der Messmethode erfolgen durch Messun-
gen an Metallkarbiden. Diese wurden zusitzlich mit Anionen-Photoelektronen-
Spektroskopie untersucht, welche niitzliche Informationen tiber die Energetik des
Elektronenausloseprozesses liefert. Die Methode wird anschliefSend dazu genutzt,
IR-Spektren von Ubergangsmetall-Clustern aus Niob zu gewinnen.

Magnesiumoxid-Cluster mit unterschiedlicher Grofie, Ladungszustand oder
Stoichiometrie werden mittels verschiedenster IR Spektroskopiemethoden unter-
sucht. Diese Cluster dienen als Modellsysteme fiir einen der vielversprechendsten
Katalysatoren fiir die Aktivierung von Methan. Die strukturellen Unterschiede
zwischen verschieden geladenen Gasphasen-Clustern und der Festkorperstruktur,
sowie der Einfluss von zusitzlichem Sauerstoff und /oder Wasserstoff, werden er-
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forscht. Zusatzlich wird die Reaktivitdt der Cluster mit verschiedenen Liganden,
wie Wasser, Methan und Kohlenstoffmonoxid analysiert.
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1. Introduction

Nano-sized particles, clusters, composed out of only a few atoms are a unique
state of matter whose characteristics differ from those of the atoms or the bulk [1].
Their properties can vary dramatically with cluster size. Many catalysts make use
of the special properties of these particles, although these are often not completely
understood.

In heterogeneous catalysis often disperse metal particles are used that are dis-
tributed on an inert support material [2]. The activity (and selectivity) is governed
by the metal particles and their interaction with the support. Due to the complex-
ity of real catalysts, model systems are used in surface science [3], which capture
only some of the complexity of the real catalyst. Different approaches can be fol-
lowed, for instance, metal particle of controlled size can be deposited or grown on
a (perfect) metal oxide support. The thickness of the support can then be varied
to induce a charge transfer from the underlying metal support on which the metal
oxide was grown, which thereby allows the electronic structure of the particle to
be changed. A crucial step for understanding the catalytic activity is the determi-
nation of the (surface) structure, which is sometimes difficult to access via surface
science approaches [3].

Here gas-phase studies can come into play. The geometric and electronic struc-
ture, as well as the reactivity of clusters of a given size and charge state are exper-
imentally accessible and can be used to benchmark theoretical predictions. These
results can then be correlated with more complex systems. Mass spectrometric
detection schemes can be employed to selectively investigate clusters with a well-
defined number of atoms.

The prototype system illustrating best the interaction between surface and gas-
phase cluster science is the CO oxidation reaction observed for gold nano-particles
deposited on a metal oxide support. Haruta ef al. were the first who realized
that compared to bulk gold, nano-particles are not noble [4, 5] and initiated many
different studies [6-14]. Although deposited on a support, the nano-particles are
not necessarily neutral, as charge transfer processes from the support or by co-
deposition of other clusters can occur [15-18]. In the gas phase, the properties of
neutral clusters and those of the (usually singly charged) cationic and anionic ones
can be separately studied, and therefore be compared.

Structures of singly charged cationic and anionic gold clusters have been stud-
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ied, for instance, by ion mobility [19, 20] and electron diffraction in an ion trap
[21-23]. For neutral clusters, vibrational spectra have been measured via IR mul-
tiple photon dissociation spectroscopy [24]. All these methods are connected with
quantum chemical calculations to assign cluster structures.

Other studies investigated the reactivity of free Au clusters with CO and O, and
showed that anionic clusters are particular reactive [25-28]. These studies even
allow to access reactive intermediates [27, 28], which provides information to test
the potential energy landscape of a reaction path obtained from theory. The results
in the gas phase correlate well with the surface results, supporting the common
assumption that the reactive gold particles are negatively charged [10, 29, 30].

Gas-phase studies do not necessarily only focus on the species directly responsi-
ble for the reactivity. The support material is also investigated. Depending on the
stoichiometry (i.e. the oxygen to metal ratio for a metal oxide) and cluster size, it
is possible to prepare clusters representing the pristine or defective surface. This
is important as defect centers can interact with the nano-particles but can also be
reactive on their own. The cluster sizes required to structurally model a perfect
surface can be relatively small, as has been shown for vanadium oxide [31].

Often, gas-phase cluster and surface science approaches are combined to pre-
pare nano-particles of a given size and deposit them later on the surface [10, 15,
17, 18, 32, 33]. This dramatically improves the knowledge on the model system.
However, agglomeration of the clusters is a potential problem, when high densities
are used. In the gas phase the clusters are isolated. By using clusters as models of
the support and for the metal nano-particle, the surface cluster interaction could,
in principle, be studied.

However, the exceptional degree of control of size and charge state achievable
for gas-phase clusters comes at a cost, as many ‘standard” spectroscopy methods
cannot be applied. Most systems of interest can only be made in low quantities,
and then not selectively. Instead, broad distributions in cluster size and charge
states are produced. Only systems that can be selectively made in high quantities
can be studied by direct absorption spectroscopy. Improvements in the sensitivity
have been achieved, for instance, by increasing the interaction length, as done in
cavity ring down spectroscopy [34], but most methods use mass spectrometry to
size select a certain cluster ion.

Most spectroscopic experiments on clusters have to monitor the response of
the system to pumping by light, an approach often referred to as ‘action spec-
troscopy’. This approach is applied in all wavelength regions from the infrared
to the visible and ultraviolet to the x-ray regime, and allows spectroscopic infor-
mation about the geometric and electronic structure of the cluster to be obtained.
Optical spectroscopy, i.e. UV/VIS [35-37], (anion) photoelectron [38—41], or reso-



nance enhanced multiple photon ionization spectroscopy [42] probes the cluster
molecular orbital structure. More recently, x-ray absorption spectroscopy has been
developed, which can give selectively information on the electronic structure of
certain elements in the cluster via inner-shell excitation [43—47]. Such experiments
can also be used to measure the spin and orbital magnetic moments of a cluster via
magnetic dichroism spectroscopy [48, 49]. Common to all these techniques is the
detection of the absorption via monitoring fragmentation or ionization (using the
formed ions or electrons) of the cluster. Such changes of the charge or mass state
can be very sensitively detected using mass spectrometry.

IR spectroscopy is particularly well suited to reveal the geometric structure of
clusters and their complexes. Different binding motifs lead to absorptions in dif-
ferent regions of the spectrum which can therefore be seen as a fingerprint of the
cluster structure. However, in the IR spectral range the photon energy is small, and
the absorption of a single photon is often not sufficient to drive a fragmentation or
ionization of the cluster. A sufficiently intense light source capable to drive the
absorption of multiple IR photons on a vibrational transition, which can cause dis-
sociation (fragmentation) or thermionic electron emission (ionization) is the CO,
laser, but it allows only spectroscopy in a narrow range around 10 ym, which only
allows certain cluster complexes to be studied [50]. Through the application of
IR free electron lasers to spectroscopy an intense and widely tunable light source,
covering also the far-IR, became available. A range of vibrational spectroscopy
methods has been developed, including IR resonance enhanced multiple photon
ionization, but in particular multiple photon dissociation spectroscopy [51-53],
which is the most general of all methods. For the latter, dissociation of the bare
cluster, or a more loosely bound messenger complex, is used [54].

Clusters made out of many different substances have been investigated by these
methods, such as fullerenes [51], semiconductors [55], transition metals [56], and
metal oxides and carbides [52]. These methods are also applicable to systems with
an even further increased complexity, such as biomolecules and proteins.

Despite the success of vibrational spectroscopy using IR free electron lasers and
multiple photon dissociation spectroscopy, in particular, there are limits. Strongly
bound systems, with binding energies of a few eV per atom can often only be stud-
ied using messenger tagging. Complex formation, however, can be difficult, cause
perturbations of the system, or change the isomer energetic ordering. Methods re-
lying on a different principle to obtain the vibrational spectra are therefore highly
desirable.

Two such methods will be presented in the following, both relying on a change
of the charge state instead of fragmentation of the cluster. In the first method,
a tunable infrared-ultraviolet two-color ionization method is applied to neutral
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clusters. The second method is applicable to (transition metal) cluster anions, for
which an IR spectroscopy method was missing. This method, IR resonance en-
hanced multiple photon electron detachment, requires particulary high IR fluence,
which only recently became available with the development of the first intra cavity
free electron laser.

Besides the development of new methods, the application of the different avail-
able methods to investigate various aspects of a single system forms a complemen-
tary scientific approach. Quantum chemistry is nowadays able to predict many
cluster properties, however, there is often the lack of knowledge, which method is
particularly suited for a certain system. The computational cost in treating many-
electron systems, such as transition metal clusters, correctly, are still so high, that
significant approximations have to be used. Standard density functional theory
allows electronic ground state properties to be determined, which is the reason
why its predictions are compared with measured vibrational spectra, and often
decent agreement is found. Description of the electronic spectra and multiple ex-
cited states is much more demanding. Such calculations profit, however, from
knowing the geometric structure as this allows one property to be constrained.
The combination of two methods, such as anion photoelectron spectroscopy and
IR resonance enhanced multiple photon electron detachment, that probe electronic
and geometric structure separately, will be shown in the following.

The work presented in this thesis is part of the cluster of excellence “Unifying
Concepts in Catalysis’ (UniCat) coordinated by the TU Berlin. Within this project a
potentially industrially important catalyst for methane activation, (lithium doped)
magnesium oxide, was chosen and was tackled by a variety of methods. These
range from fundamental investigations on surface and gas-phase model systems
trying to reveal an understanding for the reaction mechanism, which may allow
the yield and selectivity to be improved, to methods investigating and improving
the reaction process in the real (industrial) reactor. In the following work, a variety
of different model systems for the active catalyst, and species (presumably) impor-
tant in the catalytic cycle are studied by several vibrational spectroscopy methods.

1.1. Outline of the thesis

This work focusses on the vibrational spectroscopy of strongly bound clusters in
the gas phase. A number of different systems has been investigated including bare
metal clusters, carbides, and oxides. A key aspect of the investigations has been the
development of unique experimental methods that allow to obtain mass-selective
vibrational spectra of clusters in different charge states.

Chapter 2 gives a brief introduction into IR spectroscopy and methods avail-
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able to obtain the vibrational fingerprints of gas-phase clusters. The basics of the
excitation mechanism are described. All these experiments have been performed
using an IR free electron laser. Its basic operation principle is explained. Several
different experimental setups have been used throughout this work, and two of
them are exemplified in more detail. For anionic metal clusters anion photoelec-
tron spectroscopy has also been used, which is also outlined.

In chapter 3, tunable IR UV two-color ionization spectroscopy will be introduced
and compared to IR multiple photon dissociation spectroscopy. Both methods are
applied to neutral silicon clusters in order to obtain vibrational spectra of clusters
in a broader size range. By comparison with theory the detailed cluster structures
will be assigned that show the appearance of different structural motifs. A simple
modeling of the absorption mechanism used in tunable IR-UV two-color ioniza-
tion will be discussed.

The next chapter, chapter 4, deals with magnesium oxide. Clusters of different
size, charge state, and stoichiometry are investigated, using a wide repertoire of IR
spectroscopy methods. Large differences between the clusters and the bulk struc-
ture will be demonstrated. Fascinating structures, such as nanotubes for neutral
(MgO),, clusters, are for the first time unambiguously confirmed experimentally.
Species presumably important in the activation of methane using MgO are also
studied. It will be shown that clusters of the stoichiometry Mg, O,,;1 contain acti-
vated dioxygen species, and the type of species can be easily tuned by the charge
state of the cluster, which mimics a charge transfer from a metal substrate for thin
surface layers of MgO. Complexes with different ligands, such as water, carbon
monoxide, and methane are also investigated.

A new IR spectroscopy method for (transition metal) cluster anions is presented
in chapter 5. These studies are among the first experiments using an intra cavity
IR free electron laser. Only this unique light source provides a sufficient IR fluence
in the far-IR to allow for IR resonance enhanced multiple photon electron detach-
ment spectroscopy (IR-REMPED) on such weakly absorbing species as transition
metal clusters. The integration of the experimental setup into the FEL cavity is
discussed in this chapter and the realization of IR-REMPED is described. First of
all, the feasibility of the method is proven using tantalum carbide clusters. Results
obtained with this method are then used for comparison with photoelectron spec-
tra measured for the same systems. These show the prospects achievable when
combining both methods, but also provide further information about the system,
helping to test the limits of IR-REMPED. In a second step, the sensitivity of the
method is increased to allow for spectroscopy of bare metal clusters, which finally
results in the first IR spectra for niobium cluster anions. From these results it can
be concluded that IR resonance enhanced multiple photon electron detachment
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has the potential of becoming a widely applicable method.



2. Experimental methods

The following chapter gives a general overview of the different experimental
methods and setups used in this thesis to probe the electronic and geometric struc-
tures of clusters in their various charge states.

The electronic structure of a neutral cluster in the geometric structure of the
anion can be studied by anion photoelectron spectroscopy (PES). This is a widely
used spectroscopic technique as it relies on laser sources more readily available
in the laboratory. We use it here for obtaining complementary information to the
vibrational spectra that are discussed in the major part of this thesis. Section 2.1
describes the general principle, and velocity map imaging PES in particular.

Most of the experiments investigated the vibrational spectra and therefore the
geometry of cationic, neutral, and anionic clusters. These vibrations are found in
the infrared (IR) region. The theoretical background of IR spectroscopy is very
briefly discussed in section 2.2. Several methods are available to study IR spectra
of gas-phase clusters. The most established method, IR multiple photon dissoci-
ation spectroscopy, which will also be extensively used in this thesis, will be ex-
plained in more detail (section 2.2.1). Two further methods have been developed to
investigate clusters, IR-UV two-color ionization and IR resonance enhanced mul-
tiple photon electron detachment. They are explained in detail in chapters 3 and
5, respectively. All these methods require the absorption of multiple IR photons.
The current picture of the absorption mechanism is explained in section 2.3. These
experiments require an especially intense and tunable IR light source, e.g., a free
electron laser (FEL). The basic principle of a FEL and the specifications of the (nor-
mal) IR-FELs used in the experiments will be explained in section 2.3.

The chapter closes with section 2.4, which gives a description of two of the exper-
imental setups. A third setup, which has been used in the experiments on anionic
metal clusters, will be described in connection with the intra-cavity FEL FELICE,
in section 5.1.

2.1. Photoelectron spectroscopy

The electronic structure of neutral clusters and molecules can be studied by anion
photoelectron spectroscopy (PES) [40, 41, 57]. This method, which is a variant
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Figure 2.1.: Basic principle of anion photoelectron spectroscopy for a diatomic
molecule. From the electronic ground state of the anion, M,;, the sys-
tem is excited by one-photon absorption. When the photon energy is
above the EA of the system the electron can be detached, leaving be-
hind the neutral species. Depending on the final state, which can be the
ground or an excited state, M,, and M, respectively, the kinetic energy
of the photoelectron is different. All excess energy is taken away by the
electron, which is then being measured in photoelectron spectroscopy.
Within a single electronic state the molecule can also be vibrationally
excited, which can, in principle, also be resolved.

of photoelectron spectroscopy that is applied to neutral species, benefits from the
possibility of mass selection provided by starting with ions.

By irradiating a mass selected negatively charged cluster or molecule with
monochromatic light with a photon energy, hv, above the electron binding energy
a photoelectron can be detached. In anions this energy corresponds to the electron
affinity (EA). The kinetic energy and angular distribution of the photoelectrons can
then be measured.

_h _
M, = My + e (Egin) 2.1)
From the e~ kinetic energy spectrum the electronic energy level structure of the
ground and excited states of the neutral can be derived. Figure 2.1 shows an ex-
ample for a simple diatomic molecule with two accessible electronic states M,, and
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M;;. As the detachment process is fast compared to structural rearrangements it is
often stated that PES probes the electronic structure of the neutral in the geometric
structure of the anion. Because of the low EA of the anion it is usually assumed that
only a single electronic state, M, , is involved. The electron binding energy, Ep;y4,
can be determined from the kinetic energy of the electron, Ej;,, and the excitation
or detachment energy, which is equivalent to hv, by

Eyin = hv — Epjng. (2.2)

In molecules, in addition to different electronic states, different vibrational states
may also be involved. In favorable cases, these can also be resolved with anion
PES. Resolution of vibrational structure is highly dependent on the kinetic energy
resolution of the detection method.

Several different methods have been developed, for instance, hemispherical en-
ergy [58], or field-free [59] and magnetic bottle time-of-flight analyzers [60, 61].
The energy resolution that can be obtained with such methods is typically limited
to 5-10 meV [41].

A better resolution can be achieved by using narrow-band tunable lasers, and
anion zero electron kinetic energy (ZEKE) spectroscopy [62]. Here, only electrons
with nearly zero kinetic energy are detected, which means that only a single tran-
sition can be probed at a time.

A big impact on the field of anion PES (and also photoion imaging) has been
caused by the development of velocity map imaging (VMI) [63]. The 3-D velocity
distribution of the photoelectrons produced by photodetachment is projected onto
a 2-D detector (usually) consisting of a multichannel plate, a phosphor screen and
a camera. The detachment is made in the constant electric field of a velocity map
imaging lens, which has the property of projecting all of the electrons or ions with
the same velocity onto the same point on the detector regardless of their initial
positions. With other detection methods the angular distribution of the photoelec-
trons can only be deduced by moving the detector with respect to the polarization
direction of the detachment laser, in VMI the distribution is directly mapped onto
the 2-D detector.

The energy resolution that can be achieved in VMI is typically 2-5 % of the elec-
tron kinetic energy[41], but can be significantly improved [64]. The absolute en-
ergy resolution is not limited in VMI, in contrast to other detection methods, and
can be made very high by limiting the detection to slow electrons, which can be
made by selecting a wavelength just above the detachment threshold. This is the
basic principle of slow electron velocity-map imaging, in which many high reso-
lution spectra, each for a restricted narrow energy range, are pieced together [41].

Because of the projection of the 3-D velocity distribution onto a 2-D detector



10 Chapter 2. Experimental methods

the original distributions need to be reconstructed from the images to obtain all
of the information. Several reconstruction methods have been developed which
either use an inversion, such as Abel, Hankel, Polar-Onion-Peeling, BASEX, etc.,
or a forward convolution method, which are more commonly used in photoion
experiments [65]. All these methods yield the velocity and angular distributions.
The observed velocities are proportional to the radius, r, of the rings observed in
VMI, and can be related to the kinetic energy by

kr? = Ey, (2.3)

in which k depends on the kinetic energy to which the electrons are accelerated by
the VMI lens in the direction to the detector and the length of the field free drift
zone.

The intensities observed in the kinetic energy spectra depend on the photode-
tachment cross section, ¢, and the Frank-Condon overlap between the vibrational
states of the anion and neutral. The angular distribution, on the other hand, reflects
the symmetry of the initial and final state of the photodetachment. For single-
photon absorption and a randomly oriented ensemble of anions the photoelectron
angular distribution (given by the intensity I and the angle 6 between laser polar-
ization axis and detection axis) is described by

o

1(0) i

(14 BPx(cosb)) (24)
with B being the anisotropy parameter and P, the Legendre polynomial of sec-
ond order [41]. The B parameters can be obtained from the Cooper-Zare formula
[66], but are difficult to predict from first principle calculations for more complex
systems [41].

2.2. IR spectroscopy

In this section we aim to give a short description of the theory of molecular vi-
brations and vibrational spectroscopy. The energetic and dynamical properties of
molecules are described by the solutions of the Schrodinger equation [67-69]. For
polyatomic molecules containing more than two electrons an analytic solution of
this equation is missing. Therefore, approximations have to be used. For most
systems of interest the Hamilton operator, F, describing the energy of the system,
does not depend on time, which simplifies the problem to the time-independent
Schrodinger equation.

H(R,7)¥(R,7) = Ep(R,7) (2.5)
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The wave function, ¢, depends only on the nuclear, R, and electronic coordinates,
r. A further simplification can be achieved with the Born-Oppenheimer approx-
imation, which assumes that due to the large mass difference between electrons
and nuclei the electrons instantaneously adjust to changes in the nuclear positions
and therefore electrons and nuclei can be treated separately. The solutions of the
electronic Schrodinger equation still depend parametrically on the nuclear coordi-
nates and define the potential energy surface.

Molecular vibrations are described by the nuclear Schrédinger equation

Hn(R)an (R) = Eny (R) (2.6)

For a diatomic molecule the Hamiltonian has the simplest form when the nuclei
move in a parabolic potential around their equilibrium positions R, (defined by
the displacement from equilibrium g)

A

A,(R)=T,+V, = %qu + %qu. (2.7)

The solution of the Schrodinger equation is then that of a harmonic oscillator with
eigenenergies E, = iw(v + 3) and frequencies w = /k/y defined by the reduced
mass y = mymy/(my + my) of the two nuclei (with masses m; and my) and the
vibrational force constant, k. The harmonic approximation is only good at small
displacements around the equilibrium, as anharmonicities and a dissociation are
not included in this model. A often more suitable approximation is the Morse
potential [70] which depends on the dissociation energy of the molecule, D,, and
is given by
2
Vu(R) = D, [1 - e*ﬂ(R*Rﬂ . (2.8)

In contrast to the harmonic oscillator, a decrease of the level spacing with increas-
ing quantum number, v, is observed, which better reproduces experimental re-
sults. The eigenvalues depend on the vibrational constants w, and w, ). and can

1 1)\?
E, = w, v+§ — WeXe v+§ . (2.9)

Molecules containing more than two atoms do not have only a single vibrational
mode, but 3N — 5 for a linear and 3N — 6 for a general molecule (with N being the
number of atoms). At the equilibrium position of the nuclei the potential of the

be written as

vibrating molecule can be expanded in a Taylor series. For small displacements
the series can be truncated after the quadratic term and the potential becomes
again that of a harmonic oscillator. However, the vibrations of the nuclei couple,
which results in a set of coupled differential equations. By an appropriate coor-
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dinate transformation into normal coordinates, Qy, it is possible to uncouple the
equations again. The Hamilton operator becomes the sum of 3N — 6 independent
harmonic oscillators. The wavefunction is the product of the harmonic oscillator
wavefunctions. In the system of normal coordinates all nuclei vibrate with the
same frequency and the same or opposite phase [67]. An arbitrary vibration can
be composed as a linear combination of normal modes [69] with total energy

E=) hw; (vi + ;) ) (2.10)

Transitions between two different vibrational levels |i) and |j) within the same
electronic state for which the transition dipole matrix element is non-zero charac-
terizes the IR spectrum of the molecule. For a vibrating molecule in addition to the
permanent dipole moment, py, a correction for the change of the dipole moment
induced by the displacements of the nuclear coordinates needs to be added.

3N—-6 aPN
pN(Q) =pn(0)+ ) <8Qn> (211)

The dipole matrix element (M), simplifies in that case to

3N 6
(Mik) i = (ggi) / VPP Qup AT, . (212)

Only vibrational transitions for which the dipole moment changes with the vibra-
tional displacements of the nuclei for a normal vibration are allowed, and called
IR active. A permanent dipole moment is not required.

Transitions from the ground to the first excited state of the same normal mode
ladder are called fundamental transitions, whereas transitions to higher levels are
overtone transitions. Transitions that excite simultaneously several vibrational
modes and therefore involve the vibrational ladders of more than a single normal
mode are called combination modes [67].

2.2.1. IR spectroscopy methods for low-density gas-phase species

IR spectra are commonly measured directly via absorption spectroscopy. The in-
tensity of incoming light of intensity Iy decreases due to absorptions when going
through a sample of concentration ¢, sample path length I, and molecular absorp-
tion coefficient . The Lambert-Beer law [69] describes the change in intensity, I,
that is observed.

I = Ipe=*! (2.13)
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The application of such a technique to molecular beams is usually not possible
as the achievable densities are too low. The change in intensity is too small to be
detectable, and only by a dramatically enhanced path length, e.g. in cavity ring-
down spectroscopy [34], do direct absorption measurements become feasible. The
cluster sources commonly used usually produce broad distributions rather than
a single species. The measurement of cluster size specific spectra in a molecular
beam is therefore not possible. In the gas phase, both problems can be overcome
by employing mass spectrometric detection schemes. Instead of using the changes
of the light by the sample, the problem is inverted, and the changes of the sample
induced by the light are used for detection.

Mass spectrometric detection schemes are able to separate molecules and clus-
ters by their mass to charge ratio. The absorption of light by a cluster can therefore
be easily detected when it changes its mass or charge state.

The change of the charge state typically corresponds to the removal of a sin-
gle electron. The electron binding energies of a neutral or anionic species are the
ionization energy (IE) or electron affinity (EA), respectively. This is the minimum
energy, to which the cluster needs to be excited for electron detachment. For a
change of the mass, the bond dissociation energy (BDE) must be overcome.

Here, we focus on clusters which are strongly bound, and that have typically
total binding energies of a few eV per atom. The EA and IE of the systems are
also in the same range. The spectral range of the fundamental vibrations of these
systems is usually in the far- and mid-IR (50-2000 cm~!) where the photon en-
ergy (6-250 meV) is much lower than the BDEs, IEs, and EAs. A single photon is
therefore not able to drive any dissociation or ionization reaction.

During the last decades, several vibrational spectroscopic methods have been
developed which either lower the energy that is required to be contributed by the
IR photons or use very intense light sources in order to allow for multiple photon
absorption.

In Figure 2.2 an overview of the different available methods is shown, along
with the new methods described later.

Depending on the charge state of the system different schemes are conceivable.
For neutral clusters and molecules, in particular, several methods exist. Among
the oldest is ion-dip spectroscopy [71]. Internally cold molecules are resonantly
ionized from the ground state by (a) UV laser(s) tuned to an electronic transition
frequency to produce a constant ion signal typically via two-photon ionization. An
additional IR laser is used, which when it is in resonance with a vibrational mode
of the molecule, leads to a depopulation of the ground state. For these excited
states the UV laser is no longer in resonance and a drop in the ion intensity is
observed. Most other methods do not rely on the knowledge of the electronic
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Figure 2.2.: IR action spectroscopy methods used to obtain vibrational spectra of
cationic, neutral and anionic molecules and clusters.

structure of the system.

The first IR spectroscopic measurement of a neutral molecule using a free elec-
tron laser as the IR light source has been obtained for para amino benzoic acid
(PABA) by IR/VUYV double resonance spectroscopy [72]. The VUV photon energy
was chosen to be 1000 cm~! below the IE of the system. The resonant absorption
of a 1000 cm~! IR photon a few s before the VUV laser pulse increases the inter-
nal energy of the system. The energy of the photon is randomized in this system
by fast internal vibrational distribution and ionization from the vibrationally ex-
cited states becomes possible. This can be used to record an IR spectrum. In these
experiments only low IR fluences were employed, however, indications for the ab-
sorption of more than a single IR photon were found. This is a major requirement if
one wishes to use this method at lower IR photon energy. In chapter 3 it is shown
that such an approach can be used to record vibrational spectra for clusters in a
molecular beam in the far-IR region. As the amount of absorbed IR photons can
strongly vary with IR photon energy we use a more general name for the method
indicating only the properties of the employed lasers — tunable IR-UV two-color
ionization.

The absorption of multiple IR photons is also characteristic for all other methods
depicted in Fig. 2.2. Instead of using an additional (UV) laser for ionization it is,
under certain circumstances, also possible that the system absorbs enough IR pho-
tons that it undergoes thermionic electron emission and ionization. This method,
called IR resonance enhanced multiple photon ionization (IR-REMPI), has been
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used to record spectra of fullerenes, metal carbides and oxides [51, 52, 73]. A sim-
ilar approach would also work for anionic clusters, except that instead of the IE
the EA, which is usually lower, needs to be overcome. Such an approach - IR reso-
nance enhanced multiple photon electron detachment (IR-REMPED) - is presented
for very weakly absorbing metal cluster anions in a molecular beam in chapter 5.

The most generally applicable method is IR multiple photon dissociation spec-
troscopy. It can be applied to cations, neutrals, and (with restrictions) to anions.
Because of its general importance and as it is used for many of the current experi-
ments it is explained in detail below.

IR multiple photon dissociation spectroscopy. Photodissociation studies in the
visible and ultraviolet range [35-37, 74] have provided a wealth of information on
the electronic structure of clusters. As long as only one-photon absorption pro-
cesses are concerned, this method is limited by the height of the barrier for cluster
dissociation (the BDE) with respect to the photon energy. By using several photons
(eqn. 2.14) of the same (or different) color the accessible energy range can be sig-
nificantly increased. For a few systems, such as for metal oxides clusters [31, 75],
this allows spectra to be obtained even in the mid-IR, probing the geometric rather
than the electronic structure.

For more strongly bound systems, such as transition metal and semiconductor
clusters, which have lower IR absorption cross sections, and therefore do not read-
ily absorb a sufficient number of photons, the amount of energy required can be
significantly reduced by using weakly bound spectator ligands [54] which are va-
porized from the cluster upon excitation (see eqn. 2.15).

The sensitivity of this method becomes particularly high when using physi-
sorbed messengers, e.g. N or rare gas atoms, that have low binding energies
towards the cluster, which can lower the BDE below the photon energy. As the
binding energies of such complexes are often very small, low temperatures are re-
quired for complex formation. UV, optical and near infrared absorption spectra
of neutral and charged transition metal [74, 76-81] and silicon clusters [82] have
been measured via the dissociation of such weakly bound complexes. More re-
cently, far-IR spectra of such clusters have been measured, by using the intense
radiation from a free electron laser [24, 56, 83]. Here, the photon energy becomes
again smaller than the typical binding energies and multiple photon absorption is
necessary.

M, MM M (2.14)

M, - X 2 v, 4+ X (2.15)
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The basic assumption behind the application of the messenger atom technique
is that the cluster acts as chromophore while the weakly bound atomic or molec-
ular ligand acts only as a messenger and does not perturb the structure and IR
spectrum of the cluster. For highly polarizable messengers this assumption does
not necessarily hold. The polarizability of the rare gas atoms as well as of molec-
ular oxygen is given in Table 2.1. The messenger can dramatically influence the
IR absorption cross section [24, 84], or can distort the structure compared to that
of the bare cluster [74]. As the binding strength between the messenger and the
cluster can vary significantly for different isomers the relative energy ordering of
the isomers can also be altered [84].

The advantage of IR-MPD is its wide range of application. It is not limited to a
specific charge state as ionization methods are, and spectra of cationic, anionic and
neutral clusters can be measured, provided that a complex can be formed.

Table 2.1.: Static electric dipole polarizabilities for ground state rare-gas atoms and
dioxygen derived from measured dielectric constants [85].

Atom Polarizability

10~24em?
He 0.205
Ne 0.394
Ar 1.641
Kr 2.484
Xe 4.044
O, 1.581

2.2.2. Multiple photon absorption and internal vibrational
redistribution

Many of the IR spectroscopic methods described rely on the absorption of a few
up to several tens or even hundreds of IR photons. Because of the anharmonicity
of the vibrational energy ladders, absorption of many monochromatic photons is
not possible by a completely coherent process [52, 86, 90]. This effect, known as
the anharmonicity bottleneck, is circumvented by a mechanism that assumes a
stepwise process. It consists out of three different regimes, which depend on the
internal energy of the species, and are illustrated for SFe in Fig. 2.3(a): (I) the
resonant, (II) the quasi-continuum, and the (III) dissociation or ionization region.
In the resonant region the molecule climbs up the discrete states of a vibrational
ladder via coherent multiphoton excitation. The increasing vibrational excitation
leads to a dramatic rise in the density of states. The bright states used for the ab-
sorption of the IR light couple via anharmonic coupling to the bath of dark back-
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Figure 2.3.: (a) Schematic energy level-diagram for the multiphoton dissociation
of SF¢. The figure is adapted from Ref. [86] b) Vibrational density of
states for the neutral anthracene molecule and the Nb,, cluster. The
density of states have been calculated using the Beyer-Swinehart al-
gorithm [87] using the calculated harmonic frequencies of anthracene
from Ref. [88] and our own calculations for Nb;, (see chapter 5). Char-
acteristic times for IVR in anthracene are taken from Ref. [89].

ground states and the energy is distributed. This process is know as internal vi-
brational redistribution (IVR). For large molecules and higher internal energies the
large density of states leads to very fast IVR which removes population from the
excited states and allows the molecule to absorb the next photon. The short life-
time of the vibrational states results in a broadening of the absorption lines. The
molecule goes over to the second region, the quasi-continuum. Here, IR photons
in zones near the original fundamental transitions are absorbed semi-resonantly
[91].

Only at very high internal energies the third region, the true continuum region,
is reached. Photons of any wavelength can be absorbed. Strong (anharmonic) cou-
pling between the many vibrational states results in very fast IVR, which becomes
much faster than the absorption rate. The vibrational energy is at any time sta-
tistically distributed over the vibrational degrees of freedom and the excitation is
described by statistical approaches. Rate equations can be used to describe the
dissociation or ionization of the molecule.

In many IR spectroscopy experiments the absorption of a single photon is suf-
ficient to bring the molecule into the quasi-continuum. There, the IVR rates are
sufficiently fast to allow the multiple photon absorption process. When going to
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the low frequency modes this becomes questionable, as the IVR rates can become
very slow. These have been measured, for example for anthracene [89], and are
shown in Fig. 2.3(b) along with the vibrational density of states as function of in-
ternal energy. For transition metal clusters, which have their vibrations at very low
energies, the density of states usually rises already at lower energies. However, be-
cause of the low photon energy, several IR photons may be required to bring the
molecule into the quasi-continuum. The IVR rates can be even slower than for an-
thracene as these depend not only on the vibrational density of states, but also on
the cross anharmonicities [89]. Long interaction times with the IR radiation may
therefore be required.

2.3. IR free electron lasers - The FELIX facility

Several different types of Free Electron Lasers (FELs) exist nowadays covering the
microwave to X-ray range [93, 94]. The basic principle for all these FELs is the
same, however, depending on the wavelength range certain differences exist. Nu-
merous textbooks [95, 96] and reviews [97, 98] have been devoted to the physics
of FELs. Here, only a very brief description of the IR-FELs, and their operation
conditions, that are used for the experiments presented in this thesis, are given.

Common for all FELs is that its radiation results from the interaction of an optical
wave with a relativistic electron beam passing through a periodic magnetic field.
The relativistic electron beam serves as the gain medium and is injected into an
assembly of alternating permanent magnets with period length A, the undulator
(see Fig. 2.4(a)). There they are transversely accelerated and emit synchrotron
radiation given by the FEL resonance-condition shown in Fig. 2.4(a) at the resonant
wavelength, Ar (and its harmonics) [96].

The wavelength of the radiation emitted by the electrons corresponds to the
period of the magnetic field experienced by the electrons in their rest frame. This
period is shortened by the Lorentz factor, -, and usually falls into the mm to cm
range. Relativistic Doppler shift leads to a strong shortening of the wavelength
(and emission into forward direction), which shifts the radiation into the IR range
[95]. The wiggling motion due to the magnetic field lowers the velocity along
the undulator axis. This reduces the Lorentz factor by a factor of (1 + Kz), with
K being the undulator parameter, which is directly proportional to the magnetic
field strength on the electron beam axis.

The spontaneous emission is usually very weak and incoherent. Therefore, for
IR-FELs, the undulator is installed in an optical resonator consisting of two highly
reflective (gold) mirrors. The length of the resonator is adapted to the recurrences
of the electron bunches. This allows the interaction between optical wave and
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electron bunch to take place on every passage. Both can interchange energy, which
can lead to a modulation of the electron density at the wavelength of the light (mi-
crobunching), which phases the emission and restores coherence. The intensity of
the optical wave stored inside the resonator increases non-linearly until saturation
sets in. This coherent emission is usually 10°~10® times higher than the sponta-
neous emission.

The experiments described in this thesis have been performed at the FELIX facil-
ity at the FOM Institute for Plasma Physics Rijnhuizen, Nieuwegein, The Nether-
lands. This facility houses three different IR-FELs (or beamlines). All three FELs
share major parts of their electron beamline (see Figure 2.4(b)). An injector, com-
posed out of a thermionic triode gun, a prebuncher and a buncher, produce a <10
us long electron macropulse with a beam energy of 3.8 MeV at a maximum repeti-
tion rate of 20 Hz.

Two normal conducting (room-temperature) radio frequency accelerators
(LINAC-1 and LINAC-2) can be used to reach electron beam energies up to 25
or 45 MeV, for LINAC-1 and LINAC-2, respectively. Behind each accelerator the
electron beam can be deflected into one of the undulators, each surrounded by an
optical resonator, forming FEL-1 and FEL-2. From the FEL resonance-condition
it becomes apparent that the emitted wavelength depends on the electron beam
energy (included in 7), the undulator period, and the undulator parameter. The
undulators of both FELs have the same A, and K parameter, only the available
beam energy is different, which allows to reach different wavelengths.

Table 2.2.: Characteristics of the FELIX beamlines FEL-1 and FEL-2.

Wavenumber range 40-2500 cm !
Energy per macropulse <150 m]J
Macropulse length 4-6 us
Macropulse repetition rate 5,10, or 20 Hz
Energy per micropulse 1-50 pJ
Relative spectral bandwidth 0.2-1 % FWHM

The electron macropulse consists out of a pulse-train of 0.3 to several picosec-
ond long micropulses with a spacing of 1 ns (compare inset in Fig. 2.4(a)). The
optical pulse mimics the structure of the electron pulse, but its duration is shorter.
The bandwidth is Fourier transform limited and is for the experiments usually
0.2-1 % FWHM. To drive a multiple photon excitation process this temporal struc-
ture is perfectly suited, as it allows for vibrational redistribution between consec-
utive micropulses. The wavelength is tuned, which is the key requirement for
spectroscopy, by changing the electron beam energy or the gap size of the undu-
lator, which changes the magnetic field strength. The latter allows to vary the
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wavelength continuously by approximately a factor of 3 within several minutes.
Changing the electron beam energy usually requires longer for optimization of the
electron beam optics.

The light is coupled out of the resonator by a hole in one of the end-mirrors
and is transported in an evacuated beam transport system to the experiments. In
Table 2.2 the most important specifications of FEL-1 and FEL-2 for the following
experiments are given. More information for these two FELs, which are usually not
treated separately and are jointly named FELIX, can be found in Refs. [52, 92, 99].

The third beamline, the Free Electron Laser for Intra-Cavity Experiments (FE-
LICE) will be discussed separately in chapter 5.

2.4. The setups

In the course of this work several different setups have been used. One is lo-
cated at the Fritz-Haber-Institut, and was originally equipped with a single-target
cluster source and a velocity map imaging spectrometer for anion photoelectron
spectroscopy. During the project this setup has been improved and expanded by
a dual-target cluster source and a reflectron time-of-flight mass spectrometer. Be-
sides photoelectron spectroscopy it now allows for optical spectroscopy, UV/VIS
dissociation and photoionization efficiency spectroscopy. In the current work, only
the VMI spectrometer will be used, but the extensions to the setup will be dis-
cussed in section 2.4.1 to illustrate future possibilities.

A second setup, used for all IR spectroscopy experiments with FELIX, is perma-
nently installed at the FELIX facility. This setup is described in section 2.4.2.

2.4.1. The molecular beam setup in Berlin

The setup consists out of three different vacuum chambers - the source chamber,
the mass spectrometer chamber and the VMI chamber. All can be separated from
each other by gate valves. Details of the vacuum system can be found in Ref. [100]
and are for brevity not given here. In the original design, the setup consisted out
of a single-target laser ablation cluster source, a linear time-of-flight (ToF) mass
spectrometer, and a velocity map imaging setup. During the project, the complete
mass spectrometer and beam shaping part was replaced, and a new source has
been designed. A schematic overview of the complete setup is shown in Figure
2.5. All modifications are explained individually below.
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Figure 2.5.: Schematic layout of the Berlin molecular beam machine. Two different

laser ablation cluster sources can be installed in the setup, a single tar-
get and a (single-laser) dual-target cluster source. Two different mass
spectrometers are permanently installed, which can even be used inter-
leaved. The first is a reflectron ToF-MS, with a mass resolution, m/Am,
of roughly 2000. It can be used, for instance, for UV /VIS and photoion-
ization spectroscopy, using the tunable OPO laser coupled in at the far
end of the setup. The linear MS is used for mass separation to perform
velocity map imaging on mass separated cluster anions. A VMI lens
is installed after ~80 % of the field free drift zone of the ToF-MS. A
tunable laser can detach electrons, which are projected on an imaging
detector, which is composed out of a MCP and phosphor screen. The
image is recorded with a CCD camera.

2.4.1.1. Laser ablation cluster sources

Several different types of cluster sources exist such as heated oven, discharge sput-
tering, or electrospray ionization sources [1, 101-103]. In the following only laser
ablation cluster sources will be used. These allow clusters to be formed in different
charge states (neutrals, and singly charged anions and cations) from a very wide

variety of materials (semiconductors, metals, non-metals, metal-oxides, etc.) and

consume very little target material. Furthermore, it is a pulsed source that pro-

duces relatively high densities within a short time period, and is therefore perfect

for combination with pulsed detection lasers. Laser ablation cluster sources have
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been invented by the Smalley group in 1981 (therefore they are often called ‘Smal-
ley source’) [104, 105], and at about the same time by Bondybey [106]. Several
different designs exist nowadays, which have been reviewed very recently [107].

The single-target cluster source installed in our setup and described in detail in
Ref. [100] was inspired by the original Smalley design. Common to all ablation
sources is that a laser is focussed onto a target. This vaporizes material and a
plasma forms above the target. A gas flow, typically from a pulsed valve, is guided
over the surface of the sample. The ions in the plasma undergo collisions with the
carrier gas, which cools them, and causes cluster formation. In our source the
target is a (metal) rod of 6 mm or 1/4 inch diameter, that is constantly translated
and rotated to always provide a new spot on the surface. A General Valve (series
9) solenoid valve (produced by Parker Hannifin Corp.) is used to produce a short
(helium) gas pulse. Cluster formation depends on several factors. The amount of
ablated material, for instance, depends on the wavelength, pulse energy per cm?
and pulse length of the ablation laser, and the rate at which a new spot on the target
is provided. These strongly effect the efficiency of the plasma formation, but also
the plasma heating. The ablation laser can cause significant structural changes of
the surface, which strongly changes the surface properties [108]. Cluster formation
is influenced by the pressure in the cluster formation chamber, which controls the
collision rates, and heat transfer [107].

The single-laser dual-target cluster source designed for the current project is
based on a similar design to the single target source, but exhibits differences to
other dual-target cluster sources. These are discussed bellow.

Both sources are extended with a thermally insulated cooling/reaction channel.
This copper channel can be cooled with liquid nitrogen or heated by a heating
cartridge, which allows the temperature of the channel to be controlled between
80 and 400 K. At the exit, a small conical nozzle is installed with an opening of
1 mm. For the reaction valve installed on top of the cooling channel a General
Series 9 Valve is used, which is thermally insulated from the cooling channel and
allows reaction gases to be added after the cluster formation process.

The single-laser dual-target cluster source. The single-laser dual-target cluster
source has been designed to fit both machines in Berlin and at the FELIX facility
described below. Its basic design follows that of the single target source, and both
sources can be interchanged (see Fig. 2.5). Previous dual-target cluster sources
used two ablation lasers and the two targets have either been installed along the
gas-channel [109, 110], or side-by-side and additionally require two valves [111-
113]. In the new source the two targets (both 6 mm to 1/4 inch rods) are installed
side-by-side on the left and right side of the central gas channel, and the axes of the
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Figure 2.6.: Mass spectra of V,,Si| clusters with different compositions produced
with the single-laser dual-target cluster source.

rods are only 10 mm apart. The cluster formation channel is only slightly larger
than in the single target source and its volume can be adjusted with a teflon insert.
Both targets are translated and rotated by a mechanism that is installed for both
targets on the same side of the source. The targets are attached to an outer thread,
which rotates in a fixed inner thread. The outer thread has a rectangular cut-out in
the center, in which a shaft slides that is constantly rotated by a vacuum compatible
stepper motor and a worm gear. The transmission ratio between motor and rod
is 34/1, which means that although a stepper motor is used, a very smooth (and
very slow) movement of the target can be achieved.

The beam of the ablation laser is split by a beam splitter into two beams, whose
pulse energies can be separately controlled and are focussed by two lenses onto the
targets. The two laser beams enter the source chamber parallel from the backside
of the source. Two mirrors installed in vacuum reflect the focussed beams onto the
two targets. The beams hit the rods at an angle of 120° with respect to the gas flow
direction. The plasma plumes go perpendicular to the surface, which means the
material is ejected towards the gas flow. Both plumes can effectively mix, which
has been shown to be crucial for making mixed clusters. Because of the symmetric
configuration it is possible to make clusters under identical conditions for both tar-
get positions. This is quite different to the other dual-target cluster sources using
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a single valve, where the targets are installed along the gas channel (compare to
dual-target source shown in Figure 2.10(b)). The clusters have to undergo more
collisions compared to a configuration where the plasma plume is ejected perpen-
dicular or along the gas flow direction. This should aid in a more efficient cluster
formation and cooling. The same should follow from the narrowing of the cluster
formation chamber at the level of the two targets. By adjusting the pulse energies
of the two laser beams it is possible to produce the two respective bare cluster dis-
tributions and mixed cluster distributions with arbitrary mixing ratios (see exam-
ple for V,,Si;; clusters in Fig. 2.6). A similar source design has been used before for
making diatomic species [114], cluster formation was not the aim for this source.
The major difference to our source is that the material is vaporized along the gas
flow direction.

2.4.1.2. Time-of-flight mass spectrometer

Mass spectrometry allows ions to be separated by their mass-to-charge ratio. In
our setups we use mass spectrometers which separate ions by their different time-
of-flight. The basic principle of them is that ions with different masses, m, or
charges, z, are accelerated in a homogeneous electric field, E to different veloci-

ties, v.
1
By =2-E = Smo? < 0 = ,/213% (2.16)

In a field free drift region the ions will spread out in time. A time resolved ion
signal can be obtained by ion impact on a multichannel plate (MCP) detector which
liberates electrons and amplifies the original signal. A simple anode can be used
to measure the signal with a fast oscilloscope.

The mass resolution, defined by m/Am, which can be achieved by such a device
strongly depends on the ion’s initial positions and velocities. To increase the mass
resolution several different types of ToF mass spectrometer have been developed,
which usually combine several acceleration and drift regions.

The setup contains two different types of mass spectrometer (MS), a linear and
a reflectron ToF-MS. The (orthogonal) linear ToF-MS has a Wiley-McLaren design
[115]. This means that the ion extraction region is made out of 3 electrodes to make
two acceleration regions, which allow corrections to be made for differences in the
initial ion positions within the first acceleration region. By adjusting the ratio of
the potentials applied to the plates, ions originating from different positions are
made to arrive at the detector at the same time (space-focus).

The resolution can be further improved by adding a reflectron [116], an ion mir-
ror, to the linear ToF design. This also corrects for differences in the initial kinetic
energy. The design that is used in our case employs also two acceleration regions
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in the reflectron.

For the experiments the mass resolution that can be obtained with the different
ToF-MSs is important. The linear ToF mass spectrometer has a resolution of 800
and the reflectron ToF-MS has a resolution of 2000. Both are permanently installed
and can even be used interleaved.

2.4.1.3. UV-VIS and photoionization efficiency measurements

Laser pulses in the visible and ultraviolet range that can be used for optical spec-
troscopy are produced by a Panther EX optical parametric oscillator pumped by a
Surelite II Nd:Yag, both manufactured by Continuum. This system delivers tun-
able light from 205-2500 nm. For this kind of spectroscopy the reflectron ToF-MS
is used, as it provides the higher mass resolution, and a more sensitive ion detec-
tor. This MCP detector allows a post acceleration of cations, which compensates,
in parts, for the decrease in sensitivity observed for heavier ions. Furthermore,
the molecular beam is better collimated for this mass spectrometer, which allows
a better spatial overlap between molecular and laser beam.

Ionization efficiency measurements can be performed by making the desired
clusters in the source and removing all ionic clusters by either applying a potential
to the two skimmers or by leaving the extraction plates constantly on high voltage.
The cluster beam is then either collinearly overlapped with the light from the OPO
as shown in Figure 2.5, or it is fired in from the side. The photon fluence normal-
ized ion count rate as function of wavelength gives the photoionization efficiency
curve. As the cluster intensities show large shot-to-shot fluctuations several spec-
tra are averaged per frequency interval. To correct for drifts on longer timescales
a reference mass spectrum is measured on alternating shots by using a fixed fre-
quency UV laser.

UV /VIS spectroscopy on (cationic and neutral) bare clusters and complexes
with messengers can be measured in a very similar way. UV /VIS spectra are mea-
sured via depletion spectroscopy, similar to the IR-MPD spectra described below.
Complexes are made in the source, e.g. by cooling the channel to attach rare gas
atoms. In depletion spectroscopy it is essential that the majority of species de-
tected by the MS has been irradiated. A second skimmer was installed to define
the overlap between laser and molecular beam. A first skimmer is mainly used for
differential pumping and produces an ion beam that is almost 10 mm in diameter
at the center of the extraction region of the reflectron ToF-MS. This is too large to
be covered by the OPO laser beam. The second skimmer that has been installed
reduces the size sufficiently (down to <4 mm), such that all ions passing it are
irradiated. The setup has been tested for cationic gold clusters, and an example
spectrum is shown in Fig. 2.7.
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Figure 2.7.: Demonstration of UV /VIS spectroscopy with the Berlin setup for Au;
(red line). The data plotted in black is taken from Ref. [117].

2.4.1.4. Photoelectron spectroscopy via velocity map imaging

Photoelectron spectra are measured via velocity map imaging. In order to obtain
the spectrum of a single species, mass selection or separation is required. We use
mass separation by using ToF mass spectrometry. The linear ToF mass spectrome-
ter is used to separate ions of different masses. The lens of the VMI spectrometer
is installed at approximately 80 % of the distance along the field free drift region
of the linear ToF mass spectrometer. A detachment laser beam, which can either
be one of the harmonics of a Nd:YAG or the Panther Ex OPO laser can be fired
through the center of the lens. The laser beam axis crosses the ion beam at 90° and
is defined by a set of light baffles, which also reduce scattered light. The potentials
on the lens are applied ~200 ns before the detachment laser is fired. The detached
photoelectrons are accelerated onto an MCP (Chevron assembly, imaging quality)
and phosphor screen (which is also pulsed to reduce dark counts). A CCD camera
(Basler A102f, 1392 x1040 pixel, 15 frames/s) takes images of the phosphor screen,
which are added together by a computer program. Typically a few hundred thou-
sand laser shots are added for a single image. The repetition rate of the experiment
is limited by the repetition rates of the lasers, which are usually 10 or 15 Hz. For
some systems ~500.000 laser shots (12 h acquisition time) were necessary. This
sets high requirements for the stability of the experiment, as reference spectra also
have to be measured for energy calibration of the imaging detector.

In total 4 cards of our homebuilt 4-channel delay generators (BU3008 delay gen-
erators made by the ELAB of the FHI Berlin) are used to trigger all devices used for
the VMI experiment. These are combined such that jitters are minimized. The most
sensitive parts, were the most accurate timing is required, i.e. the extraction of the
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ToF-MS, the potential on the VMI lens and the phosphor screen, and the firing of
the detachment laser, are all triggered by the same delay card. This minimizes the
jitter to less than 10 ns. When different cards are used and interconnected in series,
the jitters can add up to more than 100 ns.

All voltages of the setup are computer controlled. Except for the VMI lens, this
is done by 16 bit digital-analog converters (16+8 channel Acromac IP231). The
voltage is fed into the analogue set-voltage input of the 2 and 5 kV power supplies,
NHQ212M and NHQ215M, respectively (made by ISEG Spezialelektronik GmbH).
This allows the potentials to be set with a day-to-day reproducibility better than 1
V. For the two VMI lens potentials, a SHQ 222M 2 kV 2-channel power supply is
used, which is controlled via a Labview program and its digital RS232 interface.
This power supply can be set with a resolution of 30 mV and its stability is on
the same order. The voltage ratio for the VMI lens needs to be set to an accuracy
better than 1073. After a warm-up of ~2 h all voltages are sufficiently stable for
operation. No influence of temperature fluctuations in the lab have been observed
for the current experiments. The switched voltages for the extraction plates of the
linear ToF-MS, and the VMI lens are stabilized by 0.5 uF capacitors.

As the detachment laser is not fired at the position of the space-focus of the
MS, the ion packets of two different species, such as Ta, and Ta,H™ may partly
overlap. In particular, because of the limited mass resolution of the linear MS
(compare the mass of the cluster 724 u vs. the mass resolution of ~800). It is
possible to move the space focus to the photodetachment region, but this means
that an identification of the species investigated becomes more difficult. Usually
this is done by blocking all ions with a field applied to an entrance grid in front
of the MCP detector. Only the neutrals produced by photodetachment can pass it
and, due to their high velocity, they are able to liberate electrons from the MCP.

To obtain the best mass resolution for the VMI experiments, the width of the
extracted ion packet is reduced by a slit aperture installed in front of the extraction
region, reducing the spread in the initial positions and velocities. Furthermore,
the extraction voltages are reduced, which increases the ToF (the resolution will
depend on the initial energy spread, and could become worse). The MCP is oper-
ated such that the entrance is (almost) at ground and the exit and the anode is on a
high positive voltage. This allows slow anionic clusters to be detected, which can
usually not enter the MCP, when the entrance is at high negative potential and the
anode is kept on ground. The signal is coupled out via a capacitor. The ion pack-
ets spread sufficiently in time (215 ns) that it becomes possible to detach electrons
with our ns lasers from the late and early part of a single ion packet. A mass reso-
lution similar to the one of the linear ToF can be reached for the photodetachment.
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Figure 2.8.: Illustration of the different steps used to analyze the VMI images. A
raw image (a), here for Ir~ at 355 nm, is centered and symmetrized (b).
A coordinate transformation to polar coordinates is performed and the
polar onion peeling algorithm [118] is employed. This creates a decon-
voluted image (c). Integration over all angles produces the photoelec-
tron spectrum (d). Red and black traces correspond to images taken 5
days apart.

Analysis of the images. The recorded images are 2D projections of the 3D ve-
locity distributions of the photoelectrons. For a reconstruction of the original dis-
tributions the images first need to be centered. We apply our own algorithm that
finds the center by using the cross correlation function along a line of the image in
vertical and horizontal direction. For very asymmetric photoelectron distributions
this can be done outside the center of the image.

The reconstruction is performed using the polar onion peeling algorithm de-
scribed in Ref. [118] and available from [119] (we use version 1.1 of the program).
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This reconstruction method performs the deconvolution in polar coordinates and
confines the noise to the center of the image. Basis functions are used to speed up
the deconvolution. The integration over all angles gives the radial photoelectron
spectrum, and this is also calculated by the program. The whole analysis proce-
dure is shown for images taken for Ir~ in Fig. 2.8(a)-(d).

In Figure 2.8(d) two photoelectron kinetic energy spectra taken with an inter-
val of 5 days are compared; no differences are observed, which demonstrates the
stability of the setup. The energy resolution, given by

AEy;, Ar
=2 2.17
Ekin ¥ ( )
which can be achieved depends on the velocity and therefore on the radius (or
kinetic energy, E;,). For the two features shown in the figure it is 4.5 and 8 %. In
principle a better resolution has already be achieved for this setup, but this was
not the limiting factor for the current experiments.

Conversion to electron binding energies is done using the relation

Eping = hv — kr?. (2.18)

For atomic anions the EA and the electronic structure of the neutral is often very
precisely known. This allows the value of k to be determined, which can then be
used for energy calibration of PES spectra for other, more complex, systems, as for
instance the Ta, C,, cluster studied in chapter 5.

For calibration of the PES spectrum of iridium the EA of 1.56436 eV from Ref.
[123] can be used. The EA corresponds to a transition from the (5d86s2)3F, state of
Ir~ to the (5d76s%)*F, /2 ground state of Ir [121]. The calibrated PES spectra using
355 nm (3.49 eV) and 532 nm (2.33 eV) light are shown in Fig. 2.9 along with the
energy level diagram of Ir. This allows the observed features in the PES spectrum
to be assigned to specific transitions.

A few of the features observed in the PES spectrum cannot be explained by tran-
sitions from the ground state of the anion. Instead these illustrate a potentially
major problem of this spectroscopy method. For Ir~, besides the ground state, two
more electronic states are predicted to be stable [121, 122]. One, the (5d86s2)3F;3
state, has already been observed experimentally by two-photon detachment [122]
and is found 7087 cm ™! (0.88 eV) above the ground state, whereas the second one,
(5d%6s?)3P,, has not yet been seen experimentally. Transitions from such excited
states can make the interpretation of experimental PES spectra considerably more
demanding.
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Figure 2.9.: Illustration of the energy levels of Ir [120] that are accessible from the
(5d%6s2)°F, ground state of Ir~ via photoelectron spectroscopy using
532 nm and 355 nm light. The two graphs on the right show the
measured PES spectra. Transitions marked with an asterisk presum-
able originate from an excited state in the anion. Two have been pre-
dicted to be stable for Ir~ [121, 122]. Only the (5d%6s?)’F; state has
been observed experimentally [122]. However, transitions from this
state would not explain the observed additional features. Another
state, (5d%6s%)°P,, was also predicted, but its position is not accurately
known yet.

2.4.2. The cluster setup at the FELIX facility

The pulsed molecular beam setup at the FELIX facility has been used before for
many spectroscopy experiments using IR multiple photon dissociation and has
been described for instance in Refs. [83, 100]. Its basic components are similar to
the Berlin setup (see Figure 2.10(a)), which was based on this older setup. The
setup has been equipped with two different laser ablation cluster sources, both
using a pulsed valve manufactured by Jordan TOF Products Inc. [124] which em-
ploys a spring-steel current-loop design [125]. This valve makes shorter gas pulses
(20-60 us) compared to the solenoid valve used in the other setup (200-300 us)).
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Figure 2.10.: a) FELIX setup with single target cluster source. b) Dual-target dual-
laser cluster source.

The first source accepts 6 mm to 1/4 inch rods as targets. Clusters are formed in a
source block and cooled in a copper extension channel, which can be temperature
controlled by a flow of liquid nitrogen and a heating cartridge between 80-400 K.
Two reaction valves allow the formation of different ligand complexes of the pro-
duced clusters. One is installed on top of the cooling channel (position I), whereas
the second (position II) produces a second molecular beam, which crosses the clus-
ter beam, and reactions can occur under single collision conditions [126].

For the second cluster source, the source block is exchanged with the one de-
picted in Figure 2.10(b). This dual-laser dual-target cluster source, developed by
the Lievens group [110], uses flat rectangular targets (7 x25 mm?) instead of rods.
These are mounted side by side in a sample holder. This holder is pressed against
the source block and continuously moved via two vacuum motors along the x-y
directions to provide the lasers with new spots on the targets. On the opposite
side are two laser entrance channels at an angle of 5° for two independent ablation
lasers. Cluster composition is adjusted by the pulse energies of the lasers and their
relative delay. In contrast to the single-laser dual-target cluster source described
before, the plasma plumes cannot cross and cluster formation conditions strongly
vary with respect to the up- and downstream target position.

For both cluster sources the molecular beam expands into vacuum and passes
through a skimmer. The charged (cationic and anionic) cluster distribution can
be directly analyzed with a pulsed reflectron ToF mass spectrometer with a mass
resolution of approximately 2000. Post ionization of a neutral cluster distribution
can be performed with different UV excimer lasers, which can be fired between
the extraction plates.
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Figure 2.11.: a) Mass spectra of cationic vanadium cluster argon complexes with-
out (upper) and with (lower panel) FELIX radiation at 313 cm~!. For
V7Ar;r,2 a decrease in ion intensity is observed in the spectrum with
IR light. b) Plot of the relative intensity of the two mass spectra for
V7Ar" as function of IR wavelength. c) IR absorption spectrum of
V7Ar™ corrected for the changes in the FELIX pulse energies.

2.4.2.1. IR-MPD spectroscopy - Experimental

IR-MPD spectroscopy of neutral or charged clusters can only be performed via
depletion spectroscopy with our setup. Therefore, clusters are made with twice
the repetition rate of FELIX (which was 5 Hz for all experiments later described).
Mass spectra with and without IR radiation are measured on alternating shots.

The IR light from FELIX is coupled into the setup with two mirrors as shown
in Fig. 2.10(a). The IR light is weakly focussed to a position approximately 3 cm
upstream of a 1 mm wide aperture installed in front of the extraction region of the
reflectron ToF mass spectrometer. At the aperture position the IR beam is larger
than the orifice. Depending on the wavelength used, only 60-90 % of the IR light
is transmitted. The IR light is sent into the setup approximately 30 us before the
ions are extracted, to obtain temporal overlap between the IR beam and the part of
the molecular beam which is in front of the aperture. This allows the detection of
only those clusters which have interacted with the IR light.

An IR absorption spectrum can be constructed from the integrated mass spec-
trometric signals observed for a certain mass to charge ratio (see Fig. 2.11(a)). The
relative intensity of the complex in the spectrum without IR radiation, Iy, to the
intensity with IR light, I(v), gives a depletion spectrum (Fig. 2.11(b)). Assuming
single photon absorption, this can be converted to IR absorption cross sections, o,
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normalized by variations in the FELIX laser intensity, P, by

1 Iy

o(v) ~ PO In o)’ (2.19)
For several systems it has been shown that this normalization approach yields
spectra very similar to one photon absorption spectra [90] and often agrees well
with calculated linear absorption spectra. For this PhD thesis, spectra over very
wide wavelength ranges have been measured. For these, some larger deviations
between experimental and calculated spectra have been observed. In particular
the modes in the far-IR are usually overestimated. Therefore, the spectra have
been corrected by the IR photon fluence instead of the pulse energy only. For more
details please check Refs. [83, 100].



3. lonization vs. dissociation — Neutral
silicon clusters*

3.1. Introduction

Silicon based semiconductor technology is the framework of our technological
evolution. Further and further miniaturization allowed for development of faster
and faster processors and Moore’s famous prediction [127] remained valid for
several decades. But the increasing costs in producing processors already fore-
shadow its limit [128]. Today’s transistors have sizes not far from that of molecules
and clusters and size-dependent effects will start to play a role for future nano-
electronic devices. The top-down approach used to assemble current electronics
will, in part, be replaced by the bottom-up approach, as can already be seen in
molecular nano-electronic devices currently being developed [129]. At this transi-
tion region between the bulk and the molecular level fundamental understanding
and, more importantly, predictability are required to achieve sufficient reliability
and reproducibility for large scale-production of nano-electronic devices [128, 130].

Quantum chemistry aims for this, and can describe the physical and chemical
properties from the bulk to the molecular level. Despite its enormous progress,
which runs in parallel with increasing demands on computational power, some-
times ‘simple” properties such as structure cannot be easily obtained. The poten-
tial energy surface can be accurately mapped nowadays by various methods, e.g.,
simulated annealing, global optimization or basin-hopping. The major limitation,
however, is the missing knowledge about the required level of theory to properly
describe the system. Experiments can provide essential insights and work as a
reference for the calculations.

Because of the technological relevance of silicon, many experimental studies
have focused on nano-scale Si particles and clusters. In the gas phase, where iso-

* This chapter is based on the following publications: Vibrational spectroscopy of neutral silicon clusters
via far-IR-VUV two color ionization, A. Fielicke, J. T. Lyon, M. Haertelt, G. Meijer, P. Claes, ]. de Haeck,
and P. Lievens, . Chem. Phys. 2009, 131, 171105.

Guas-Phase Structures of Neutral Silicon Clusters, M. Haertelt, ]. T. Lyon, P. Claes, ]. de Haeck, P. Lievens,
and A. Fielicke, |. Chem. Phys. 2012, 136, 064301.

Structure determination of neutral MgO clusters — hexagonal nanotubes and cages, M. Haertelt, A. Fielicke,
G. Meijer, K. Kwapien, M. Sierka, and J. Sauer, Phys. Chem. Chem. Phys 2012, 14, 2849-2856.
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lated bare (and also doped) silicon clusters can be studied and therefore act as
an ideal model system, the electronic as well as geometric properties of silicon
clusters have been investigated. Charged silicon clusters have been thoroughly
investigated, using the combination of ion mobility measurements [19] with high
level theory, which made it possible to suggest a change in the structural motif for
medium sized clusters, and even a structural assignment for smaller anionic and
cationic clusters [131-133]. Other experiments on charged silicon clusters have
focused on resonance enhanced multiphoton electron detachment [134] or anion
photoelectron spectroscopy [135-139]

Most theoretical investigations, however, focused on neutral structures [140-
146], in particular to test the performance of search algorithms in locating the
global minima [147-150], despite the lack of experimental information about the
neutral structures. For neutral systems the experimental information has been lim-
ited, up to now, to optical absorption spectroscopy [151], or Knudsen cell mass
spectrometry [152-154] to determine bond energies. Measurements of the ioniza-
tion energies (IEs) have been used to rule out some isomers predicted by theory,
but it is often not sufficient to decide for a single isomer [132]. Because of the
very high IEs of silicon clusters precise measurements are difficult, and have been
limited to bracketing measurements [155] using fixed frequency excimer lasers.
Only recently, synchrotron radiation has been used to measure photoionization ef-
ticiency curves for clusters up to Si; [156]. Structural information from vibrational
spectra has been obtained for neutral clusters up to Si; only after their deposi-
tion and accumulation in cryogenic matrices and subsequent measurement of IR
or Raman spectra [157-159].

Recently the measurements of vibrational spectra for Si; ,; by IR multiple pho-
ton dissociation using the evaporation of weakly bound Xe atoms as a messenger
for the absorption have been reported [55]. As the vibrational fingerprint is par-
ticularly sensitive to the geometric structure, this led to the assignment of Si§ as
an edge-capped pentagonal bipyramid structure, which had not been previously
considered. For larger clusters the change in the structural motifs from pentagonal
bipyramid-based to tricapped trigonal prism-based has been confirmed. In a sim-
ilar way, structural information on cationic transition metal doped silicon clusters
has been obtained using Ar atoms as a messenger [160].

The messenger technique has been applied very successfully for obtaining in-
frared spectra of strongly bound gas-phase clusters [53] in general, and, unlike
many other methods, it is not only limited to charged species. Forming a com-
plex with a weakly bound messenger, however, often becomes difficult for neutral
species. In addition, it has the inherent disadvantage that it may induce pertur-
bations of the cluster [74, 161]. Interaction with the messenger may even alter the
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relative energetic order of cluster isomers [84]. These problems are exemplified for
gold clusters, where complexes with Kr atoms have been observed only at 100 K,
whereas atoms of lighter rare gases do not bind. However, the attachment of the
highly polarizable Kr atoms has been found to affect the vibrational spectra of the
parent Au clusters [24]. A method that reveals the absorption of IR photons by
clusters without the need to form a messenger complex is therefore highly desir-
able. IR resonance enhanced multiple photon ionization IR-REMPI [51] is such a
technique. IR-REMPI relies on the sequential absorption of a large number of IR
photons by a single cluster followed by delayed thermionic ionization. This pro-
cess only dominates if the IE is lower than the dissociation energy of the cluster,
which is fulfilled only for a few types of clusters, mainly of refractory materials
such as some transition metals, e.g., Nb or W, several metal oxides and carbides, as
well as fullerenes [52].

A more generally applicable method is the combination of IR excitation with
near threshold photoionization. This tunable IR-UV two color ionization (IR-
UV2CI) scheme relies on the absorption of a single or few IR photons prior to
interaction with a UV photon to lift the total internal energy of the species above
the ionization threshold. The direct photoionization generally prevails over the
slower statistical fragmentation processes. The ions formed can be sensitively de-
tected by means of mass spectrometry. By scanning the energy of the IR photons
the ionization efficiency changes and the recorded ion intensity reflects the IR ab-
sorption spectrum of the corresponding neutral species. The high sensitivity of
such an approach has been demonstrated for para-amino benzoic acid using a free
electron laser as a tunable radiation source in the mid-infrared range, where other
intense lasers are lacking [72]. Recently, such an approach has also been used in
the mid-IR, using table-top IR-OPOs, to study the vibrational spectra of molecules
[162, 163].

In the following, IR multiple photon absorption spectroscopy and near threshold
photoionization spectroscopy are applied to a broader range of neutral Si clusters
to obtain far-IR spectra between 225 and 550 cm~!. These results constitute the first
vibrational spectra of isolated neutral silicon clusters in the gas phase, and in addi-
tion, demonstrate the application of the IR-UV2CI method in the far-IR. Whereas
the earlier experiments on para-amino benzoic acid (presumably) required the ab-
sorption of only a single IR photon, in the far-IR the absorption of multiple photons
is required. For clusters containing 6, 7, 9, and 10 silicon atoms this approach has
been pursued. For Sig, Sig, and Si;5 IR multiple photon dissociation spectroscopy
of a xenon messenger complex has been applied. For a single cluster size, Sig, both
approaches have been realized, allowing for a direct comparison of the two meth-
ods. Insight into the underlying mechanism of the near threshold photoionization
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spectroscopy is obtained by modelling the absorption mechanism. For all inves-
tigated cluster sizes structural assignments are made by comparison with results
from density functional theory calculations.

3.2. Experimental

A general description of the setup, the cluster sources and the messenger tagging
method are given in the previous chapter. Here, the important aspects for IR-
MPD of neutral silicon clusters will be discussed (see chapter 2.2.1 for a general
description of IR-MPD) and a detailed explanation of the applied IR-UV two-color
ionization method will be given.

For both methods Si clusters are produced via laser ablation in the dual-laser
dual-target source described in chapter 2.4, which is also capable of producing
binary clusters by coablation from two different targets in a helium atmosphere.
The clusters are thermalized to 100 K in a liquid nitrogen cooled extension chan-
nel of the source. The cluster distribution is frozen out by expansion into vacuum
and the formed molecular beam is shaped by a skimmer and an aperture with 1
mm opening. Ions are removed from the beam by a voltage applied to the aper-
ture. The remaining neutral clusters are ionized within the extraction region of the
mass spectrometer by a weakly focused beam from an F, laser emitting vacuum-
ultraviolet (VUV) photons at 157.63 nm (7.87 eV) for the main laser line[164]. The
resulting cationic distribution is analyzed in a reflectron time-of-flight mass spec-
trometer. Care has been taken to reduce the photon fluence to an extent that
the cluster distribution (Fig. 3.1(a)) resembles the single photon ionization mass
spectrum [165]. Under these conditions intense signals for Sigg ,>11 are obtained.
Sig,710 show rather low intensity, while smaller clusters n < 5 are essentially not
observed. This corresponds to the known cluster size specific ionization energies
shown in Figure 3.2, which are clearly below 7.87 eV for Sigg ,,>11, distinctly higher
than 7.97 eV for Sij_5, but within 7.87-7.97 eV for Sig 719 [155].

Clusters with an IE below ~7.9 eV can be studied with the messenger tagging
technique, provided that a messenger complex can be formed, whereas clusters
with an IE just above the photon energy of the VUV laser are studied with tunable
IR-UV two-color ionization.

3.2.1. Dissociation — IR multiple photon dissociation spectroscopy

Direct dissociation of neutral silicon clusters to detect the absorption of IR light is
not possible due to their large dissociation energies. For neutral silicon clusters
these have been measured by Knudsen cell mass spectrometry. For Sig to Sig the
fragmentation energies are 4.372, 4.18, and 3.68 eV, respectively [152-154]. For the
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other sizes similar values can be expected. Therefore, direct dissociation by IR light
is very unlikely, and a messenger complex needs to be formed.

The formation of a messenger complex for silicon clusters is, however, difficult.
Even at 80 K, the lowest temperature achievable with our setup, it is not possible
to form a complex with either argon or krypton. Instead, an even more polarizable
rare-gas has to be taken, xenon. Even then complex formation with Xe is possible
for only a few cluster sizes. Xenon also has seven stable isotopes, which further
smears out the mass peaks for the silicon clusters. Therefore isotopically enriched
129Xe is used, and 2 % of it is added to the carrier gas for complex formation. These
complexes can be seen for Sig and Siy in Figure 3.1(a). Although it is expected that
the IE shifts to slightly lower values upon the attachment of the Xe atom, see e.g.
Ref. [166], the complexes for silicon clusters with an IE just above the photon
energy of the photoionization laser are not observed.

It is assumed that the xenon is only physisorbed to the silicon clusters. For
cationic clusters the binding energy between the xenon and the Sig cluster was
calculated to be only 0.04-0.06 eV [55]. For a neutral species an even weaker in-
teraction is expected, due to the missing charge (induced) dipole interaction. Such
a bond can be easily broken by the resonant absorption of a single or a few IR
photons. The resulting evaporation of Xe can be seen for instance for SigXe in Fig.
3.1(c) at 464 cm L. The relative change of the mass spectrometric signal is recorded
as a function of IR wavelength and an IR absorption spectrum is derived (see sec-
tion 2.4.2.1).

3.2.2. lonization — Tunable IR-UV two-color ionization spectroscopy

For silicon clusters with an ionization energy above the photon energy of the F,
laser, e.g., Sig79,10, weak signals are observed. The fluence of the UV laser was
reduced to avoid multiple photon ionization, however, the source conditions in
general, and in particular at 100 K are not sufficient for a complete quenching of
electronically and vibrationally excited states. Therefore, the residual signal can
be assigned to the hot fraction of the thermal cluster distribution. The internal
energy distribution for Si; is shown in Fig. 3.3, and was derived with the help of
the Beyer-Swinehart algorithm [87] by assuming a Boltzmann distribution close to
the source temperature of 100 K. The majority (~68 %) of the clusters are in the
vibrational ground state, but a small fraction of <0.1 % has an internal energy
larger than 0.1 eV (806 cm™1).

The ionization efficiency usually follows a S-curve behavior as a function of ex-
citation energy, with a slope depending on the Franck-Condon overlap between
neutral and cationic structure. For Si; this curve has been measured by Kostko et
al. [156] and is shown in Figure 3.4(a). A small rise of the internal energy of the
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clusters dramatically increases the proportion of ionizable clusters[167]. This has
been shown for the SF; molecule, which was resonantly excited with a CO, laser
at942.4 cm~!, and later ionized with a pulsed UV lamp. Depending on the IR laser
intensity the photoionization efficiency curve shifts to lower UV photon energies
[168], see Figure 3.4(b). This can be used to obtain cluster size specific IR spectra
by resonant excitation with IR light.

A change in the photoionization efficiency expresses itself as a change in the rel-
ative mass spectrometric intensities, if the cluster beam is irradiated with resonant
IR light before interaction with the VUV radiation [b) and c) in Fig. 3.1]. In these
experiments, a beam of intense pulsed IR radiation emitted from the Free Elec-
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tron Laser for Infrared eXperiments FELIX counterpropagates along the molecular
beam and is focused onto the aperture shaping the cluster beam. This ensures that
all clusters detected afterwards passed the focal range and interacted with the IR
light. The IR pulse energies were about 20-40 m] at a pulse length of 5 us. If the
frequency of the IR light is in resonance with an IR active mode of the cluster it
can absorb one or more IR photons. Subsequent internal vibrational energy redis-
tribution leads to a thermal heating of the cluster. The enhancement is a purely
thermal effect as the clusters are irradiated with IR light 30 s before interaction
with the VUV photons. The traces b) and c) in Fig. 3.1 demonstrate the change
in the ionization efficiencies upon pumping the neutral cluster distribution with
464 and 417 cm~! photons respectively, leading to strong signal enhancements for
Si¢ in the first case, and for Si} as well as Sij; in the second (highlighted with red
arrows in Fig. 3.1).

The increase of the relative proportion of ‘hot” clusters can be modeled by a
simple Monte-Carlo simulation with a fixed absorption probability. For C, it has
been found before that such an approach can give quantitatively similar results
to a numerical modeling of the vibrational ladder climbing considering explic-
itly the effects of (cross-) anharmonicities [52]. The internal energy distribution of
Siy following the absorption of, on average, a single or five photons is shown in
Fig. 3.3 with an assumed absorption probability of p=0.01 and a photon energy of
250 cm ™! for Si;. The proportion of clusters with an internal energy above 0.1 eV
rises dramatically, to 6 % for 1 photon absorption and to 78 % for 5 photon absorp-
tion.

The cluster-size specific IR spectra using this tunable IR-UV two-color ioniza-
tion scheme are obtained by recording on alternating shots mass spectra with (I)
and without FELIX irradiation (Ip) and by scanning the IR wavelength. Relative
absorption spectra are derived from the relative enhancements of the ion signal by
(I — Ip)/Ip and normalized by the photon fluence. The experimental spectra have
been smoothed with a 5-point running average.

3.3. Theory*

To assign the experimentally observed spectra to specific cluster structures, com-
parison with calculated IR spectra is required. A fairly large set of local minimum
structures for (neutral) silicon clusters is available as such systems have been stud-
ied by many groups [140-150]. Furthermore, for cationic clusters of the sizes con-
sidered here an assignment for the structures observed in experiment has been

* The calculations have been performed by Dr. ].T. Lyon from the Department of Natural Sciences
of the Clayton State University, Morrow, GA, USA.
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possible by combining IR-MPD spectroscopy with quantum chemical calculations
[55]. These structures, and other theoretically predicted low energy structures
have been considered in the calculations employing the Gaussian 03 program suite
[169]. Density functional theory as well as MP2 calculations have been performed.
Lyon et al. showed that for most cationic silicon clusters DFT with the BP-86 func-
tional [170, 171] and the SVP basis set [172] using the resolution of identity (RI)
approximation gave sufficient agreement between the measured IR-MPD spectra
and theory. More involved methods, such as second-order Moller-Plesset pertur-
bation theory (MP2), do not necessarily give better agreement. For the Sij; cluster
it was shown that with the same relaxed cluster structure different calculated IR
spectra are obtained [55]. Therefore, for all sizes DFT calculations on the same
level as for the cations have been performed. The, in general, good agreement
between the measured spectra and the DFT results justifies this approach. For a
few selected sizes, Sig, Si; and Si;, calculations for the predicted global minimum
have also been performed at the MP2 level using the def2-TZVP basis set [173].
Calculations were performed without symmetry constraints, except for the cluster
sizes treated by both DFT and MP2. For these sizes subsequently the maximum
symmetry has been imposed.

Relative energies of different isomers determined by DFT are given in kJ/mol
and include zero point vibrational energy corrections. The messenger atom has not
been explicitly considered, as the interaction between the neutral Si clusters and
the Xe atoms is expected to be significantly weaker than for the cationic Si clusters
that have calculated Xe binding energies lower than 0.1 eV [55]. The electronic
state of all clusters corresponds to the lowest possible spin multiplicity (singlet).
The analytically calculated IR frequencies are all real for the structures reported
here and have been rescaled with multiplication factors of 1.03 (DFT) and 0.96
(MP2) as before [55], and have been convoluted with a Gaussian function with a

full width at half maximum of 8 cm L.

3.4. Results and discussion

The absorption spectra of Sig, Si; and Si;; measured by IR-UV2CI spectroscopy
in the 225-550 cm~! range are shown in Fig. 3.5. The spectra of Si, and Si, are
dominated by a single peak at 464 41 and 417 4+ 1 cm ™!, respectively, while the
spectrum of Siy is clearly more complex.

For Sig and Si; these findings can be compared with previous experimental re-
sults. In matrix isolation experiments using different rare gas hosts, a single IR
absorption band found at 462.9 cm~! in Ne, 460.9 cm~! in Ar, and 458.5 cm~! in
Kr has been assigned to the ¢, modes of Si; in the Dy, structure (see Fig. 3.5 and
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Table 3.1), while a band at 422.4 cm~! (Ar) and 420.4 cm~! (Kr) was assigned to
the ] modes of Ds), Siy[158]. Analysis of the vibrational progressions in the pho-
toelectron spectrum of Si; revealed a frequency of 385 & 20 cm ™! for neutral Si,
[135, 174]. This has been compared with the data from Raman spectroscopy mea-
sured in an N, matrix. In that range Si; has a Raman active mode at 435 cm ™!
(a}) [157, 159]. The differences between the frequencies obtained from the photo-
electron spectrum and in the matrix isolation experiment has been suggested to be
due to matrix effects. A comparison of the frequencies of the IR active modes of the
gas-phase clusters reported here with those from the matrix experiments suggests,
however, that there are only very minor shifts.

The experimental spectra in Fig. 3.5 are compared with the results of DFT and
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Table 3.1.: Assignments of experimentally observed IR bands and comparison
with values calculated by DFT (frequencies scaled by a factor of
1.03). The experimental frequencies have an estimated uncertainty of

+1em™L
Cluster Symmetry — Vexpt Veale Mode
(em™)  (m™!)

Sig 2 Dyy, 464 453.9 ey

Siy Dsy, 417 4139 e}

Siq Cso 425 418.6 e
380 376.0 e
366 364.3 ai
342 341.0 ap
303 301.0,303.8 ¢,
284 287.0 e
267 262.5 aj
239 241.0 e

“Theoretical data from MP2 calculations scaled by 0.96.

MP2 calculations. A good agreement between the experimental and the DFT re-
sults is obtained, which indicates identification of the correct structures. For Sig
MP2 calculations give a better representation of the spectrum, while for Si; the
performance is nearly identical to the DFT approach. For Si;, the calculated IR
spectrum from the DFT calculations provides a good match to the experiment.
The spectrum from MP2 is a less good match, mainly because the intensities are
very different, although the structure is nearly unchanged with respect to the DFT
predictions.

The reason for the differences between the spectra of Sig predicted by either DFT
or MP2 is that depending on the method, different lowest energy structures are fa-
vored for Sig [157, 175-177]. DFT usually favors an edge-capped trigonal prism
of Cy, symmetry, while with MP2 the distorted octahedron Dy, is found as the
minimum energy structure. Higher level methods taking multiple electronic con-
figurations into account reveal that the potential surface around the ground state is
very flat and the structure fluctuates between the distorted octahedron, the edge-
capped trigonal prism, and the face-capped trigonal prism[176]. Lately, this has
been explained by Sig undergoing a pseudo Jahn-Teller distortion and it has been
shown that the predictive capabilities of the theoretical methods depend on their
treatment of the pseudo Jahn-Teller effect [177]. Within our DFT calculations Sig is
found in a ! A; state with Cy, symmetry and MP2 predicts the distorted octahedron
Dy, in the 1A1g state. The experimental finding is consistent with either of them,
as the band splitting predicted for the Cy, structure might not be resolved in the
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Figure 3.6.: IR-MPD spectrum of xenon-tagged Sig cluster compared to infrared
spectra of low lying isomers predicted by DFT. Relative energies are
given in kJ/mol.

experiment. Regardless, the band observed for Sig is noticeably broader in com-
parison with those observed for the other sizes. Si; is a pentagonal bipyramid with
L A1 electronic configuration. The cluster structures for both Si; and Si, resemble
the structure of their cationic counterparts. The discussion for Si;, is presented in
detail later.

For Sig Fig. 3.6 shows the measured IR-MPD spectrum of its Xe complex and cal-
culated linear absorption spectra for several low lying isomers. The putative global
minimum structure, 8-a, is a bicapped octahedron structure, 39 k] /mol below the
next isomer. All four experimentally observed bands at 300, 359, 390, and 517 cm ™!
are reproduced by the calculated spectrum, which predicts stronger absorption at
289, 352, 378, and 514 cm~ 1. Most of the other predicted isomers emerge from
differently capping a pentagonal bipyramid, and none explains the observed ex-
perimental IR spectrum. For the cationic structure, an edge-capped pentagonal
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HOMO

Figure 3.7.: HOMO of the neutral Sig and a detailed comparison of the structures of
cationic and neutral Sig. In the neutral cluster the HOMO has bonding
character along the bond marked in red. Upon ionization, this level
gets partially depopulated and the structure becomes unstable. The
atoms forming the pentagonal ring are colored in dark grey.

bipyramid structure was identified, and this structure was also considered for the
neutral system, but this isomer (8-d) is much higher in energy (+43 kJ/mol). Sig
is a unique cluster size where a major difference between the cationic and neutral
cluster structure is observed. Such a behavior was previously predicted, e.g., by
Liu et al. [132], although a slightly different cationic structure was suggested as the
putative minimum. A comparison of the cationic and neutral structures reveals
that both can interconvert with only a little atomic rearrangement, see Figure 3.7.
This structural change may be rationalized by the character of the highest occu-
pied molecular orbital (HOMO) of Sig which has bonding character along the Si-Si
bond that needs to break to form the cationic structure; ionization facilitates the
destabilization of this Si-Si bond in the neutral (marked in red in Fig. 3.7).

The Siy cluster is a system for which IR spectra could be obtained by both meth-
ods, IR-MPD and IR-UV2CI. The IR induced enhancement of the ionization effi-
ciency is, however, less pronounced than for the clusters discussed before, which
can be related to its lower IE. This is estimated to be in the range of 7.46-7.87 eV
(for Sig as well as for Sig) while for Sig 7 10 a value of about 7.9 eV has been reported
[155]. These values are in accord with the mass spectra taken with the F, laser
ionization, see Figure 3.1, which shows that for the latter sizes a lower intensity
is observed. However, the intensity of Sig is almost a factor of two larger than for
Sig, which is an indication for significant differences in the IEs of these two sys-
tems. Most probably, the IE of Siy is closer to the upper limit of the range given by
Fuke et al. More recent measurements of the ionization efficiency curves using syn-
chrotron radiation have shown some differences to the earlier experiments, in most
cases the determined IEs are lower[156], see Figure 3.2. In particular for Si; 3 quite
large deviations, of up to 0.5 eV, have been observed. However, these experiments
strongly rely on the preparation of cold clusters and there seem to be differences
in the thermalization of the clusters in these two experiments. Unfortunately these
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Figure 3.8.: IR-MPD and IR-UV2CI spectrum of Sig. Two low lying isomers and
their predicted IR spectra are shown for comparison.

results are limited to n<7. Because of the lack of sufficiently precise measurements
of the IEs for the larger systems, we have to rely on calculated vertical ionization
energies (VIEs) to obtain information on the trend of the IE. The VIEs for Si; (Dgj,
structure) and Si; are 8.20 and 8.21 eV respectively. They compare reasonably well
with the experimentally determined adiabatic values of 7.8+0.1 eV, taken from
Ref. [156]. The calculated VIEs for Sig and Si;, are 8.14 eV and 8.11 eV respectively,
though our experiment suggests a slightly lower value for Sig compared to Si;,
while the IE for Sig is significantly lower (7.50 eV). Overall, this agrees well with
the intensity pattern in the experimental mass spectrum obtained using an F, laser
for ionization.

For the Sig cluster the IE seems to be just low enough compared to the photon
energy for efficient ionization of the xenon complex, albeit still in the leading edge
of the photoionization efficiency curve, below saturation. This allows the applica-
tion of IR-MPD spectroscopy on the rare gas complex while an IR-UV2CI spectrum
can also be recorded. The latter spectrum is measured without any Xe gas added,
therefore excluding the possibility of enhancements stemming from the fragmen-
tation of the Xe-complex. The spectra measured by the two different methods are
shown in Figure 3.8. Both spectra look quite similar, however, the IR-MPD spec-
trum is better resolved and more features are observed. This is probably due to
the lower internal energy required to dissociate the xenon complex vs. photoion-
ization of the bare cluster.

The calculated isomer showing the best agreement with the experiment, a bi-
capped pentagonal bipyramid (9-a), has the same structure as in the case of the
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cation. Most features are explained by this structure, except for bands at 403 and
497 cm~!. These features can be found in both experimental spectra, and there-
fore cannot be attributed to a messenger effect. The feature at 403 cm™~! may come
from a calculated mode at 403 cm ™!, which has only a very weak predicted IR in-
tensity of 0.03 km/mol, but may be enhanced in the experiment. Around 500 cm ™!
no vibrational fundamental is predicted and the isomers higher in energy also do
not show an intense feature at this frequency (see Fig. 3.8). It may well be that
another isomer is additionally present that has not been identified in the calcula-

L amounts

tions. Nevertheless, it is noted that the depletion observed at 497 cm™
to 50 % and for the most intense peak at 475 cm™! to 80 % of the total intensity of
SigXe. This may suggest that an additional isomer contributes significantly to the

band at 475 cm L.

For Sij, the trigonal prism, an important structural motif for larger Si clusters,
becomes the structural base. Comparison between the IR-UV2CI spectrum and the
DEFT calculations for the fourfold capped trigonal prism structure of Cs, symmetry
in a 1A state shows good agreement (see Figure 3.5). This is in agreement with
previous predictions [131, 178, 179]. Other isomers of Si;, are at least 54 k] /mol
higher in energy and exhibit rather different vibrational spectra. This structure
was also observed for the cationic silicon clusters with 10 atoms. First indications
for a new structural motif emerging at Si;, were already reported in ion mobility
experiments, where a sudden jump in the mobilities was observed [132]. Later,
IR-MPD experiments [55] confirmed these findings and proved the trigonal prism
as structural subunit for Siyq 1315, and Sig.

Unfortunately, even though Si;; to Si;, were observed in the mass spectra and
their IEs are well below the photon energy of the F, laser, the intensities for the
xenon complexes were too low to obtain IR spectra for these clusters. Only for
the Si;5 cluster was the complex intensity sufficient and the experimental IR-MPD
spectrum can be seen in Figure 3.9. The lowest energy isomer found in the calcula-
tions is the same as for the cationic system, see Fig. 3.10. In both cases a tricapped
trigonal prism with a six-atom triangle attached, isomer 15-a, is predicted as the
global minimum structure. All of the major features of the IR-MPD spectrum are
reproduced by the calculated spectrum of this isomer.

The broader band in the 425-450 cm~! range, which seems to contain several
features, may also be explained by this isomer. Although the calculated spec-
trum appears as a single band, it is composed of three close-lying modes at 425.9,
426.2, and 432.6 cm !, which may be split further by the presence of the messenger
atom. Another explanation for this broad band might be the additional presence
of the second lowest energy structure 15-b, which is 5 k] /mol above the putative
global minimum. For this structure, the calculation predicts an intense absorp-
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Figure 3.9.: IR-MPD spectrum of xenon-tagged Si;5 clusters compared with linear
absorption spectra for several predicted minimum energy structures.

tion at 422 cm !, and two weaker bands at 425 and 426 cm~!. Other bands also
may have an approximate counterpart in the experimental spectrum. This may
be the first evidence for the prediction that for neutral silicon clusters with more
than 12 atoms several isomers are present at elevated temperatures [180]. Only a
weaker band at ~485 cm~! has no counterpart in the calculated spectrum and its
origin is unclear. It may be due to the presence of the messenger atom, which is
not accounted for in the calculations. None of the calculated spectra of higher en-
ergy isomers give a better fit to the measured spectrum or explain the additional
feature. The identified ground state isomer has a large electric dipole moment
of 2.9 D which may facilitate the formation of the Xe complex. The other cluster
sizes forming the messenger complex, however, have calculated dipole moments
of only 0.001 D and 0.290 D, for Sig and Siy, respectively. Apparently, the dipole
moment is not the critical parameter for the complex formation.
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Figure 3.10.: Comparison between the structures determined by gas-phase IR spec-
troscopy for cationic and neutral silicon clusters with n = 6 — 10 and
15. Approximate symmetries are determined from the atomic geome-
tries calculated without symmetry constraints.

3.5. Conclusions

Cluster size-specific vibrational spectra of Sig_19 and Si;5 have been measured by
using two different gas-phase IR spectroscopic methods, IR-MPD of Xe messenger
complexes and IR-UV two-color ionization. Comparison with predictions from
density functional theory allows assignment of the cluster structures. The identi-
fied structures correspond to the lowest energy isomers as predicted at the BP-86
level of theory. The structures of the smaller clusters (Sig_9) are found to be based
on the bipyramidal motif. Sig has the structure of a (distorted) tetragonal bipyra-
mid that forms, if capped by two atoms, the Sig structure. The pentagonal bipyra-
mid of Si; forms the base for the Sig cluster. With the exception of Sig, the same
growth pattern as for cationic clusters is observed (see Fig. 3.10).

Similar to cationic silicon clusters, the tricapped trigonal prism structure is not
found for Siy, but is the fundamental motif for clusters from Si;, onwards. For Sig a
marked difference is observed between the structures of the cation and neutral, as
they are built upon the pentagonal vs. tetragonal bipyramidal motif, respectively.
This structural change can be rationalized by the bonding character of the HOMO
of Sig which relaxes the bipyramidal structure upon ionization. Even though the
structures of neutral silicon clusters have been predicted by theory before, this
is the first unambiguous experimental confirmation for larger clusters. The pre-
sented results provide reference data for theoretical investigations and may allow
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for further insights into the charge-state dependence of the clusters’ properties in
general.

The tunable IR-VUV two photon ionization technique allows for characteriza-
tion of the cluster structures without the need of a possibly perturbing messenger
or host matrix. As many strongly bound clusters have their ionization energies
in a range accessible by (tunable) UV lasers, near threshold ionization should be
achievable. It is expected that tunable IR-UV two photon ionization will become
a more generally applicable method for the investigation of vibrational spectra of
neutral clusters. By combining two tunable laser sources, the UV photon energy
can be adjusted allowing for vibrational spectroscopy to the very far-IR, the tera-
hertz regime, where other methods reach their limits. Furthermore, the technique
should not be limited to low temperatures, as messenger tagging experiments are,
and therefore could allow for studying temperature dependent effects over a wide
temperature range.



4. Charged and neutral magnesium
oxide clusters*

Magnesium oxide is considered as a prototype material of a (simple) metal oxide.
In contrast to many other materials, the bulk structure, a cubic NaCl structure, is
preserved even at extremely high pressures of up to 227 GPa [181]. Its physical
properties, high melting point, high resistance, corrosion resistance, etc. are the
reason for its use in many industrial applications, such as for crucibles, insula-
tors in heating elements, or in cements. In the high temperature superconductor
Bi,Sr,CaCu,0O, (nano-)particles of magnesium oxide are used as pinning centers
for the (magnetic) flux to enhance the critical current density [182-187]. Further-
more, MgO plays an important role in chemistry and is used as a support material
for (transition) metal catalysts. Whereas the perfect MgO surface is generally un-
reactive, this changes for defect-rich surfaces. These are active for hydrogenation
(transfer) reactions or dehydrogenation [188-190].

In methane based chemistry [191, 192] MgO may also play an important role.
Currently, many large-scale chemical processes base on crude oil as raw material,
but resources are limited. Methane, the main constituent of natural gas, but which
is also a product of fermentation processes, would be an alternative. Because of its
biological origin it could be considered as a renewable resource, though it also acts
as a greenhouse gas. Efforts are currently underway to develop catalysts, which
would allow direct selective functionalisation of methane to ethane or methanol.
Up to now, only reactions with the detour via synthesis gas (CO+H,) have in-
dustrial relevance. Several possible catalysts have been found in the lab for the
oxidative coupling of methane to ethene [193, 194], but none has made the step
to the large scale process. Selectivity and yield are the limiting factors, as the re-
action products, which are more reactive than the methane, react further to CO,.
Among the possible candidates is lithium doped magnesium oxide. Lunsford and
coworkers found that this system is able to activate methane [195, 196], which is
the first step of the catalytic cycle. They proposed a mechanism [196], depicted in

* Parts of this chapter are based on the following publications: Structural diversity and flexibility of
MgO gas phase clusters, K. Kwapien, M. Sierka, J. Débler, ]. Sauer, M. Haertelt, A. Fielicke, G. Meijer,
Angew. Chem. Int. Ed. 2011, 50, 1716.

Structure determination of neutral MgO clusters — hexagonal nanotubes and cages, M. Haertelt, A. Fielicke,
G. Meijer, K. Kwapien, M. Sierka, and J. Sauer, Phys. Chem. Chem. Phys 2012, 14, 2849.
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Figure 4.1, that assumes [Li"O~]* sites as the active species. In a homolytic reac-
tion methyl radicals, CH3, are formed, leaving a surface hydroxy group OH™ as
an intermediate species. The methyl group is mobile on the surface, and ethane
can be formed by coupling with another methyl. The surface hydroxyl group un-
dergoes heterolytic dissociation into a surface O?>~ and a proton. The proton can
recombine with another hydroxyl group, leading to water desorption and the for-
mation of an oxygen vacancy Vo on the surface. With gas-phase oxygen molecules
and by electron transfer from the [LitO?] sites, the active centers can be regen-
erated. These original studies were the starting point for further investigations
by experiment and theory. The more recent investigations cast doubts on the pro-
posed mechanism, as experiments showed that the Li is not stable on the surface
[197], and that the reaction also occurs on bare MgO surfaces and even without any
particular catalyst [198]. The selectivity, however, is higher on the lithium doped
system. Theory that describes the electronic structure, the defect formation ener-
gies, and the reaction pathways is also very challenging as only the most accurate
levels of theory for very large supercells or cluster models seem to give results
consistent with experiment. Furthermore, the reaction occurs at rather high tem-
peratures, where the surface becomes unstable. Theoretical kinetic studies, which
would help to develop a mechanistic understanding of the reaction and which are
required to develop an industrial process, are only in agreement with some exper-
iments. The common opinion is that oxygen radical centers, O~, O, , O%_ and O3
are important for the reaction [193, 199, 200] and that it involves both gas-phase
and surface catalytic reactions [201, 202]. For a recent review summarizing the
current knowledge see Ref. [203].

Gas-phase studies on clusters may help to improve the understanding of the
methane activation on MgO, as systems with a reduced size can act as model sys-
tems and allow for high level calculations. The geometric and electronic struc-
ture of the cluster model systems can be experimentally investigated, and their
reactions can be studied. Depending on the experimental conditions reactive in-
termediate species are also accessible. Here, vibrational spectroscopy has been
performed on a series of different species, which may be relevant at different steps
of the oxidation reaction. The systems covered include neutral (MgQO), clusters,
whose electronic structure corresponds to that of MgO on a perfect surface and
cationic (MgO);’ clusters, which are isoelectronic to the lithium doped magne-
sium oxide. The influence of charge on the geometric structure of the clusters can
thereby be investigated.

As clusters often have very different structures to those observed for the bulk
phase, the size range for the transition to the bulk structure is of great importance.
For neutral clusters there are indications that instead of bulk cubelike structures,
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Figure 4.1.: Lunsford mechanism [193] for the oxidative coupling of methane on a
lithium doped MgO surface (Figure adapted from Ref. [192]).

hexagonal tubes are formed for smaller (MgO),, clusters.

Oxygen rich MgO clusters with Mg, 0,1 are investigated, as these may con-
tain activated (di-)oxygen species, which are presumably the active centers for
the methane activation. The reaction with CHy creates hydroxy groups on the
surface and model systems for such species have also been investigated by vibra-
tional spectroscopy. Finally, the interaction of the structurally characterized MgO
clusters with different small molecules, water, methane and carbon monoxide is
studied.

4.1. Stoichiometric (MgO);? clusters

Nanotubes, rods, or cages are fascinating structural motifs and their electronic,
optical or chemical properties may be tuned by changing their aspect ratio [204],
adsorption of other molecules [205, 206] or filling [207], and adapted to possible
applications, e.g., in nanodevices [208-210]. Elongated structures like nanotubes,
or nanorods can be formed, apart from carbon, from many different substances
like elemental compounds (including metals), oxides, nitrides, and carbides [211]
and also magnesium oxide. Bundles of MgO nanotubes with lengths up to several
ten ym can be made by simple thermal evaporation methods [212-214]. Though
the macroscopic shape of these tubes may not easily fit into the picture of a cubic
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crystal, on an atomic scale the cubic motif of the bulk MgO in its rocksalt structure
is still retained. For nanoscaled clusters, however, we observe a different behavior.

The first experiments on MgO clusters by multiple photon laser ionization mass
spectrometry [215] already suggested that, in addition to the cubic motif, tubular
structures formed by stacking hexagonal (MgO), units — hexagonal nanotubes —
may be present. A number of theoretical studies have followed these experimental
investigations, most applying simple ion (pair) potentials [216—220] sometimes in
combination with global structure optimization schemes [221-224]. Such simula-
tions applying parameterized potential functions predict two different structural
types depending on the ionic charges: a cubic motif for full formal charges and
hexagonal tubes and cages [221] for smaller charges. Hexagonal tubes have been
identified by a genetic algorithm as the putative global minima for clusters with
(MgO)sx, k=1-5 [223]. For other cluster compositions more cube-like structures are
often predicted but, as yet, there is no common agreement on their structures in the
literature. Quantum chemical methods [225-230] in combination with global opti-
mization approaches have, to our knowledge, not yet been systematically applied
to neutral MgO clusters of different sizes. Only for the alkaline halide clusters
(LiF),, which are assumed to behave similarly to MgO clusters [218], simulated
annealing at an ab initio level has been performed for n=1-8 [231]. Experimen-
tal data to benchmark the theoretical predictions is highly desirable especially for
larger systems, but spectroscopic information is, to date, rather limited.

The combination of IR excitation with mass spectrometric detection has been
proven to be very successful [53] for determining the structure of strongly bound
gas-phase clusters. Obtaining IR spectra of neutral metal oxide clusters remains,
however, challenging. Matrix isolation spectroscopy has been used to study very
small (MgO) species, in particular OMgO and (MgO), [232]. For larger clusters in
the gas phase, starting with (MgO)15, IR resonance enhanced multiple photon ion-
ization (IR-REMPI) spectra [73] have been reported and very similar IR spectra for
all sizes have been found. Because of the vicinity of the observed bands to the sur-
tface phonon modes the cubic motif was suggested as being present even at smaller
sizes. Quantum calculations were missing at that time, making a definite struc-
tural assignment impossible. In such gas-phase experiments the neutral clusters
can be investigated without any perturbation from the environment. However, the
absorption of several hundred IR photons needed to induce IR-REMPI requires a
high IR fluence and the high internal energies necessary for the thermionic elec-
tron emission usually lead to broadening and shifting of spectral lines, making the
spectra less informative.

For this reason more evolved techniques have been developed, which have, so
far, mainly been used to study ionic metal oxide clusters. IR multiple photon dis-
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sociation of the cluster itself or the dissociation of more weakly bound messenger
complexes has been used to measure vibrational spectra of several metal oxide
cluster ions, including vanadium, aluminum, iron or niobium oxides [75, 84, 233—
236]. For MgO such studies do not exist yet.

Compared to the experiments on ionic clusters, the mass spectrometric investi-
gation of neutral species requires an additional ionization step. For this, UV single
photon ionization is usually used to avoid excessive fragmentation of the clus-
ters. However, direct investigation of neutral metal oxides with such a technique
is hampered by the large ionization energies (IE>8 eV) typical for oxygen rich
metal oxide clusters, as no ‘simple” high fluence laser sources are available with a
photon energy above 8 eV.

In the following it will be shown that the tunable IR-UV two-color ionization
scheme used before to study neutral silicon clusters can also be applied to (MgO),,
clusters containing between 3 and 16 MgO units. This study closes the gap be-
tween the matrix isolation studies for very small MgO clusters and the IR-REMPI
investigations on large MgO clusters. The structures of MgO clusters are assigned
by comparison with calculated IR spectra for low energy isomers located using an
ab initio global optimization employing a genetic algorithm. Our approach deliv-
ers detailed insights into the structural evolution of small neutral MgO clusters
and reveals dramatic structural differences between MgO in the bulk phase and at
the nanoscale. In addition, the cationic clusters are studied for n=2-10 by IR-MPD
spectroscopy of weakly bound messenger species as this allows investigation of
the influence of charge on the cluster structures, and to test the often applied ver-
tical ionization approximation, which assumes a similar structure between cation
and neutral cluster.

4.1.1. Cationic clusters*

4.1.1.1. (MgO);’ clusters — IR-MPD spectroscopy of messenger complexes (Ar
vs. Oy)

MgO clusters are particular stable, and are therefore one of the few systems (be-
sides metal carbide and fullerene clusters), for which IR spectra of the neutral
species [73] could be measured by IR-REMPI. Direct multiple photon dissociation
of cationic clusters in the IR, which was used successfully in many experiments on
vanadium [235, 237] or aluminum oxide clusters [235] is unfeasible for MgO due
to the high stability. Instead, the messenger technique is used. However, due to a

* Major parts of this section have been published: Structural diversity and flexibility of MgO gas phase
clusters, K. Kwapien, M. Sierka, J. Dobler, J. Sauer, M. Haertelt, A. Fielicke, G. Meijer, Angew. Chem.
Int. Ed. 2011, 50, 1716
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mass coincidence between argon (the major isotope with an abundance of 99.6 %
has a mass of 40 amu) and a ?*Mg!O unit, it is not possible to perform such an
experiment with magnesium of natural isotopic distribution (*Mg: 79%; *Mg:
10%; 2*Mg: 11%). Also most other rare gas atoms cause mass coincidences, and
more importantly, the formation of complexes under our experimental conditions
is expected to be very difficult, i.e. for neon. For species that bind stronger defor-
mations of the clusters are more likely.

A mass spectrum obtained using a normal Mg target and 0.5 % oxygen in the
helium carrier gas taken in the Berlin setup is shown in Figure 4.2(a). Clusters
with different stoichiometries are formed, however, the major peaks can either be
assigned to clusters with a one-to-one stoichiometry or to clusters with a single
additional oxygen atom. Clusters with an additional magnesium atom can also be
observed, but have a much lower intensity.

To circumvent the mass coincidence between the bare clusters and the messen-
ger complexes different special isotopes could, in principle, be used, i.e. 180, *Ar,
BMg, or 2°Mg. However, the latter has been selected, as various aspects argue
against the others. 180 has, for instance, the same mass as water, which is al-
ways present as a contaminant in the carrier gas, but also evaporates from the
surfaces in the source chamber. Although in small amounts, hydrogen containing
species have been observed and, as can be seen later, spectroscopy on such species
was also possible. Another possibility is to use 3Ar, but this is very expensive
(3 €/ml), and more importantly, the cluster signal still smears out due to the iso-
topic pattern of the Mg itself. Furthermore, mass coincidences between different
stoichiometries can occur for larger clusters. The Mg isotope has finally been
chosen, as it will also allow in the future experiments on (lithium) doped species.
The even mass of this isotope would make it very easy to identify a lithium doped
species due its odd mass (92.6 % of the natural abundant lithium has an atomic
mass of 7).

As only the outer surface of the target rod is ablated by the laser only a
0.1 mm thick foil of Mg (99.4 %, Oak Ridge National Laboratory, 20x20 mm,
1500 € /target) has been used in the experiment. This is wrapped and glued
around a stainless steel carrier rod. To avoid the signal being lost when the laser
hits the seam, a sensor was installed that detects it. This has been used to interrupt
the Q-switch trigger for the ablation laser and the signal recording when the un-
usable part of the rod was reached. At the same time the turning speed for the rod
was increased, to reduce the down time.

The 2MgO cluster cation complexes are generated by using a pulse energy of
~1.5 m]J (at 532 nm) for the ablation laser and a gas mixture of 1 % oxygen and 5 %
argon in helium. A distribution of bare cationic clusters as well as their complexes
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Figure 4.2.: a) Mass spectrum of MgO clusters made by laser ablation of Mg with
natural isotopic abundance. In grey the simulated isotopic pattern of
(MgO)/. b) Mass spectrum of MgO clusters made by laser ablation of
26Mg in an atmosphere containing helium, oxygen, and argon. c) Mass
spectrum highlighting the messenger species for (MgO)s.
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with Ar and O, was produced in the source at ambient temperature (30 °C), ex-
panded into vacuum to form a molecular beam and was then analyzed in a reflec-
tron time-of-flight mass spectrometer. A corresponding mass spectrum can be seen
in Figure 4.2(b) and (c). Although an isotopically pure target was used, the mass
spectrum looks quite complex, but the different species can be unambiguously as-
signed. The bare clusters are marked in Figure 4.2(b). Clusters are formed with
similar compositions and relative intensities as those obtained with the normal
Mg rod. The other species formed can be identified as complexes of these clusters
with Ar and O,. Some of the species have been assigned in Figure 4.2(c). Mainly
species containing additional O, are observed, and particularly for the smaller
sizes, up to 3—4 oxygen molecules can stick to the clusters. The intensities of the
Ar complexes is usually much lower than for the O, complexes. Species contain-
ing both Ar and O, are also observed. The presence of different bare cluster sizes
and compositions, in combination with the large number of possible complexes is
the reason for the complexity of the mass spectra. At lower source temperatures,
where complex formation is even more favorable, this becomes even worse and an
assignment becomes very challenging.

Relatively low FELIX pulse energies of 4-20 m] (<7 mJ below 1000 cm~?!) have
been used to record the IR-MPD spectra for the cationic MgO clusters. The absorp-
tion spectra have been corrected by the photon fluence.

Messenger tagging — Ar vs. O,. Several different kinds of messenger atoms (He,
Ne, Ar, Kr, Xe) or molecules (H,, N,) are common. However, a good messenger
should interact only weakly with the molecule or cluster studied and should, in
principle, be only physisorbed. This could be a problem for cations complexed
with heavier rare-gas atoms, but may be even worse for messenger molecules as
charge transfer could also occur, leading to a (partly) covalent bonding. Therefore,
data obtained using such messengers has to be interpreted with care, taking the
possible influence of the messenger into account. For a few cases, e. g. V,Og [75],
Nb,Of [233], Ta,O7; [239] V,05 [237], and Fe, O, clusters [236], the desorption of
O, has been used as a messenger. In these examples, however, different chemically
bound molecular dioxygen species are distinguished, differing in the amount of
charge transferred into the antibonding orbitals of the oxygen molecule (see Figure
4.3). In principle, each of these dioxygen species can be unambiguously identified
by the frequency of the O-O stretch. The physisorbed oxygen molecule absorbs
around 1550 cm ™!, while the chemisorbed superoxo species has a characteristic

vibration around 1150 cm~!.

The peroxo species is more difficult to assign, as
its band is around 800-900 cm !, where the stretches of metal-oxygen units are

also found. The vibration of the free O, molecule is not IR active, however, if
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Figure 4.3.: (a) Molecular term scheme of O,. (b) Term schemes of the different
dioxygen species, along with their most characteristic properties [bond
order (BO), O-O distance (d), vibrational frequency (v), dissociation

energy Ejjss] taken from Ref. [238].
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Figure 4.4.: IR-MPD spectra for (MgO)d and MgsO, obtained by tagging with

different messengers, Ar and O,.
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Figure 4.5.: Comparison between the IR-MPD spectra for (MgO);" clusters ob-
tained with different messenger species.

physisorbed to a cluster it can become weakly IR active. The O-O stretches in
O, and O can also have only very low IR intensities in some situations, as will
be shown later. The superoxo and peroxo species will later play a major role as
structural elements in clusters of the composition Mg, O,,11, discussed in Section
4.2.

For cationic MgO clusters it was possible to compare two different messengers,
Ar and O,, for a large number of species. For a given cluster, both messenger spec-
tra hardly deviate. Figure 4.4 shows the comparison of IR-MPD spectra obtained
on the Ar and O, complexes for (MgO)d and Mg;Of from 200-1650 cm~!. This
range covers a major part of the vibrational fundamentals of the bare clusters, in-
cluding those for the different dioxygen species and the bending mode of water, at
1650 cm !, which also allows such species to be identified.

The similarity between the spectra of Ar and O, complexes shows that the dioxy-
gen molecules are only weakly physisorbed. A similar binding, via charge induced
dipole interaction, between the cationic cluster and both messenger species can
be rationalized by the rather similar polarizabilities of the Ar atom and the O,
molecule. The band observed at 1550 cm ™! for the Mg O} cluster can be assigned
to the stretching vibration of practically unperturbed O, which becomes weakly
IR active for O, bound to the cluster.
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Figure 4.6.: IR-MPD spectra for (MgO); clusters obtained by O, tagging. At 1100
cm~ ! an absorption is observed for the clusters sizes shown above,
which is an indication for the presence of an O, unit in the cluster.

For all cases where a comparison is possible the spectra of Ar and O, complexes
are very similar. In addition, no change in the spectra for different messenger cov-
erages are found except for (MgO), . Here, the spectra of complexes containing a
single or two messengers differ by the presence of an additional band at 631 cm ™!,
irrespective of the kind of messenger, see Fig. 4.5. This can be understood as a
change in symmetry; a single messenger reduces the cluster’s symmetry from D,
to Cp, (see discussion below), while complexes with two physisorbed dioxygen
molecules or Ar and O, have the higher D, symmetry. This is the only example
where a significant influence of the messenger on the spectrum has been found. In

all following cases the calculations have been performed only for the bare cluster.

For a few sizes, (MgO)/, (MgO);, and (MgO)4, a weak absorption around
1100 cm~! was also observed, see Figure 4.6. This might be an indication for the
presence of a superoxo species that does not originate from the O, messenger itself,
as for (MgO)/ for instance, this absorption was also observed in the Ar spectrum
(for the larger two species the Ar complex intensity was too low). This means that,
at least for a fraction of the clusters produced, a complex with an intact O, unit, i.e.
MgeO4(0;) ", may have been present.

In the following, only the spectra obtained with the O, messenger are shown
as these have a better signal to noise ratio, because of their higher intensity in the
beam.
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4.1.1.2. Theoretical method*

DFT calculations have been performed using the TURBOMOLE program pack-
age [240]. The global optimizations of cluster structures employed the B3-LYP
hybrid exchange-correlation functional [241, 242], triple zeta valence plus polar-
ization (def2-TZVP) basis sets [173, 243] and a hybrid ab initio genetic algorithm
(HAGA) [244]. To speed up the DFT calculations the multipole accelerated reso-
lution of identity (MARI-]) method [245] along with the def2-TZVP auxiliary ba-
sis sets [246] was used. All minima were verified by vibrational analysis. The
differences in the zero-point vibrational energies (ZPVE) are negligible and have
therefore not been considered. MP2 and CCSD(T) calculations were performed for
(MgO),f, n = 3-4 and 6, with the same def2-TZVP basis set as the B3-LYP calcula-
tions. Initially, MP2 optimizations with TURBOMOLE were performed, followed
by CCSD(T) calculations with MOLPRO [247]. Single point calculations at the MP2
structures were carried out for n=6. CCSD(T) structure optimizations and subse-
quent numerical frequency calculations were performed for n=3-4. All frequencies
are unscaled.

4.1.1.3. Results and discussion

The measured IR-MPD spectra obtained on the O, messenger complex for (MgO);"
clusters with n=2-10 in the 200~1000 cm ! range are shown in Figure 4.7 and 4.8,
and are compared to the predictions from calculations. The comparison shows that
cationic (MgO),; clusters prefer very open structures, often with low symmetry,
quite different to the neutral MgO clusters shown later. The unpaired electron is
delocalized over two oxygen atoms in the global minimum structures of (MgO);,
(MgO);r, and (MgO);r . Removing an electron from the neutral clusters for n=3, 4,
and 6 results in a Jahn-Teller (JT) distortion that leads to the appearance of two
or more nearly degenerate low energy states which differ in their spin localiza-
tion. The information about spin localization is of particular interest for reactivity
studies of gas-phase clusters [248].

The smallest ionic cluster (MgO), has a ring-structure with Dy, symmetry, and
the calculated IR spectrum for pure (MgO); is in excellent agreement with the ex-
perimental finding for (MgO),(02), . For (MgO); the predicted IR spectrum from
DFT calculations does not agree with the measured IR-MPD spectrum. Instead,
calculation at the CCSD(T) level are required for a proper description of the sys-
tem. These calculation show that JT distortion leads to a Cp,-symmetric structure
with 2By and 2A; states, which are separated by less than 2 k] mol 1. For the lowest

* The calculations have been performed by K. Kwapien, Dr. M. Sierka, and Dr. J. Dobler from the
Quantum Chemistry group of the Humboldt University Berlin headed by Prof. J. Sauer within the
UniCat collaboration.



4.1. Stoichiometric (MgO), clusters 65

A i n=2 |- 400
2100 00

£ A » _|F 200
{ b, DA T
0 2h “3u L - iy . v - 0

o A 8._C.%A, . n=3
ccsD(T)

relative cross section / arb. units

calculated IR intensity / km mol*

‘70#.0 afno . n=6 k1000

IN)
¢]
®

0 100 200 300 400 500 600 700 800 900 1000
wavenumber / cm?

Figure 4.7.: IR-MPD spectra for (MgO)," n=2-7 clusters compared to calculated
linear absorption spectra (DFT or CCSD(T)) for the lowest energy
structures. The experimental data points (shown in black) are folded
with a 5-point running average (solid red line). The calculated theo-
retical spectra have been smoothed with a Gaussian function with a
FWHM of 8 cm~!. Oxygen atoms are shown in white, magnesium
atoms in black, and the spin density in grey.

energy 2B; state, where the spin density is delocalized over two oxygen sites, the
calculated spectrum shows a satisfactory agreement with the IR-MPD spectrum
(Figure 4.7). For (MgO)j{, JT distortion leads to Cp,- and C3,-symmetric structures
with the lowest energy electronic states 2B, (C,) and 2A; (Cs,) separated only by
2.2 k] mol . Figure 4.7 shows that the combined calculated spectra for both iso-
mers would reproduce the experimental one, except for the weak band at about
750 cm~!. A band at this frequency could be due to a peroxo species. As the O,
molecule was used as the messenger this would indicate a charge transfer from the
cluster to the molecule, and a much stronger binding. In this case the O, molecule
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Table 4.1.: Relative energies [Kk] mol~!] of isomers of the (MgO)gr cluster ion
(shown in Figure 4.7) with different quantum chemical methods (def2-

TZVP basis set).
Method C;ZBiso-1 Cyp 2By iso-2 Cpy 2By is0-3
B3-LYP 0.0 25.1 11.8
MP2 9.2 0.0 8.2
CCSD(T) 1.8 3.3 0.0

would no longer be an innocent messenger. However, spectra measured with Ar
as the messenger yield an identical spectrum.

Another possible source for this band could be the presence of isomers (such as
Mg4O,(02) ") or of a different species with the same mass/charge ratio. For the
neutral (MgO)4 cluster a band at slightly higher wavenumber has been observed
and possible isomers have been constructed in order to explain this feature. As
will be shown later, species with a stable O, unit have been found, however, they
are predicted to be very high in energy for the neutral species.

For (MgO): excellent agreement between experimental and theoretical spectra is
found. Although no scaling was applied to the calculated spectrum, there is a per-
fect match between measured and predicted band positions. In the 600-740 cm !
range, where no absorptions were measured, the theoretical spectrum also has no
IR active features. The structure that was found by the global optimization method
has not been considered before and is an open sheetlike structure with C; symme-
try and, as will be shown later, with no resemblance to its neutral counterpart.

The structural assignment of the (MgO), cluster ion is more challenging. The
global optimization yields three low lying structures with similar energies (see
Table 4.1). In fact, different quantum chemical methods predict different energy
orderings of the three structures. Figure 4.7 shows that the calculated spectra for
all three isomers reproduce some features of the experimental spectrum. A single
isomer is not sufficient to explain the experimental observation. This may indicate
that the IR-MPD spectrum for the (MgO), cluster ion reflects the presence of a
mixture of all three isomers. As the experiment was performed with the cluster
source at ambient temperature (ca. 30 °C), the population of high-lying isomers
as well as an isomerization on the time scale of the experiment cannot be ruled
out. Due to the small structural changes required to go from one structure to the
other this is even very likely. None of the structures would explain the mode ob-
served at 1100 cm !, and it may also well be that another isomer with a superoxo
unit causes this additional feature and possibly contributes to some of the other
observed absorptions.

The calculated and experimental spectra for the next larger cluster ion, (MgO);,
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Figure 4.8.: IR-MPD spectra for (MgO),; n=7-10 clusters and comparison with re-
sults from DFT calculations.

again shows good agreement (see Figure 4.8). Except for a band at 780 cm~!, all
the features are reproduced in the calculated spectrum, which is a good indication
that the structure of the cluster present in the beam has been found.

For the next two larger sizes only preliminary calculations have been performed.
For both sizes the two lowest energy structures identified are shown. The structure
for (MgO); is based on the two-layer hexagonal tube structure of iso-1 of (MgO){,
while for the (MgO)j cluster a hexagonal tube consisting of 3 layers of the hexago-
nal ring structure of (MgO)j3 has been identified as the global minimum, similar to
many predictions for the neutral counterpart. Surprisingly, cube-based structures
are found to be only slightly higher in energy, at 16.8 and 11.9 k] mol !, for MgO)§
and (MgO)§, respectively. In both cases, most of the experimental spectra are ex-
plained by the putative global minimum structures, but a few features are missing
in the predicted spectrum, which may indicate the presence of these higher lying
isomers.
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For (MgO)j, the agreement between experiment and theory is again very con-
vincing. The calculations predicts a cage structure with C; symmetry in a 2A” state
as the global minimum.

4.1.2. Neutral clusters*
4.1.2.1. (MgO), clusters — IR-UV2CI spectroscopy

The neutral clusters are made, similar to the cationic ones, by laser ablation from
the 2°Mg target. 1 % oxygen has been added to the helium carrier gas. The clusters
are cooled to ~100 K in the thermalization channel attached to the source. The
charged species are deflected out of the beam by a voltage applied to the aperture.
The remaining neutral cluster distribution is analyzed with the reflectron time-of-
flight mass spectrometer by using a unfocussed F, excimer laser (7.87 eV photon
energy) for ionization. Small peaks are observed at the positions for the 1:1 sto-
ichiometric magnesium oxide clusters, e.g. Mg,O,, with n = m, as well as for
systems deviating slightly from this stoichiometry, e.g. n = m 4 2,m £ 1, see also
Fig. 4.9.

The intensities of the different species measured in the photoionization mass
spectrum are determined by the abundance of the neutral species and their ion-
ization efficiencies, which depend on the ionization energies (IE). Experimental
values of the IEs for these systems are not available. Therefore, one has to refer
here to the calculated IEs for the low lying isomers discussed later. For systems
with n = m they are around 8 eV, see the inset in Fig. 4.9. From this, one might
already expect that these clusters will not be very efficiently ionized at the pho-
ton energy of the F, laser. Indeed, the small mass spectrometric signals observed
qualitatively confirm the calculations of the IEs.

The predicted IEs lie in a narrow range around the photon energy of the F, laser,
making the neutral MgO clusters a perfect system to be studied by tunable IR-UV
two-color ionization spectroscopy, as applied to neutral silicon clusters. Messen-
ger tagging cannot be used for neutral MgO clusters as there is no convenient UV
source for their single photon ionization. Again, the cluster-size specific IR spectra
are obtained by recording on alternating shots mass spectra with (intensity I) and
without FELIX irradiation (Ip) and by scanning the IR wavelength. An example
for the observed rise in intensity upon resonant absorption of IR light is shown in
Figure 4.9. For (MgO),, for example, an intensity increase of a factor of three is
observed at 380 cm~!. Figure 4.9 shows also the competing process to ionization;

* This section has been published: Structure determination of neutral MgO clusters — hexagonal nan-
otubes and cages, M. Haertelt, A. Fielicke, G. Meijer, K. Kwapien, M. Sierka, and J. Sauer, Phys. Chem.
Chem. Phys 2012, 14, 2849
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Figure 4.9.: Time-of-flight mass spectra obtained under different ionization condi-
tions. Upon irradiation with just 7.87 eV photons, only weak signals
are observed, which significantly increase for strongly bound systems
when IR radiation, resonant with a vibrational transition, is added. The
inset shows the calculated vertical IEs of the low energy structures ob-
tained from the global optimization. The red line indicates the photon
energy of the F, excimer laser (7.87 eV).

more weakly bound species like Mg, ,Og tend to be fragmented by the IR radiation,
and the neutral fragments formed cannot be detected with the mass spectrometer.
The IR absorption spectrum of such species can be recorded by monitoring the
depletion of the mass spectrometric signal. Almost all Mg-rich Mg, O,, species
with n>m show this behavior, while stoichiometric and oxygen rich systems with
n=m and m>n can be studied with the ionization technique. A FELIX macropulse
energy of ~16 m] was used in the whole range, with an IR beam diameter of ap-
proximately 1 mm at the aperture. Relative absorption spectra are derived by the
procedure described in Section 2.4.2.1.

4.1.2.2. Results and discussion

Vibrational spectra of (MgO),, clusters have been measured in the region from 200-
1700 cm~!, to be able to identify any molecular dioxygen species which might be
present and how they are bound to the cluster. For all of the (MgO),, clusters con-
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sidered here, no features above 1000 cm ! are seen, which makes the presence of

physisorbed dioxygen as well as of superoxo species unlikely. This is quite differ-
ent from the cationic MgO clusters investigated before. There, some of the mea-
sured bands have been assigned to isomers containing dioxygen species. Com-
plexes containing intact water molecules can also be ruled out. As no additional
structural information is contained in the range above 1000 cm !, the experimental
spectra are shown only for the range 200~1000 cm~!. Comparison is again made
to predictions from DFT calculations” using the B3-LYP functional, the def2-TZVP
basis set and the genetic algorithm, as for the cationic clusters. The experimental
spectra for the (MgQO),, clusters with n =3-16 together with a comparison to the
results of the calculations are shown in Figs. 4.10-4.12. For most sizes very distinct
IR spectra have been recorded. In several cases, rather small numbers of bands
are found, which can be an indication of rather symmetric structures. For all sizes
above n>5 a very intense band is observed around 700 cm !, which seems to be
saturated and power broadened. For lower frequencies, saturation effects do not
seem to play a major role for the quality of the spectra. The observed bands can be
narrower than <10 cm~! (FWHM).

The hexagonal tubes - (MgO)3; clusters. The vibrational spectra for clusters of
the (MgO)s, composition (k=1-5) are shown in Fig. 4.10. Already at the first glance
the similarities between the spectra of the different sizes become apparent. This
may indicate a similar structural motif for the clusters based on the (MgO), unit.
Indeed, previous theoretical studies, initiated by the observation of magic peaks in
the mass spectra[215], predicted that the sizes with n=3xk should favor hexagonal
tube structures formed by stacking k (MgO), hexagons. The global optimization
scheme employed here also identifies the hexagonal tubes as the global minima
for most of these sizes. Only for (MgO)s.4 is a cage-like structure found, lying
1.8 kJ/mol lower in energy. The calculated linear absorption spectra for these low
energy structures and the experimental spectra are compared in Fig. 4.10.

For all sizes the spectrum of the hexagonal ring or tube structure shows a very
good match to the experimental spectrum. For the hexagonal ring (MgO)3,1 and
the small tubes with (MgO)3x> and (MgO)s«3 there is little doubt about the as-
signment, as the calculated spectra of the putative global minima also explain the
finer details of the measurements, e.g., the weak band for (MgO)3 x> at 240 cm— L.
The isomer we identify for the neutral (MgO)3x» is one of the three low energy
isomers found for the cation, but here it is clearly the only structure present in the
beam. For the next larger size, (MgO)34, a cage with Tj, symmetry is predicted to

* The calculations have been performed by K. Kwapien, and Dr. M. Sierka from the Quantum
Chemistry group of the Humboldt University Berlin headed by Prof. J. Sauer within the UniCat
collaboration.
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Figure 4.10.: Vibrational spectra of (MgO),, clusters with k=1-5 (3k=n) and com-
parison to calculated linear absorption spectra. The measured data
points are shown as dots and a five-point-running average (solid red
line) is added to guide the eye. The calculated IR spectra are unscaled
and have been convoluted using a Gaussian line shape function with
a FWHM of 10 cm~!. The effect of zero-point vibrational energies
(ZPVE) on energetic ordering of different isomers was found to be
negligible and was therefore not included. Some of the theoretical
spectra are shifted vertically for clarity. Relative energies of different
isomers are given in kJ/mol.
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be lower in energy than the tube, but its spectrum does not fit well with the exper-
imental spectrum, which can be fully explained by the tube structure. Inclusion
of zero point vibrational energy differences does not alter the order of the two iso-
mers. The energy difference actually increases slightly from 1.8 to 3.2 k] /mol. The
calculated IEs for the two isomers are 7.89 eV for the cage and 7.75 eV for the tube
structure. As the IR spectroscopic technique used here exploits relative enhance-
ments in the ionization efficiency of the systems, it is more sensitive to the isomers
with the lower IE. Therefore, the additional presence of the cage isomer cannot be
completely ruled out.

For the (MgO)35 cluster the hexagonal tube is again the lowest energy structure
and its spectrum nicely fits the experimental data. The next higher isomer, energet-
ically separated by 60.1 k] /mol, is a cage of C3, symmetry. It has similarities with
the cage structure calculated as global minimum of (MgO)3.4 and can be formed
by adding an additional hexagonal ring to the (MgO)3 4 cage.

Although the IR spectra for all the tubular structures appear to have many com-
mon features, the characteristic vibrations of the tubular structure like concerted
movements of the layers, breathing modes or even kinks of the whole tube, are
either not IR active, or show only very low IR intensities. The modes of high IR
intensities observed in the experiment are strongly delocalized.

Small non-tubular MgO clusters. Besides the (MgO)s; clusters, which adopt per-
fect hexagonal tube structures the intermediate sizes (n#3k) also turn out to have
interesting structures, mostly very different to the bulk. The experimental spectra
and the comparison to the theoretical predictions for these non-tubular clusters
containing up to ten MgO units are shown in Fig. 4.11. Except for the smallest size
(n=4), the experimental findings can be explained by the calculated IR spectrum of
a single isomer, the predicted global minimum.

For (MgO), theory identifies a cube with T; symmetry as the global minimum.
Of all neutral sizes studied, it is the only one which has a bulk-like structure. The
cube has four IR active modes at 328, 532, 566, and 570 cm ™!, which are up to
triply degenerate. The two most intense experimental features are reproduced by
this structure, but the experimentally observed bands at ~820 cm ™! and 280 cm ™!
can not be explained by this isomer. These bands might be explained by the 8-
membered ring isomer of Dy, symmetry, 64.2 kJ /mol above the global minimum.
The calculation predicts a vibration at 852 cm ™!, which would partially explain the
broad mode around 820 cm 1. However, the experimental band seems to have a
finer structure, with sharper features at 817 and 834 cm !, which might indicate
the presence of even more isomers.

The O-O stretches of peroxo species are also found around 850 cm~! and, for
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Figure 4.11.: Measured and calculated IR spectra of smaller (MgO), clusters with
n=4,5,7,8,10. Comparison with theory shows that more cage-like
structures are observed, and that the hexagonal ring is a main build-
ing block in the observed structures.

the cations such species were suspected to be present in the molecular beam. For
instance, the (MgO); and (MgO)7 clusters had features at such frequencies, which
could not be assigned to a specific isomer. In order to asses the possibility that
0)y /2 species contribute to the spectrum of (MgO); we have investigated the
binding of molecular O, on the Mg,O; cluster. Surprisingly, superoxo complexes
were found, instead of peroxo complexes. These superoxo complexes are high in
energy, but may not easily relax to the global minimum. The spectrum of such a
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structure is also shown in Fig. 4.11. The O-O bond distance is 1.36 A, quite typical
for such a species. The superoxo mode is found at 1149 cm~! with a calculated
IR intensity of only 0.19 km/mol. This is much weaker than for any other feature
observed in the experiment, which would explain its absence in the experiment.
The other modes are also calculated to have small cross sections. The most intense
feature is predicted to be at 820 cm !, the position where the peroxo mode was
expected. This position agrees very well with the first sharper peak in the feature
at 820 cm~!. The weaker mode calculated at 336 cm~! may also contribute to the
feature seen at 331 cm ™! in the experiment. A similar superoxo complex would
also help to explain the experimental IR spectrum of the (MgO); cluster, as this
showed absorptions at 780 and 1095 cm ™!, see Figure 4.6.

The predicted global minimum structure of (MgO); is completely different from
that of the cationic cluster. There, an open, book-like structure was observed. For
the neutral a more compact structure is found that has both the cubic and the
hexagonal ring motif. It can be seen either as being formed by adding a (MgO),
unit to the (MgO),; hexagonal ring, or by adding a MgO bridge to the (MgO),
cluster.

For the larger sizes, the main structural motif is based on the (MgO), cluster.
The structure of (MgO), is cage-like with C3, symmetry and seems, at first, to
have nothing in common with most other structures. However, it can be seen as a
(MgO), unit where the hexagons have buckled after adding O and Mg atoms to the
two open ends of the tube. For the larger sizes, the (MgO), cluster motif is more
evident. The (MgO), cluster, for example, contains two of these units, fused at 90°.
Another way to describe the structure is by adding a (MgO), unit to the side of the
(MgO),, cluster. The structure of (MgO),, is also built up by this principle. Its core
is formed by a (MgO); cluster that is capped with a (MgO), unit. The symmetry
changes from S, for (MgO)g to C; for (MgO),,.

The global mimima identified in the range up to (MgO),; and for the tubes up
to k=5 are identical to the predictions for the alkaline halide system LiF [231, 249].
For (LiF), the barrier landscape was also calculated and it was predicted that both
the cube and the eight-membered ring could be observed in experiment [231]. It
appears that these two isomers are also present in the case of (MgO),, but that here
a third isomer may need to be considered.

The most extensive calculations on MgO clusters using a genetic algorithm with
a Born-Mayer potential and post-optimization with DFT [223], predicted struc-
tures consistent with our findings for all the tubular structures (MgO)3; as well for
the other sizes up to (MgO),. For (MgO)g and (MgO),,, however, we identify quite
different structures.
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Figure 4.12.: Measured and calculated IR spectra for several isomers of (MgO),;,
MgO),5, MgO),,, and (MgO),,.
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Large (MgO), clusters (1>10) - between imperfect tubes and cages. For the
perfect hexagonal tubes the quality of the experimental spectra is sufficient to con-
firm the presence of the putative global minima found by the genetic algorithm
up to rather large sizes (n =15). This becomes more difficult for the large non-
tubular clusters. The number of bands in the vibrational spectra increases and,
presumably due to a lower symmetry, leads to the observation of rather broad
absorptions (cf. Fig. 4.12). The potential energy surface for such large species be-
comes also more complicated with more local minima, which can lie very close in
energy, making it more likely that multiple isomers might be observed in the ex-
periment. Additionally, the ionization energy decreases for larger sizes, yielding a
significant ionization probability even for colder clusters. This reduces the relative
amount of the IR induced enhancement of the ionization efficiency which even-
tually makes the application of our spectroscopic technique unfeasible with just
the F, laser. The (MgO),; cluster seems to be particularly affected by this prob-
lem. The calculated IE for the identified global minimum is only 7.27 eV, 0.6 eV
below the photon energy of the ionization laser. This calculation is supported by
the high intensity of (MgO);3 observed in the time-of-flight mass spectrum, which
is almost a factor of two larger than the neighboring (MgO),, signal and a factor
of three larger than that of (MgO),,. The calculated IEs of (MgO),, and (MgO),,
are also significantly higher. Nevertheless, small IR induced increases in the ion
intensities are observed, allowing IR spectra to be obtained, albeit with a lower
signal-to-noise ratio.

For (MgO),; the genetic algorithm identifies a cage-like structure of C; symme-
try that shows some similarity with the (MgO)g structure. All the main features
in the experimental spectrum can be explained by this structure, in particular the
features at about 300, 410, and 540 cm 1. The broad band at 700 cm ! is also re-
produced by a multiplet of lines. A second isomer, which is closer to a tubular
structure, is only 24 kJ/mol higher in energy. Although the agreement of its spec-
trum with the experiment is not bad, the band positions do not fit as well as those
of the global minimum. This becomes especially apparent in the lower frequency
part of the spectrum.

For (MgO),; a cage structure is identified as the putative global minimum. Some
of the experimental features are reproduced by the calculated spectrum, but the
lower signal-to-noise level precludes a definite structural assignment. The next
higher energy structures can be seen as somewhat distorted fragments of the MgO
bulk structure. Both are close in energy, at 18 and 29 kJ /mol above the global min-
imum. Their spectral features could also explain parts of the measured spectrum.
Therefore, the presence of these additional isomers cannot be completely ruled
out.
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The experimental spectrum of (MgO),, could be explained by the presence of
either one of the two lowest energy isomers (A and B) or a mixture of both, as
shown in Fig. 4.12. The supposed minimum structure A already explains most of
the experimental features, in particular in the 250-600 cm~! range. All bands have
comparable IR intensities and overlap, thereby forming a very broad absorption
band with little structure. Only in the 600-750 cm ™! range are sharper features
seen. The one at 640 cm ™! could either be explained by the putative global mini-
mum A, which would also account for the small drop in the experimental intensity
at 600 cm ™!, or by the second lowest structure B, which is only 9.3 k] /mol higher
in energy. This isomer might also explain the most intense feature at 700 cm™!,
although the calculated IR intensity does not completely fit. Both isomers have
similarities with the C; structure of the (MgO),; cluster. The third lowest struc-
ture, isomer C, which is 54.7 kJ /mol above the ground-state, does not seem to be
observed in the experiment, as the band at 820 cm ! is missing.

The structure of the putative global minimum for (MgO),, found by the genetic
algorithm contains the hexagonal tube motif of (MgO),, as well as a cubic stack.
Even for such a large size there is still decent agreement between the calculated
linear absorption spectrum and the experimental spectrum, although the relative
band intensities fit less well. In particular the features at 490 and 590 cm ! can be
explained by this structure. The additional presence of the second lowest isomer, a
cage-structure, 55.9 k] /mol above the minimum, cannot be completely ruled out.
The feature at 390 cm ! and the high-energy shoulder of the 700 cm ! band might
originate from this isomer.

Comparison to previous IR-REMPI experiments. For a single size, (MgO),5, the
IR-UV two-color ionization spectrum can be compared to data obtained previously
via IR-REMPI[73]. The two experimental spectra are shown in Fig. 4.13 and appear
rather different, with the IR-REMPI spectrum lacking any features below 600 cm ™!
and showing a significant shift of ~50 cm~! for the most intense band. The true
shift is probably even larger — the calculation predicts an additional shift of up
to 11 cm ™! - as the IR-REMPI spectra were measured using Mg with the natural
isotopic distribution (**Mg: 79%; ®Mg: 10%; 2Mg: 11%), while we used **Mg.
While the current experiments give clear evidence that the (MgO), 5 cluster has a
hexagonal tube structure, the strong similarities between the IR-REMPI spectrum
of (MgO),5 as well as those of larger clusters and the phonon spectrum of bulk
MgO led to the conclusion that cube-like structures were observed. The lowest
energy isomer of (MgO),5 with a cubic sub-structure identified in our calculations
is found ~70 kJ/mol above the tubular ground-state. At higher temperatures, re-
quired for IR-REMP], the energetic ordering might change but this has not been
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Figure 4.13.: The upper panel shows the comparison of the IR-REMPI spectrum
(grey line) of (MgO);5 of natural isotopic distribution taken from Ref.
[73], with the IR-UV2CI spectrum of (**MgO),5s and with the calcu-
lated spectrum of the hexagonal tube structure of (MgO);5. The lower
panel shows calculated spectra of species, which have a cubic sub-
structure.

observed in our calculations. The predicted IR spectrum of that structure, but also
other cubic sub-structures, does not fit the IR-REMPI spectrum well, see Figure
4.13. The differences in the experimental spectra may be related to the specifics
of the IR-REMPI process. The IR-REMPI spectrum can be significantly affected by
(cross-)anharmonicities, leading to large redshifts and changes in the relative IR
intensities[90, 250]. Furthermore, the lack of spectral features at lower wavenum-
bers is more often observed in IR-REMPI spectra[52], as the thermionic emission of
an electron requires the absorption of several hundred IR photons, and that can-
not be easily fulfilled in the far-IR. In principle, the IR-REMPI spectrum can be
modeled [90, 250], but this requires knowledge not only of the linear absorption
spectrum but also detailed information on the anharmonicities.

For very large clusters, the appearance of the cubic motif of the MgO bulk can
be expected. All previous experiments on MgO clusters showed a considerable
change in the mass spectral abundance pattern for larger sizes [73, 215]. Further-
more, starting from (MgO),; IR bands close to frequencies of the perpendicular
and parallel bulk phonon modes have been observed, whereas for the smaller
(MgO),5 cluster only a single feature was seen[73]. Theory also predicts the struc-
tural change to occur just above the sizes considered here. For the (MgO)3 ¢ clus-
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ter the cubic motif is predicted to be energetically favored over the hexagonal tube
structure[223]. Further experimental and theoretical investigations will be neces-
sary to locate the size-range where this transition occurs.

4.1.3. Comparison between neutral and cationic (MgO), clusters

A comparison between the structures assigned for small to medium-sized neutral
and cationic (MgO),, clusters is shown in Figure 4.14. Surprisingly, for both charge
states only the (MgO)4 cluster reflects the cubic bulk structure of MgO. Instead, for
all other sizes tubular or cage-like structures are observed as the global minimum.
For a few cluster sizes there is evidence that cubic-like structures may be populated
under the experimental conditions as minority species. The neutral clusters, which
are closed-shell, usually have a high symmetry whereas the cationic clusters are
more distorted. As this determination is related to Jahn-Teller-distortion it is not
well described within DFT calculations and, for the smallest sizes, only CCSD(T)
calculations gave a convincing agreement. For a few cluster sizes, i.e. (MgO)s,
MgO)s, MgO)7, and (MgO), significant differences in geometry between the
two charge states are observed, meaning that the often applied assumption that
cationic and neutral clusters have a similar structure [225] can completely fail.

The differences between the small cluster regime and the bulk are rationalized
by a change in the bonding. Previous theoretical investigations [219, 227] showed
that small MgO clusters may be bound by ionocovalent bonding. This means part
of the charge is not localized on the oxygen atoms, but rather leads to a direct
covalent bonding. The non cube-like structures observed here, confirm these pre-
dictions.

4.1.4. Conclusions

The geometric structures of (MgO), clusters have been determined for neutral
(n=3-16) and cationic (1=2-10) species by combining results from gas-phase vi-
brational spectroscopy and predictions from DFT calculations. For the cationic
species IR-MPD spectroscopy using Ar and O, as the messenger species has been
performed, allowing for a direct comparison of the two messenger species. For the
neutral clusters a tunable IR-UV two-color ionization technique was employed.
Neutral and cationic magnesium oxide clusters exhibit structures very different
from the geometry of the simple cubic MgO bulk phase, with the only exception
of (MgO),. The combination of gas-phase IR spectroscopy and density functional
theory calculations revealed unambiguously that the hexagonal ring is the funda-
mental building block for most neutral MgO clusters. Hexagonal tubes or rings
are formed by clusters of (MgO)3, composition with k=1-5, while the intermediate
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Figure 4.14.: Comparison between the identified structures for cationic and neu-
tral (MgO),, clusters.
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sizes prefer cage like structures, though these cages also incorporate the hexagonal
ring motif. The structural transition towards the bulk-like cubic nano-crystals was
not observed in the size range investigated here. The cubic (MgO), cluster is the
only size with a global minimum structure close to the bulk geometry, however,
for this size higher lying isomers also need to be considered to fully explain the ex-
perimental spectrum. For the (MgO),; cluster, the second and third lowest energy
structures appear like distorted fragments of the bulk and some evidence for their
presence was found, but the cage-like global minimum structure largely explains
the experimental spectrum.

The cations, on the other hand, usually have more open structures with low
symmetry, leading to very complex IR spectra. For the (MgO)J, (MgO)., and
(MgO){, cluster ions an excellent agreement between experiment and theory has
been found, proving the presence of structures, which are different to the neutral
structures. These large structural differences show that the assumption of simi-
lar structural motifs for cations and neutrals can completely fail for such ‘simple’
systems as MgO clusters. For the (MgO)j and (MgO)gr clusters the small energy
differences between different low-energy isomers and the similarities between the
calculated IR spectra prevents unequivocal structure assignment.

4.2. Activation of molecular oxygen in MgO clusters

Surfaces of non-reducible metal oxides like MgO or Al,Os are often used as sup-
port for (metal) catalysts, but can also show on their own high reactivity. The ac-
tive species are defect centers, such as kinks, steps or vacancies. Important active
species for oxidation reactions are activated dioxygen, i.e. superoxo (O, ) or peroxo
(O%‘), and the O~ radical species. The superoxo [251-253] and O~ [254] species
can be experimentally observed by electron spin resonance (EPR) spectroscopy,
and have been detected for MgO powder samples. However, the detailed struc-
tural characterization of powder samples is challenging. Inverse catalysts, (per-
fect) thin oxide films on a metal support, can be prepared under better controlled
conditions. Interestingly, such systems can also show very high low-temperature
reactivity. A monolayer of FeO(111) on a Pt(111) support, for instance, was found
to be highly reactive for CO oxidation [255, 256]. In order for the reaction to occur,
the film is initially enriched with oxygen, approaching the formal stoichiometry
FeO, (x~1.8-1.9). Theoretical modeling showed that extra oxygen is molecularly
chemisorbed to the surface. Two electrons are transferred from the oxide/metal
substrate and the adsorbed oxygen becomes negatively charged, forming a peroxo
species O3, which is important in order to understand the mechanism of the CO
oxidation reaction. Experimentally, the peroxo species is not detectable by EPR.
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Theoretical investigations have shown that the charge transfer itself is not lim-
ited to FeO, but rather seems to be generally observed and depends on film thick-
ness and the support. A similar charge transfer mediated oxygen activation has
been predicted for few monolayer thick MgO films on Ag(100) [257] and Mo(100)
[258], but for both of these cases only a single electron is transferred, leading to a
superoxo species. Recently, the presence of the superoxo species was confirmed
experimentally by EPR measurements of a MgO film on Mo(001) [259]. Another
activated species, the O~ radical, has also been observed in thin MgO films [260].

Charge transfer processes can also be studied for model systems with further re-
duced dimensionality. Fragments of the surface, clusters, can be studied in the gas
phase and the charge transfer from the surface is mimicked by changing the charge
state of the particle. Mg, O,,;1 clusters can model the thin film, as for such systems
the excess oxygen may be present in the form of a dioxygen species. These species
can be probed by their characteristic IR absorptions. In addition, the structure of
the “film’, here a Mg, O, cluster, can also be studied by vibrational spectroscopy,
whereas on the surface often only single sites are experimentally accessible. In the
following, cationic, neutral, and anionic Mg, O, clusters are investigated using
a combination of several gas-phase IR spectroscopy methods and quantum chem-
istry to elucidate the effect of charge on the binding of the extra oxygen.

4.2.1. Experimental

In the previous section 1:1 stoichiometric cationic and neutral clusters have been
discussed. But clusters deviating from the ‘perfect” stoichiometry are also made in
the cluster source at the same time. Clusters with an additional oxygen atom, for
instance, were particular intense in the mass spectra obtained for cationic clusters,
see Figure 4.2, but were of low intensity in the mass spectra for the neutrals (Fig-
ure 4.9). In contrast to magnesium rich species such species were not mentioned
in previous experimental studies on neutral MgO clusters [73, 215]. This is most
likely because of the mass overlaps between larger clusters when using natural
abundance magnesium. The use of the isotopical enriched Mg target allows us
to observe such species.

The same IR spectroscopy methods as applied before can be used to obtain IR
spectra of these clusters. For cations IR-MPD spectroscopy of the Ar and O, mes-
senger species is employed. As discussed before, no differences are observed be-
tween the two messengers (see also Figure 4.4) and, because of the more favorable
intensities, here we show only spectra obtained on the O, complexes. The neutrals
are studied by IR-UV2CI spectroscopy. The low intensities of the neutral Mg, O,,+1
species can not be explained by very high IEs, as IR-UV2CI spectroscopy is only
possible for systems with an IE just above the photon energy of the ionization laser.
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Figure 4.15.: a) Mass spectrum of MgO cluster anions and assignment of the
most intense species observed. b) Difference spectra for MgsO, and
MgsO, obtained by comparing the mass spectrometric signals with
and without IR radiation. The loss in the MgsO, channel is almost
completely accounted for by the growth up in the MgsO, channel.

Anijonic magnesium oxide clusters can also be produced with the source, by
adding 1 % oxygen to the helium carrier gas with the source at room-temperature.
For detection, the voltages in the ToF-MS are reversed. Under these conditions in-
tense signals for Mg, O, ; clusters, or clusters containing even more oxygen atoms
can be observed, see Figure 4.15(a). We did not observe argon complexes, however,
upon irradiation with the IR light from FELIX using a macropulse energy of 1.5—-
18 m] fragmentation of some of the species in the molecular beam is observed.
Figure 4.15 shows the difference spectra with and without FELIX radiation ob-
tained on the Mg,Og and Mg,O; species. For the Mg,Og species a loss in the
mass spectrum with FELIX is observed, simultaneously the Mg, O, mirrors the
change, and increases its intensity. This can be explained by the loss of an O, from
Mg,Oq . As for the MgO cations, molecular oxygen acts as a messenger species.
An identical loss channel has also been observed for V,0; [237]. Unfortunately,
such a good quantitative match between the fragmenting and product species can
not be observed for all of the species in the mass spectrum. Presumably, this is be-
cause the normal fluctuations of the cluster signal masks the small increases due to
the fragmentation of the larger cluster. However, other cooling channels (includ-
ing electron detachment and the formation of other neutral fragments) can also
compete with the O, loss. Strictly speaking, the IR spectra obtained are for the
Mg, O, 43 anions.
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4.2.2. Results and discussion

Vibrational spectra in the 200~1700 cm ! range are measured for Mg, O,, ;1 cluster
cations, neutrals and anions with n=6-9 and for cations and neutrals for n=4,5.
The spectral range includes vibrational modes of the bare clusters as well as of
dioxygen species. The latter are found, depending on the kind of dioxygen species
(compare Figure 4.3(b)) between 800-900, at ~1150, or 1550 cm~!, indicating the
presence of peroxo, superoxo, or physisorbed oxygen species, respectively.

For clusters measured via messenger tagging using O,, i.e. cations and (pre-
sumably) anions, two different dioxygen species can play a role, a (chemisorbed)
dioxygen species embedded in the cluster, and a physisorbed O, messenger. This
leads for Mg;Og, for instance, (see Figure 4.4) to the observation of an absorption
at 1550 cm ™!, indicating a physisorbed oxygen molecule in the initial MgsOg com-
plex. For Mg,O7 and Mg,Og such an absorption is also observed. As this feature
is not reproduced in the argon spectrum, it can be attributed completely to the O,
messenger. For anionic clusters one would also expect to observe such a physi-
sorbed O, mode. However, for none of the cluster sizes shown in the following is
an absorption at such a frequency observed. It could be that the IR cross section
(the free O, stretch is not IR active) in the anionic complex is just too weak to be
observable in the experiment. As no other absorptions are seen in this spectral
region and it only contains information on the messenger species employed, the
spectra in the following are shown only up to 1200 cm 1.

More significant for the cluster structure than the stretch region of the free O-O
is the wavelength range for a superoxo complex (1150 cm™!). For Mg, O} and
Mg,Og a weak absorption at such a frequency is observed, see upper panels in
Figs. 4.18 and 4.19. It does not stem from the messenger species, but rather from a
chemisorbed dioxygen species in the cluster itself. Absorption at such a frequency
is not seen for any of the other charge states. For several species, absorption in
the spectral range of peroxo vibrations, 800-900 cm ™!, is observed, but this range
overlaps with the bare cluster modes, and an assignment to such a mode is only
possible by comparison with calculations.

For further assignments, all species are compared to predictions from calcula-
tions*. Similar to the (MgO),* clusters studied before, DFT has been employed
using TURBOMOLE and the B3-LYP functional with the def2-TZVP basis-set. For
cations and neutrals the global minimum structure is identified by using a genetic
algorithm, whereas for the anions for most sizest a series of (distorted) minimum

* The calculations for cations and neutrals have been performed by K. Kwapien and Dr. M. Sierka
from the Quantum Chemistry group of the Humboldt University Berlin headed by Prof. J. Sauer
within the UniCat collaboration.

t The calculations for MgyO7, have also been performed by the group of Prof. J. Sauer and em-
ployed their genetic algorithm.
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Figure 4.16.: Vibrational spectra of MgsO5 O~ clusters and comparison to the cal-
culated linear absorption spectra of the best fitting isomers. The com-
parison to other isomers can be found in the Appendix. The measured
data points are shown as dots and a five-point-running average (solid
red line) is added to guide the eye. Some of the predicted spectra are
offset for clarity. Oxygen is shown in white, magnesium in black and
the spin density in grey.

structures of the cations and neutrals have been used as the starting geometries.
For convenience, the comparison here is limited to the isomers agreeing best with
the experimental results. With two exceptions, these are also the identified low-
est energy structures. For all sizes and charge states the comparison to other low
energy isomers can be found in the Appendix.

4.2.2.1. The observation of different oxygen species using the example of
MgcO7

For the cationic and neutral Mg, O, clusters the genetic algorithm identifies struc-
tures very similar to the ones observed for the (MgO)gL’0 clusters. For the neutral
(MgO)s an unambiguous assignment of a two-layered hexagonal tube was possi-
ble, whereas for the cation this structure was one of three competing structures.
The oxygen rich cationic and neutral clusters also have this structural motif, see
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Figure 4.16. For both species, a single oxygen in the hexagonal tube is replaced by
a dioxygen unit and the cluster slightly readapts. The agreement for the predicted
IR spectra and the experimental IR-MPD and IR-UV2CI spectra for the cation and
neutral, respectively, is very good. Other high energy isomers fit the experiment
less well, see Figures A.1 and A.5. Although the structure look quite similar, the
type of dioxygen species in the cluster is different.

In the cation, the oxygen ligand is bridging two metal atoms (%) and each Mg
atom forms only a single O-Mg bond (77'), whereas in the neutral it is bridging
three metal atoms (¢%), and one of the Mg atom is bound to both oxygen atoms
(O-Mg-O) (7%). The bonds can therefore be described as u?(17':57!) for the cation
and u3(n':n%m') for the neutral. The O-O distances in the two assigned structures
also differ. For the Mg O, structures we get 1.33 A for the cation and 1.52 A for
the neutral, with associated vibrations at 1193 and 856 cm ™. These are very char-
acteristic values for superoxo and peroxo species (see Fig. 4.3(b)). Table 4.2 shows
the coordination of the dioxygen ligand, the O-O bond distance and the IR fre-
quency and intensity of the associated O-O stretch mode for all of the cationic and
neutral cluster structures discussed. The IR intensities of the O-O stretches for the
structures of Mg,O7 and Mg,O, are relatively weak, with intensities of 10.5 and
7.1 kmmol !, compared to the other normal modes, many of which have values of
a few hundred km mol~!. The large differences in relative intensities between the
O-O stretches and the other modes make it hard to observe these characteristic fea-
tures even in the calculated spectra and also explain their absence or bare visibility
in experiment. Although the dioxygen species for MgeO; 0 can not be directly ex-
perimentally confirmed here, the structural assignment is unambiguous as the rest
of the IR spectrum is nicely reproduced in intensity and position. For Mg, O7 ex-
periments on methane complexes, see section 4.3.4, also show that when higher IR
intensities are used the superoxo mode should be observable (compare Fig. 4.30).

For the MgsO, anion isomers containing a dioxygen species are found very high
in energy. Instead, structures with a dissociated oxygen molecule are energetically
favored. The structure giving the best agreement with the experimental spectrum
is the second lowest one 2C; (+19.2 kJ/mol). Most parts of the experimental spec-
trum can be assigned to this structure, although band positions do not match per-
fectly. A frequency scaling factor of 0.97 would give better agreement. Still the
agreement is surprisingly good taking the problems of DFT with anions into ac-
count. Other, e.g. wave function based methods are in principle available, but
using the same method for all charge states has the advantage that the compar-
ison between them may be more reliable (provided that it does not completely
fails for one charge state). The structure assigned to MgeO, is again based on
the hexagonal tube. The dioxygen species found in the cation and the neutral is
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Table 4.2.: Coordination of the dioxygen species in the neutral and cationic clus-
ters along with the calculated O-O bond distances, IR frequencies and

intensities.
Coordination of 0O-O stretch 0-0
Charge Mg, 0,1 Isomer the O, ligand frequency intensity distance
n ecm~ ! kmmol ! A
+1 4 1C (gt 1153 14.8 1.34
5 1Cs w2 (gt 1221.6 0.4 1.33
6 1C w2 (gt 1182.9 10.5 1.33
7 1Cs w2 (gt 1224.6 0.85 1.33
8 1C* Wty 11927 6.0 1.33
2C1 Y wd(ptig?igl)y 11777 12.0 1.34
3C; w2 (gt 1166.7 15.7 1.34
4C ¥ w2yt 1170.4 4.6 1.34
9 1Cy w2yt 1203.4 1.6 1.33
2C 1w (nt:gh) 1191.1 8 1.33
0 4 1Cs wd(ptigtegh) 843.4 8 1.51
2Cs Byttt 853.8 1.52 1.52
3 Cyp 1 (1%:n?) 788.0 15.0 1.58
5 1Cs  w(ntn?gh) 824.4 20.2 1.54
2G; 1 (n?:4?) 807.4 29.8 1.57
3Cs pt(ntigtigtyt) 8364 3.1 1.52
6 1C @Bt in?yh) 856.1 7.1 1.52
7 1C @Bt inp?yh 860 5.9 1.52
8 1C @Bt in?yh) 859.4 13.1 1.53
9 1C, w¥(ptig?igt) 862 8 1.52
2C; B (ptigtiagh 893.1 24.4 1.51

* See Appendix for structures and IR spectra.

dissociated, and a single oxygen atom is bridging one of the hexagonal rings. The
lowest energy structure 1C; is also quite similar, it differs mainly by the fact that the
hexagonal ring is squeezed, and a cube-like structure is obtained, with the oxygen
atom coordinated to a single magnesium atom. This structure could explain parts
of the experimental spectrum which are poorly explained by isomer 2C;. Only a
feature at 800 cm ! cannot be explained by these two structures. A sheet-like struc-
ture found 56 kJ/mol higher in energy has a vibrational mode in this range (see
Figure A.9). However, the predicted frequency of this band is a bit too low and,
furthermore, the experimental feature is much wider than any other mode mea-
sured. Some other cluster sizes and compositions, such as Mg,Og, Mg,O,, but
also (MgO); and (MgO)4 have similar features. For the latter cluster size an iso-
mer very high in energy has been used to explain it. An additional isomer, which
is also for Mg,O; the most likely source of this feature, could only be a minor-
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Figure 4.17.: a) Orbitals of MgeO5 Y'in comparison to the orbitals of O,. Upon go-
ing from the cation to the neutral the LUMO, a 7t* orbital, gets filled,
reducing the bonding in the dioxygen species. b) Charge distribution
in the MggOy clusters derived by a natural population analysis.

ity species, as the rest of the spectrum is completely reproduced by the identified
structures.

Charge distribution and molecular orbitals of MgsO;. The observation of a su-
peroxo species for the MgeO5 cation, a peroxo for the neutral and dissociated oxy-
gen for the anion can be understood by assuming a Mg,Os cluster as the basic
structure. In the fully ionic bulk each Mg provides two electrons and is formally
in a +2 state, whereas the oxygen is in a -2 state. In a cation, the underlying
Mg O5 cluster would therefore have one excess electron that can be transferred
to the dioxygen ligand. The electronic configuration of free molecular oxygen in
y T Y, Y, Y|

. l . . .
the ground state is a 0500, 73 7T, 73 7, configuration, see Figure 4.3(a). An ad-

ditional electron would be transferred into the antibonding 75 orbital, forming
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a superoxo species, that becomes chemically bound. In the neutral two excess
electrons are transferred to the dioxygen, filling both the 7ty and 7y orbitals and
leading to a peroxo species O3~ (see also Figure 4.3(b)). A third electron as present
for an anionic species can not be easily accommodated by the dioxygen species,
as both antibonding 77* orbitals are fully occupied. Instead, the dioxygen species
dissociates if one more electron is provided, leading to O? +0O~. This means one
of the oxygens is in its most stable oxidation state. This explanation is supported
by the calculated charge distribution obtained by a natural population analysis,
as shown in Figure 4.17(b). The underlying Mg Os cluster has almost full formal
charges of +1.8 for magnesium and -1.8 for oxygen, independent of the total charge
state of the cluster. The dioxygen species carries only a single negative charge in
the cation and two negative charges in the neutral cluster, in both cases almost
equally distributed between the two oxygen atoms. In the anion, the natural pop-
ulation analysis shows the formation of O>~+O~. Previous calculations usually
considered only Mulliken charges [225, 226, 230, 261] and give fractional charges
with values between 1 and 1.5. The natural population analysis seems to give the
more physical answers.

The molecular orbitals of the dioxygen species are only slightly perturbed in the
clusters and are almost identical to the ones found for free O,. In Figure 4.17 the
n,(c*y) orbitals of O, are compared to the orbitals of MgeO5 0 Similar bonding Tlyy
orbitals can also be identified in Mg,O;. The 7 orbital, which gets populated in
the superoxo species is also found in the cationic cluster. The LUMO of the cation
is the 7t orbital. Assuming the correct energetic ordering of the unoccupied states,
this means that upon electron attachment this state becomes populated. A weak-
ening of the O-O bond is expected. The structure observed here in the experiment
for the neutral should be a direct consequence of this process, as the structural dif-
ference between the two species is small. A confirmation of this picture is given by
the molecular orbitals of the neutral species.

4.2.2.2. (Di-)oxygen species in larger MgO clusters — Mg;0Og, MggOy and
MgyO10

The picture of O, activation is not only valid for a single cluster size, but seems to
hold for all smaller and medium-sized MgO clusters. To confirm this, the exper-
imental vibrational spectra are compared to predicted IR spectra for the assigned
structures for Mg7O;{ ’O’*, MggO9+ ’0’*, and Mggofo’o’* in Figures 4.18, 4.19 and 4.20,
respectively.

For the Mg;Oy 0~ cluster again very similar structures to those of the corre-
sponding 1:1 stoichiometric clusters are identified in the calculations as the global
minima. For all charge states these are cage-like structures, which are structurally
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Figure 4.18.: Vibrational spectra of Mg;Oy O~ clusters and comparison to the cal-
culated linear absorption spectra of the best fitting isomers.

very similar and require only small rearrangements when going from one to the
other. The agreement between experimental and predicted IR spectra is very good,
with the exception of the anion. For this size the overall pattern fits, but some
modes would require significant shifts and a single scaling factor is not sufficient.
For all charge states only the predicted global minima show good agreement be-
tween simulated and experimental spectra. For the neutral, the second lowest
energy structure, 0.6 k] /mol higher in energy, may also be considered (see Figure
A.6 in the Appendix) as it has an IR spectrum similar to the ground state. The
structures differ only in the position of the dioxygen species.

The (di-)oxygen species found for the different charge states are in a similar
coordination as for Mg,O;. The dioxygen is found for the cation in a #?(17':5!) and
the neutral in a u3(17:7%:77!) coordination, see Table 4.2. The O-O distances for the
cationic and neutral structure reveal that again superoxo and peroxo are present
in the cation and neutral, respectively. In contrast to Mg,O; the superoxo mode
in Mg7Oj is also observed in the experiment at 1147 cm~!. The prediction from
the (unscaled) DFT calculation of 1224 cm™~! is, however, too high, see Table 4.2. A
scaling factor of 0.94 would give better agreement for this mode, but would also
lead to a worse description in the far-IR, where a scaling factor of one gives good
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Figure 4.19.: Vibrational spectra of MgsOy O~ clusters and comparison to the cal-
culated linear absorption spectra of the best fitting isomers.

agreement. This is also seen for other oxide clusters [84]. The peroxo mode for the
neutral Mg,Og cluster, predicted at 860 cm™ !, is not observed in the experiment,
but, again, it is calculated to have a very low intensity.

For MgzOjy the putative global minimum obtained from the genetic algorithm
is not observed in the experiment. The two lowest energy structures are two dis-
torted versions of the (MgO)g 0 structure, in which two hexagonal tube (MgO),
units are fused at 90° (see Figure A.3). Instead, we assign the spectrum to one of
the next higher energy isomers 3C; or 4Cy, that are 16.6 and 18.6 k] /mol higher in
energy, respectively. Their structures resemble fragments of the bulk, being (2x2x4)
cubes, in which one of the corner oxygen atoms is replaced by a dioxygen unit. In
particular, their two highest vibrational modes are very characteristic in the ex-
perimental spectrum and the lower energy structures clearly do not contribute
significantly to this part of the spectrum. The failure of B3-LYP in predicting the
ground state cannot be easily explained here, but it does not seem to be a mes-
senger effect. The binding of argon to these different isomers does not change
the energetic ordering nor is the binding strength dramatically different. For the
physisorption of O, similar energetics are also expected. For all four low-energy
structures considered only superoxo species are found, and as for the Mg, Og clus-
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Figure 4.20.: Vibrational spectra of MggO;rO’O’f clusters and comparison to the cal-
culated linear absorption spectra of the best fitting isomers.

ter the experimental frequency of this mode is lower than in the predictions.

The putative global minimum structure for MggOy is similar to the structure of
the (MgO)y Y clusters and the calculated lowest energy structure for the cation.
The predicted IR spectrum agrees well with the measured one, and the match to
other isomers (Figure A.7) is less convincing. Again, a peroxo species is identified
for the neutral structure.

The structural change observed when going to the anion is more dramatic.
Whereas the structures of cation and neutral are based upon a (2x2x4) cube-like
structure, the anion is more similar to a (2x3x3) cube, in which one of the cor-
ner magnesium atoms is missing. The O~ is found in a bridge position, similar
to Mg,Og and the second lowest energy structure of Mg, O . In contrast to the
smaller sizes, no scaling factor is required to fit the experimental spectrum.
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Figure 4.21.: Vibrational spectra of Mg40;’0 clusters and comparison to the calcu-
lated linear absorption spectra of the best fitting isomers.

The largest cluster size for which experimental spectra for all three charge states
are available is the Mg, O cluster. The neutral and cationic (MgO)y cluster have
both been assigned to a hexagonal tube structure. This structural motif is also
present in the cluster with an additional oxygen atom. Figure 4.20 shows the com-
parison between measured IR spectra and spectra computed for the two lowest
energy structures. For both charge states, either isomer could explain the IR-MPD
and IR-UV2CI spectra. Each of the isomers contains either a superoxo species or a
peroxo species for the cation and neutral, respectively. The structural change when
going to the anion is small. The structure giving the best agreement to the exper-
imental spectrum is the predicted ground state, in which the additional oxygen
atom is bound to a single magnesium atom of a hexagonal tube structure. Simi-
lar to the lowest energy structure of Mg, O, the additional oxygen atom carries a
charge of -1. A scaling of the calculated frequencies is not required.

The good agreement between measured and predicted spectrum for the anions
of the largest two cluster sizes demonstrates that by measuring the depletion of
the Mg, O, , ; species we were probing the structures of the Mg, O, ; clusters and
that the O, messenger was only weakly physisorbed.
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4.2.2.3. Cationic and neutral cluster containing 4 and 5 Mg atoms

For cluster containing four and five Mg atoms the comparison can only be made
for the cation and neutral species. The measured IR spectra of Mg,O5 and Mg;Oy¢
are shown in Figures 4.21 and 4.22 along with the predictions from calculations.
For Mg,Of and Mg.O¢ the structures are based on the cube and the sheet-like
structures of (MgO)s and (MgO)s, respectively. Unambiguous agreement between
experiment and theory is found. The interpretation for the neutrals is less clear,
since for Mg,Oj three different isomers, all containing a peroxo species, have to be
considered to explain the experimental spectrum. Two different structural motifs
are identified for the low energy structures, both can be derived from the isomers
of the (MgO)4 cluster. From the cube, which is the global minimum of the neutral
(MgO),, the 1C; and 2C; structures are formed by exchanging an O atom for an
O,. The structure 3Cy, is based on a different isomer observed for (MgO)4, an 8-
membered ring, again, with a single oxygen atom replaced by O,. The 1C; and 2C;
isomers have strong absorption bands around 600 cm~!, where the experimental
spectrum shows a broad feature, and either isomer would explain this part of the
spectrum. However, the additional features at 400, 780, and 880 cm~!
to these isomers. The 3Cy, structure does have absorptions at these positions and
would therefore explain the missing parts. The 3C,, structure is the only one with
very intense vibrations above 800 cm ! with the O-O vibration located at 788 cm ™.
The predicted energy of this isomer is 22 kJ/mol above the ground state. For the
(MgO)4 cluster the energy difference between the two isomers was even higher,

are not due

64 k] /mol. Similar to the (MgO)4 cluster several isomers need to be considered to
explain all details of the experimental spectrum for Mg4Os.

The IR-UV2CI spectrum of Mg;O,4 shows a series of weak bands between 280
and 340 cm ™!, a broad one centered at ~590 cm~!, and two intense features at 687
and 731 cm~!. This double feature around 700 cm ™! is very characteristic and can
help to assign the structure observed in the experiment. The two lowest energy
structures, 1C; and 2Cs, do not have two bands in this range. The next isomer
3Cs, 18 kJ/mol above the minimum has such characteristic modes, predicted at
692 and 720 cm !, almost exactly at the experimental position. The broad absorp-
tion around 590 cm ™! can also be explained by a series of peaks predicted in this
range, though the intensities do not completely agree. This isomer also explains
the small features seen below 400 cm~!. As the spectroscopic technique employed
here is more sensitive to the isomer with the lower ionization energy, the obser-
vation of a higher energy isomer is not entirely surprising. The predicted energy
difference is even below that of the isomers considered for the Mg,Os cluster. For
the (MgO),, clusters such a behavior was also observed for the (MgO)1, cluster and
was discussed there in more detail.



4.2. Activation of molecular oxygen in MgO clusters 95

Mgs;O0g*
9 ® . L400

200

relative cross section / arb. units
calc. IR intensity / km mol?

H
A TR L P Y

200 400 600 800 1000 1200
wavenumber / cmt

Figure 4.22.: Vibrational spectra of MgsO, ¥ clusters and comparison to the calcu-
lated linear absorption spectra of lowest energy structures.

The observation of superoxo and peroxo species for cations and neutrals, re-
spectively, also holds for these two systems. The charge transfer into the dioxygen
unit therefore seems to be valid in general for small and medium-sized Mg, 0,11
clusters.

4.2.2.4. Comparison to surface studies

The superoxo species identified for the cationic clusters can be compared to thin
film results. The theoretical predictions for O, adsorbed on MgO/Ag also pre-
dicted a superoxo species in u2(':7!') configuration and a O-O bond distance of
1.32 A [257], and 1.35 A for MgO on Mo [259]. These results agree very well with
our gas-phase results obtained for the cationic species. For all experimentally ob-
served structures, a u?(7':!) coordination is found and the calculated O-O dis-
tances are 1.33-1.34 A.

4.2.3. Conclusion

In the gas phase, cationic and neutral MgO clusters of the composition Mg, O,,+1
contain stable dioxygen species demonstrated by combining predictions from the-
ory and experiments using two different IR spectroscopic methods.
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Depending on the cluster charge state different dioxygen species are identified.
For the cations superoxo O, species have been found, whereas for the neutrals
peroxo species O%’ form, determined by the calculated O-O bond distances in the
clusters of 1.3 and 1.5 A, respectively. The weak IR intensities for the O-O vibra-
tions make their direct experimental observation difficult. However, based on the
vibrational fingerprint of the MgO framework the full structure of the cluster and
thereby also the type of dioxygen species can be unambiguously determined. In
anionic clusters the dioxygen unit is broken apart to accommodate the additional
charge.

A natural population analysis for the Mg, O,, clusters found that the Mg and the
O atoms (except for the dioxygen ones) have almost full formal charges of +1.8,
very close to the bulk value of +2. In the case of a cation the underlying Mg,O; ,
cluster carries a single excess electron, which is transferred to the O, species into
one of the antibonding 77* orbitals. Adding a further electron, which is equivalent
to neutralizing, adds a second electron to the other antibonding orbital, forming
037, and further weakens the O-O bond. The dioxygen cannot accommodate any
additional charge, hence for the anionic clusters an 0% and an O~ species are
formed.

The structures observed for these clusters are only slightly modified versions of
the structures observed for 1:1 stoichiometric clusters and, in general, one of the
oxygen atoms is replaced by a dioxygen unit and the cluster slightly rearranges.

Similar charge transfer processes can be induced by growing thin films on ap-
propriate supports or by deposition of clusters onto a metal oxide surface [258]
or alkali atoms on MgO powders [262]. Whereas the experimental observation
of activated species is very challenging in surface science, on the free cluster the
‘transfer” of up to three electrons towards O, can be investigated. These results
may help to get a better understanding of activated oxygen species on surfaces
and how to tune the electron transfer.

4.3. Ligand complexes of MgO - CO, CH,, H,0

In the previous sections the structures of bare MgO clusters were investigated, but
IR spectroscopy also allows the interaction of these clusters with different ligands
to be probed.

Using suitable ligands, one may obtain information on the charge distribution
in the cluster and thereby probe it’s electronic structure. CO is often used in such
experiments. This may help to understand real catalysts, as the structures of ac-
tivated short-lived intermediates can be frozen out during the expansion of the
molecular beam. Cooling during the expansion reduces the cluster’s internal en-
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MgO,*(X2A,) I-MgOO*(X4z-)
+74.3 kJ/mol
42.6°

Figure 4.23.: Equilibrium geometries for MgOj taken from Ref. [267].

ergy and traps these species behind reaction barriers. The interaction of MgO clus-
ter with methane is therefore particularly interesting, as it would allow a better un-
derstanding of the methane activation observed for lithium doped MgO surfaces.
Another interesting species is water, as it is present under real reaction conditions
and may alter the catalytic properties. Water enters the reaction process either as a
contaminant in the reaction gases or can be a side product of the chemical reaction
itself.

In the following, the interaction of O, and H,O with the simplest model system
of a defective MgO surface, the MgOJ species, are investigated first. Afterwards,
hydroxilated MgO clusters are compared to bare clusters. Finally the interaction
of MgO clusters with methane and CO is briefly discussed.

4.3.1. O, and H,O complexes of the magnesium superoxide cation
MgOEr

The metal-ion superoxide MgO; molecule may be considered to be the simplest
model system of an active species of a magnesium oxide surface. Whereas the per-
fect surface is not reactive, such a defect center may be able to catalyze oxidation
reactions. Besides its model character for a surface site, the molecule itself is impor-
tant in atmospheric chemistry. Magnesium is among the major components of me-
teorites, and large quantities are injected into the atmosphere when they burn up.
Most of the material is ionic, and the ion/neutral ratio for magnesium is among the
largest of any element [263, 264]. The magnesium atoms undergo a rich chemistry
with the residual gas in the atmosphere, most importantly with oxygen (including
ozone) and water. Several studies have been devoted to investigate the structure
of the MgOjJ ion [265-267] and its reactions [264, 268, 269].

Two equilibrium geometries have been determined for MgO3, a triangular one
with a O-Mg-O angle of 42.6° with a strong ionic character, Mg2+02_ ,and a linear
one I-MgOO™ (see Fig. 4.23). The latter is best described as a Mg™ interacting with
a free oxygen molecule [267]. The linear molecule is currently thought to be only
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Figure 4.24.: IR-MPD spectrum measured for the MgOj; water complex and com-
parison to the predicted spectrum obtained from a DFT calcula-
tion. The modes are illustrated for the most intense features in the
spectrum.

a minority species. In the following, two complexes with MgO; are discussed, a
MgOj-water and a MgO;-dioxygen species. Both complexes may also form in the
atmosphere.

Complexes of MgO; with water and dioxygen can be produced in the clus-
ter source simultaneously with all other cationic MgO clusters studied before.
Whereas the formation of the dioxygen containing species is not very surprising
and has been used in the spectroscopy of the larger clusters, the formation of the
water complex is more so, as water is not directly added in the cluster formation
process. However, very small amounts may enter through the carrier gas, or come
from the surfaces of the cluster source and the target rod.

Depending on the kind of interaction, one may distinguish between physisorp-
tion or chemisorption of the ligand. Physisorbed species are usually only weakly
bound and the absorption of a single IR photon may be sufficient to dissociate the
complex. A shift in the frequencies of the ligand’s vibrational modes can provide
information about charge transfers and the local environment of the ligand. Elec-
tric fields, for instance, may lead to deformations of the ligand.
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Figure 4.25.: IR-MPD spectrum of the MgO, dioxygen complex in comparison to
the predictions from a DFT calculation. Doublet and quartet state are
isoenergetic.

Ligands that have undergone a reaction may be more strongly bound making
direct dissociation of the complex more difficult. Such reaction products are iden-
tified by the absence of the vibrational frequencies of the reactant and the appear-
ance of bands for the product species, e.g. CO (CO stretch: 2170 cm~!) and CO,
(Absorptions at: 667, 1333, 2349 cm™!). Species that can not be directly dissociated
by single photon absorption are again studied using more loosely bound messen-
gers.

Spectra for the water and dioxygen complexes have been measured via the mes-
senger species (MgO,)(H,0)(02)* and (MgO,)(O,)Ar" simultaneously with the
other cationic MgO clusters, as described before®. The spectra obtained are shown
in Figures 4.24 and 4.25 for the 200-1700 cm~! range.

An assignment of the (MgO,)(H20)(O2)" species, with a mass of 108, is only
possible by its IR spectrum, as there is a mass coincidence with (Mg,O)Ar™. The
spectrum obtained for the species at this mass shows three sharp peaks. The two
at highest frequencies (1648 and 1544 cm™!) can unambiguously be assigned to
the water bending mode and the stretch vibration of unperturbed O,, respectively.
Therefore, a composition of (Mg, O)Ar™ can be ruled out. The amount of depletion
observed for the water bending mode §(H,0O) was 50 %, which means that the
water complex forms a major fraction of the clusters contributing to this mass peak.

* 26Mg has been used in this experiment.
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The depletion in this range may not be saturated (5 dB attenuation was used in
this range). While the O-O stretch for the physisorbed O; is almost unshifted,
the interaction with the water seems to be stronger, as 5(H,O) is blue shifted by
~50 cm~! with respect to free water (1595 cm™1).

DFT calculations on the B3-LYP level using the same def2-TZVP basis set as
before (see section 4.1.1.2) have been used in order to calculate the geometry of
the complex. The predicted IR spectrum for such a species is shown along with
the experiment. Displacements for the normal modes corresponding to the most
intense absorptions are also shown. The superoxo unit and the water ligand are
both found within the same plane. The experimentally observed vibrations can be
assigned to the water bending mode predicted at 1680 cm ™! (), a stretch between
the MgOj and H,O (12), and the two frustrated rotations of the water molecule (v3
and vy).

The charge distribution of (MgO,)(H,0)" has been calculated using a natural
population analysis, which indicates a charge close to a formal +2 oxidation state
for the Mg atom (1.83) and a single negative charge on the superoxo-type dioxy-
gen species, distributed almost equally between the two oxygen atoms (both -0.43).
The polar character of the MgO; molecule explains the strong blueshift of the wa-
ter bending mode. In a DFT model calculation, water bound to Mg™ and Mg2Jr
has been considered and the frequencies of the water bending modes have been
calculated. For Mg™ the calculation predicts a shift to 1650 cm~! (compared to
the calculated position for free HO of 1616 cm™!) while for Mg?* it shifts to
1681 cm~!. The value obtained for MgO;3, at 1672 cm ™!, is closer to the one of
Mg?*. This suggests that the H,O coordination in both species is similar and is
probably dominated by the electrostatic interaction. This blueshift of the water
bending mode by an increased electrostatic potential has also been observed pre-
viously. The position of the water bending mode has been determined for vana-
dium cluster cations [270] complexed with 1-3 water molecules. The strongest
blueshift, of almost 30 cm ™!, has been observed for the smallest cluster consid-
ered, V7, which should also have the strongest field. The blueshift drops then for
the larger clusters reaching the value for free water at a cluster size of 9 atoms.
The calculated binding energy between the MgOj cluster and water, calculated
by Ebind = _EZPVE((Mgoz)(HZO)+)+EZPVE(MgO;)"‘EZPVE(HQO)/ is 2.37 eV. This is
stronger than the binding in Mg™*-H,0, which has been determined before to be
1.40 eV [271].

The second species investigated is (MgOj3)(O,)Ar ™. It contains, besides the su-
peroxo species, a physisorbed dioxygen that can be unambiguously identified by

the O-O stretch vibration at 1543 cm~!. The superoxo stretch on the other hand is

1

not directly observed in the vibrational spectrum. Around 1200 cm™" no absorp-
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tions are seen. The calculations for this system are more demanding, as the super-
oxo and the physisorbed dioxygen are both open-shell systems, that carry a spin.
These can either be oriented parallel or antiparallel leading to a quartet or doublet
state, respectively. Both possible configurations have been calculated using DFT
and they are isoenergetic. However, the IR spectra predicted using DFT are rather
different. Although the band positions are almost the same the intensities are sig-
nificantly different. Unfortunately standard DFT may not be capable in properly
handling such systems as open-shell systems with electrons having spins in dif-
ferent spatial orbitals cannot be described with single-determinant wave functions
[272]. This failure is revealed for the doublet state by a high spin contamination
(s(s+1)=1.77). The outcome of the frequency calculation may therefore not be com-
pletely correct. But the agreement between experimental and predicted band in-
tensity pattern indicate that the doublet state is the one observed in experiment.
Only tiny structural differences are seen between both states. The quartet is al-
most planar (the perfectly planar one is 0.80 eV higher in energy) in contrast to
the doublet, for which the physisorbed oxygen rotates out of the molecular plane.
Surprisingly, no further fragmentation of the (MgO,)(O2)" cluster is observed ex-
perimentally. This is an indication for it being a very stable complex, despite
the fact that one of the dioxygen units is only physisorbed. The binding energy
calculated by DFT for the physisorbed O, is 1.67 eV, which seems to be surpris-
ingly high. However, assuming that the interaction is based on a charged induced
dipole between the Mg ion (9=1.87 e, taken from natural population analysis) and
the polarizable O, (¢=1.5689*102* cm?) the binding energy can be calculated by
Epot = —(aq?)/((47ep)*R*), using the distance between the Mg and the center of
mass of the dioxygen from the DFT calculation (R=2.6 A). The calculated value of
1.6 eV, is almost identical to the binding energy obtained by DFT.

For both species the O-Mg-O angle in the metal ion superoxide complex (with
H,0: 41.5°; doublet with O,: 42.1°) is very close to the one of free MgO; (42.5°)
[267]. The effect of the ligands on the structure of the molecule itself is negligible.

The (MgO,)(H,0)* complex is the only H,O containing complex of a MgO clus-
ter for which the water bending mode was observed. In other experiments where
water has been added intentionally under single collision conditions by crossing
the free MgO cluster beam with another molecular beam that contains water (see
chapter 2.4) complexes with single water molecules have been prepared. For all
water complexes of (MgO);’ and MgnO,f 1 clusters prepared by this method the
water bending mode was not observed. Complexes that contain more water can
be prepared by using the reaction valve attached to the cooling channel. Unfor-
tunately, under these conditions a very large number of water ligands stick to the
clusters, leading to very complex mass spectra, which make an assignment for
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larger systems very challenging. For one of the smallest systems (MgO), this was
still possible, and for the complex with 2—4 water ligands the water bending mode
reappears (not shown). This may be taken as evidence for the dissociation of the
tirst water molecule(s). However, further experiments are needed in order to de-
termine the cause of this effect, which will require the controlled preparation of
complexes with multiple water ligands, for example by increasing the vapor pres-
sure of water by heating to increase the water density achievable for the single
collision experiment. Additional insights into the complexes formed may be given
by investigating the OH stretch region, which also allows hydroxy species to be
probed. This may allow the study of the dissociation of water as well as solvation
effects for MgO clusters.

4.3.2. Hydroxilation of Mg, O}

Several experimental and theoretical studies have shown that water heterolytically
dissociates on MgO surfaces. This may lead to surface modifications and thereby
could poison a catalyst based on MgO. On perfect (100) surfaces individual wa-
ter molecules are stable, however, upon water multilayer formation on the surface
their dissociation may occur [273] and would explain the origin of the brucite min-
eral (Mg(OH);). Defect sites such as kinks, steps, edges, and color centers are,
on the other hand, capable of dissociating individual water molecules [274-277].
In the process, two species are formed, OH™ and H". The first is considered to
be found in a dangling position. The latter interacts with a surface oxygen atom,
forming a hydroxy group via protonation. There is also evidence from theory, in
agreement with earlier experiments, suggesting that MgO surfaces can heterolyt-
ically dissociate Hj, again leading to the formation of hydroxyl species [278-280].
Although cluster models are often used in the theoretical treatment of these sur-
face reaction problems, studies on free clusters do not exist. In the following, IR
spectroscopic information for cationic hydroxylated MgO clusters are shown and
the structural changes upon single hydrogen attachment are discussed.

Besides the water complex for the MgOj species, water contamination in the
experiment also leads to other hydrogen containing species. Presumably, water
is dissociated in a plasma reaction initiated by the laser ablation, which allows
the formation of species that contain single hydrogen atoms. These may lead to
hydroxy species, similar to the ones observed on surfaces following (heterolytic)
water dissociation.

Species containing hydrogen are easily recognized in the experiment, as all other
components have even masses. IR spectra for such species are again obtained by
messenger tagging with O,. The formation of messenger complexes in sufficient
intensities was possible for (MgO),H™ clusters with n=2-6 and Mg;,O,,,+1H™ clus-
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Figure 4.26.: IR-MPD spectrum of Mg,O3 (a) in comparison to the one of
Mg3zO3H™ obtained for the Ar and O, messenger complexes (b). (c)
and (d) show IR spectra for two predicted isomers. The red arrow
in (c) shows the type of vibration, a bending mode of the OH, that is
marked with an asterisk in the calculated spectrum.

ters with m=4,5. For a single cluster size, Mg3O3H+, the formation of messenger
complexes with O, and Ar was possible, and, as before, their IR spectra are identi-
cal (Fig. 4.26(b)).

The spectra for the hydrogen containing species can be compared to those for
the bare clusters, and an example is shown for the cluster containing 3 MgO units
in Fig. 4.26. In general, the number of IR active modes seem to be much larger
for the hydrogen containing clusters, indicating a lowered symmetry. For (MgO);
a slightly distorted hexagonal ring was identified as the global minimum. For
the (MgO)sH™ cluster such an isomer is slightly higher in energy* (see Fig. 4.26
(d)) and an isomer with a rectangular shape with the hydrogen atom bound to

* Parts of these calculations have been performed by K. Kwapien and Dr. M. Sierka from the Quan-
tum Chemistry group of the Humboldt University Berlin headed by Prof. J. Sauer.
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Figure 4.27.: IR-MPD spectra for Mg,O,,H" cluster in comparison with results
from DFT calculations. Asterisks mark the bending mode of the OH.

one of the corner oxygen atoms fits the experiment better (Fig. 4.26(c)). Only
the OH bending mode (marked by an asterisk) is predicted too high in frequency
(763 cm~! experimentally vs. 800 cm™! theoretically). For all other cluster sizes
considered, the frequency of this mode is also calculated to be too high compared
to the experiment, presumably due to anharmonicities.

The IR-MPD spectra for the other cluster sizes in comparison to the spectra from
DEFT calculations (except for n=6) are shown in Figure 4.27. For most sizes, a de-
cent agreement between prediction and experiment is found and a single isomer
is always sufficient to explain the experimental spectrum. The structures identi-
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Figure 4.28.: Influence of the composition on the structure for clusters containing
4 and 5 Mg atoms, and possible formation mechanism via hydrogen
attachment from a homolytic (H®) or heterolytic (H') dissociation of
water, to the cationic or neutral bare cluster, respectively.

fied are very similar to the ones for the bare cluster for Mg,0,H*, Mg,O,H" and
Mg,OsH". For the largest size, however, larger deformations are observed. In con-
trast to the bulk, the hydroxy group is always incorporated into the cluster and no
dangling OH species are found. In Mg, O,/ ;the hydrogen and the dioxo species
are spatially separated. As an additional electron is provided by the hydrogen, the
type of the dioxygen species changes and instead of a superoxo, a peroxo species

is found.

To illustrate the effect of different compositions, the structures of clusters con-
taining 4 and 5 Mg atoms are compared in Figure 4.28. This allows also to discuss
the two ways how conceptionally the OH species can be formed. Either H (from
a heterolytic dissociation of H,O: H,O — OH~ + H") is added to the neutral
cluster, or the H® radical (from a homolytic dissociation: H, O — OH® + H®) is
added to the cationic cluster.

Both pictures would explain the structure observed for (MgO)sH™, as the cube
structure observed for both charge states is hardly perturbed. Adding another
oxygen atom to the two clusters without the hydrogen, a five-membered ring is
formed, but one side still keeps its rectangular shape. Upon hydrogen attachment
this also breaks apart. However, the structural change for the neutral seems to be
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smaller (three different isomers have been identified in the experiment for Mg,Os,
only the second lowest energy one is shown here). For the MgO clusters contain-
ing five Mg atoms, the structural changes cannot be explained by radical attach-
ment to the bare cationic cluster. The differences to the neutral structures are much
smaller. The structures observed in our experiment can be better rationalized by a
heterolytic dissociation process, similar to the one observed on surfaces.

4.3.3. CO on cationic MgO clusters

The interaction between carbon monoxide and bulk MgO, in the form of perfect
crystals [281], thin films [282, 283] and powders [284], has been studied for a long
time, as it is a sensitive probe of the surface electronic structure. On MgO surfaces
the CO binds via the carbon atom to the magnesium atom by an almost purely
electrostatic interaction [285]. This is different to metal surfaces, where the two
major competing interactions are ¢ donation from the CO to the metal and 7t back-
donation from the metal d-orbitals to the CO.

In an electric field CO can be polarized. When a positive charge approaches
the C site it attracts electron density from the oxygen. This makes the bond more
covalent and thereby shortens the bond length leading to an increase of the CO
stretching frequency v(CO). The position of v(CO) can therefore be used as a probe
of the formal oxidation state of the Mg atoms out of the perfect ionic surface, and
for the coordination of the magnesium atoms on defect sites [286, 287].

In the following, the position of the CO stretch frequency is measured as a func-
tion of composition and cluster size for MgnOIn 1 clusters in the gas phase. This
provides a test of the assumption of a pure electrostatic interaction with CO for
clusters. For metal cluster such an approach was used to study cluster size depen-
dent charge transfer processes and binding geometries, but also molecular versus
dissociative chemisorption [288-292].

To form complexes of cationic MgO clusters with CO, cationic MgO clusters are
prepared, in similar way to the earlier experiments, but without adding argon to
the carrier gas. In a second step, the clusters are complexed with CO by introduc-
ing 13CO into the reaction valve attached to the cooling channel. Complexes of
the type (**Mg,,0,, ,+1)(**CO)* with n=6-20 are made. *CO has been used in the
experiment as odd numbered masses are easier to distinguish in the mass spectra
and, more importantly, because the C-O stretch frequency shifts to lower frequen-
cies for the heavier carbon isotope. A large blueshift is expected for such cationic
systems that could shift the band position for 1>?CO out of the range of the funda-
mental of FELIX (lower limit ~#4.5 ym = 2222 cm~!). Higher frequencies can be
obtained using the third harmonic, but only at the expense of the laser fluence.
The drawback of using this isotope is that complexes composed out of two CO
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Figure 4.29.: v(CO) for CO absorbed on Mg, O;}, clusters (black squares: (MgO);’;
red triangles: Mg, O} ). The peak positions are determined by least-
squares fit to a Gaussian peak shape. The error bars represent the
standard deviation (¢) of the fit. An additional error, a (constant) shift
of 20 cm~! needs to be added due to the wavelength calibration.
The measurements, which have been performed on 3CO, have been
scaled to >CO. Grey lines and shadings show v(CO) for gas-phase CO
and CO adsorbed on MgO surfaces. Blue lines correspond to predic-
tions for an electrostatic model. In green, prediction for v(CO) from
DFT calculation for Mg™ interacting with CO.

molecules and a (MgO);! cluster have the same mass as the oxygen rich cluster of
the type Mg, 11O} ,.

The CO itself acts as the messenger for the absorption, and spectra are obtained
by observing the depletion of the CO complex. Spectra have been measured in
the range 1950-2250 cm ™!, with a FELIX power of 16-32 m]/pulse. The maximum
depletion observed was only 40 %. The observed v(CO) band positions as function
of the cluster size are plotted in Figure 4.29. For an easier comparison with CO
band positions observed on surfaces, the band positions for *CO has been rescaled
to 12CO by v(*?CO)=v(13CO)-/u(13CO) /u(12CO) = 1.02273v(13CO).

The experimentally determined band position for the CO stretch frequency

shows no strong dependence on the size or composition of the cluster. For all, a
large blueshift (approx. 70 cm~!) with respect to the free value of 2143 cm ™! [293]
is observed. This is greater than that observed on perfect surfaces (2151 cm ™! from
Ref. [281]), smoke particles (2156 cm~! from Ref. [284]), or thin films (2160 cm ™!
from Ref. [283]) shown in grey in Fig. 4.29.

The insensitivity of v(CO) on cluster size and composition is an indication for a
similar CO bonding mechanism on all complexes. This behavior poses the ques-
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tion how much the electrostatic field could shift the mode in the cluster size range
considered here. For the metal cluster CO interaction a very simple model has been
developed which separately treats electrostatic interaction and 7 back-donation
[288]. Only the first needs to be considered here. The model assumes that the CO
experiences the electrostatic field E & q/R? from the charged cluster which is ap-
proximated by a conducting sphere with a charge +4. The distance R between the
center of sphere and the center of the CO bond is given by R = r¢cp, +rc + rc.o/2
(covalence radius of carbon: rc~1.3 bohr, CO bond distance: rc.0=2.18 bohr). The
radius of the cluster or the conducting sphere rcy, is approximated by the Wigner-
Seitz radius s (for MgO: ~3.11 bohr) and the number of atoms # in the cluster,
rcLArwsn'/3. The band position of the CO stretch frequency is calculated to be

VCO = Viee + AV = 2143 ecm ™! +1395ecm ™! - E/a.u. (4.1)

The band positions calculated as a function of cluster size are plotted as blue lines
in Fig. 4.29 for two possible charges, g=1 and 2. As can be seen, the model signifi-
cantly underestimates the shift. This is presumably mainly due to the assumption
of a conducting sphere, which is a very poor assumption for an ionically bound
cluster. The charge will be more localized in a MgO cluster compared to a metal
like system. The Mg and O atoms in the cluster have almost their full formal
charges, the local ‘environment’ that the CO experiences has therefore a much
higher electric field, which varies less with cluster size. The size of the shift is
limited by charge redistribution and/or shielding by the O?>~ giving a net charge
of +1. Despite this disagreement, the simple model shows that in the considered
cluster size range a small but observable size-dependent shift should be present.

In a previous investigation, the effects of the presence of a point charge or a
proton on the CO stretch frequency were compared [294]. For sufficiently large
distances (>1.5 A), both models give the same shift. Only for smaller distances,
were deviations observed, mainly because of coupling of the C-H and C-O vibra-
tions. The C-O bond strength is, however, completely different, because of cova-
lent contributions. As for the MgOj-water complex, the interaction between Mg*
and Mg?* with CO was calculated using DFT. For the free CO molecule the B3-LYP
functional and the def2-TZVP basis set predicts vco=2211 cm~!. The comparison
with the experimental gas-phase value gives a scaling factor of 0.968. Using this
scaling, the predicted frequencies for Mg™ and Mg?" CO complexes are 2232 and
2296 cm ™!, respectively. The first value is only slightly higher than that measured
for CO on the clusters, the difference may be due to an additional shielding of the
charge by nearby O?~ species. A complex of the type Mg-OC can be ruled out
by this model, as a redshift of the CO stretch frequency with respect to the gas-
phase value is predicted for such species. More detailed calculations, treating the
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cluster-CO interaction properly, should be able to explain the behavior of vco for
MgO clusters.

4.3.4. Methane on MgO

Chemistry based on methane is a topic of ongoing interest [191, 192], as methane
is stored in large quantities on earth in the form of natural gas, mine gas in coal de-
posits, or in the deep sea as methane hydrate. Methane is also formed in many ge-
ological and biological processes, if methane could be used in chemical processes
it would help to reduce the human dependence on oil. The (direct) conversion
of methane into methanol, or longer alkanes would therefore be desirable. This,
however, is difficult due to the intrinsic properties of methane [192], i.e. low elec-
tron affinity, high ionization energy, no dipole moment and low polarizability. The
tirst reaction step for such a conversion would require breaking a non-activated
C-H bond, but this demands high energies. An industrial relevant catalyst for this
process has not yet been found.

Most candidates for a catalyst are based on transition metals [295], and only in
2006 was the first main group metal oxide species, the MgO™ cation [296], found
which is capable of activating methane and other small alkanes [297]. These find-
ings initiated theoretical studies on larger clusters [248] investigating their ability
for C-H bond activation. These showed that larger clusters are also capable of
activating longer alkanes, e.g. (MgO), abstracts hydrogen from propane, but not
from methane. A systematic experimental study looking for methane activation of
larger cationic clusters of different size and composition is missing.

Here, we have studied the vibrational spectra of the complexes between
methane and (MgO), and Mg, O;/ ., clusters with n=4-12 and m=1-15 in the
range of the infrared active t, modes of free methane (v4, at 1306 cm~! for 12CH,).
For experimental reasons, to avoid mass coincidences between 12CH4 and O, the
study is performed using 3CH,. Due to the small effect of substituting 12C by
13C on the reduced masses, the vibrational frequencies in *CH, shift only slightly
compared to 12CH, (-8 cm™! for vy4) [298].

For all cluster sizes depletion spectra are measured on the methane complexes
in the 900-1450 cm™! range. An example for the Mg,Oj cluster is shown in Fig-
ure 4.30(a). A similar band splitting for all cluster sizes is measured, suggesting
a similar binding motif for all cluster sizes. A signal increase for the bare clus-
ters is observed simultaneously with the depletion of the methane complex. The
methane seems to be only physisorbed under our experimental conditions. The
species observed in the mass spectra give also no hint for any CH activation, as
the formation of Mg, O,,H" via hydrogen abstraction from CHy is not observed.

The interaction between the clusters and methane appears to be purely electro-
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Figure 4.30.: Measured IR-MPD spectra of methane Mg O} complexes for >CHy
(upper panel) and CD4 (lower panel) in the range of the deformation
mode vy of the methane. The difference in band position is due to
the different reduced masses. The splitting, however, is identical for
both. The additional mode at 1150 cm ™! is due the superoxo mode of
Mg O7, see also section 4.2.

static. The nature of the bands can be confirmed by experiments using CD,. For
the heavier hydrogen isotope the deformation mode should shift to the red (gas
phase CD,: 1029 cm™! [299]). Despite this shift, the pattern of the IR spectrum
should remain identical. For all cluster sizes under investigation, see example in
Figure 4.30(b), this shift is observed’. If other species are present, the pattern is
expected to change more dramatically.

Even if CH, binds only via electrostatic interactions, the lowering of the band
degeneracy could, in principle, be used to determine the binding geometry. Unfor-
tunately, the splitting observed here is not sufficiently resolved, to allow this. Nev-
ertheless, the experimental results confirm the previous theoretical predictions for
(MgO)Zr_7 clusters [248], as larger MgO clusters seem unable to activate methane.
In addition, it has been shown that oxygen rich MgO cluster of the type Mg, O},
are also unreactive towards methane.

* The additional band in the spectrum for CD (and much weaker in the 13CHy spectrum) is due to
the superoxo species in the MgcO5 complex. In the previous experiment, using Ar/O, messenger
tagging to study the structure of the bare cluster, this mode was not observed for MgsOF . The larger
IR fluence for the current experiment allows its detection.
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4.4. Summary and outlook

MgO clusters have been studied by vibrational spectroscopy and comparison to
predictions from quantum chemical calculations. For cationic and neutral MgO
clusters with equal numbers of oxygen and magnesium atoms structures which
are quite different to the bulk phase have been found. These structures are used
as the starting geometry to investigate the influence of dioxy species, as found in
oxygen rich MgO clusters. Depending on the charge state of the cluster different
activated oxygen species can be formed. Cationic Mg, O, clusters contain a su-
peroxo species, in contrast to neutral clusters which incorporate a peroxo species,
while for anions it dissociates to O~ and O?~. All three activated oxygen species
may be important in the oxidative coupling of methane. As a first step in inves-
tigating the reactivity of the systems, the interaction of the cationic clusters with
methane has been probed. For 1:1 stoichiometric and oxygen rich clusters only
physisorption of the methane has been found, with no hints for any methane ac-
tivation. This might be an indication that, at least in the gas phase, the super-
oxo species found in larger MgO clusters is not sufficiently reactive to activate
methane. Further reactivity studies should focus on the peroxo or oxygen radical
species of the neutrals and anions, respectively. Another possibility to tune the ac-
tive center might be to use cationic hydrogen containing species, Mg, O,,+1H™. For
these, the addition of the hydrogen changes the activated dioxygen species from
superoxo to peroxo. The experiments also showed that the observed structures can
be rationalized via heterolytic dissociation of water or hydrogen. Intact water has
only been found on a single cationic cluster size, MgOy5’, for all other sizes and sto-
ichiometries of cations studied there are indications that the first water molecule
dissociates. Future studies should also focus on metal rich MgO clusters, which
have already been investigated by vibrational spectroscopy (not shown here), but
where agreement to quantum chemical calculations is still missing. Such species
would model oxygen vacancy sites, Vo, of surfaces (see Fig. 4.1). Another possi-
bility to tune the reactivity is by doping with other metals and such experiments
should be possible using the newly set up dual target cluster source mentioned in
Chapter 2.






5. Action spectroscopy of anions —
Metal and metal-carbon clusters®

Several kinds of experimental methods have been developed to study the geo-
metric and electronic structure of neutral and (singly) charged gas-phase nano-
particles. The insights obtained in these studies may lead to a better understanding
of the size and charge dependence of the physical and chemical properties of these
clusters and their evolution to the bulk. Here, we will focus on singly negatively
charged transition metal (TM) clusters.

Previously, ion mobility measurements, electron diffraction on trapped ions, or
photoelectron spectroscopy (PES) in combination with quantum-chemical calcu-
lations have been used to determine the structure of anionic TM clusters. In par-
ticular, gold cluster anions have been studied intensively [20, 23, 38, 39, 300, 301].
So far, most other metal cluster anions have been studied mainly by PES [40, 41],
another variant of action spectroscopy. As anion PES probes transitions between
electronic states of anionic and neutral clusters a detailed theoretical description of
both charge states is, in principle, required. This can hamper a definite structural
assignment. Direct information about the geometries of the species involved in
these studies are therefore highly desirable. Vibrationally resolved PES can pro-
vide additional insights into the geometric structure, but there are only very few
examples for TM clusters larger than the trimers, i.e., Auyg[302] and Nbg [303].
Infrared absorption spectroscopy provides a more direct approach to the vibra-
tional spectra. By measuring the position and IR absorption strength of the cluster
vibrations, the bonds between the atoms in the cluster are probed directly and
theoretically tractable information on the structure of the cluster is thus obtained.

For the investigation of strongly bound neutral clusters in the gas phase several
methods to obtain vibrational spectra have been developed, including the mes-
senger tagging technique, tunable IR-UV two-color ionization, or IR resonant en-
hanced multiple photon ionization (IR-REMPI) [51, 52].

IR spectroscopic techniques using messenger tagging similar to those used for

* Parts of this chapter have been published in: Structure Determination of Anionic Metal Clusters
via Infrared Resonance Enhanced Multiple Photon Electron Detachment Spectroscopy, M. Haertelt, V.J.E.
Lapoutre, ].M. Bakker, B. Redlich, D.J. Harding, A. Fielicke, and G. Meijer, |. Phys. Chem. Lett. 2011,
2,1720.
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neutral clusters have also provided a wealth of structural information for cationic
clusters. For anionic metal clusters on the other hand, no IR spectra have been
recorded so far, in part because tagging of anionic clusters with rare gas atoms is
considerably more difficult. Moreover, the fundamental vibrations of bare metal
clusters often have low IR intensities and are found in the far-IR region, typically
below 500 cm !, where the photon energy is only a few tens of meV. The absorp-
tion of many IR photons is required to induce fragmentation or ionization (electron
detachment) of the anionic clusters, which can only be achieved using high inten-
sity IR light sources.

To date, only free electron lasers combine a wide tuning range in the far-IR with
a sufficiently high intensity. The temporal structure of the radiation emitted by IR-
FELs based on normal conducting linear accelerators enables repeated cycling of
the molecules or clusters through an absorption and subsequent internal energy re-
distribution process, avoiding the ‘anharmonicity bottleneck’, thereby resonantly
heating them on a us time-scale [304]. For neutral fullerenes, for example, the ab-
sorption of several hundred IR photons by a single cluster has been observed in
IR-REMPI experiments [51].

While IR-REMPI spectroscopy is limited to clusters of refractory materials for
which ionization is favored over fragmentation, this is different for many anionic
metal clusters, as their electron affinity is clearly lower than the bond dissociation
energy. Therefore, for anionic clusters (multiple photon) electron detachment of-
fers the possibility to measure their vibrational spectra. While such a technique
has been recently applied to obtain mid-IR spectra of SF5 [305], Cg, [306], and C2;
[307], these experiments relied on mass selected and trapped ions for which the
electron detachment can be sensitively probed by electron scavengers or, in case of
CZ;, the appearance of the singly charged anion. By storing all of the ions in an ion
trap, the signal intensity could be improved by extending the interaction time with
the IR-FEL radiation over several macro-pulses. The much lower photon energy in
the vibrational fingerprint region of TM clusters anions prevented the application
of such a technique to these systems.

Here we report the extension of multiple photon electron detachment spec-
troscopy to the far-IR and to TM metal clusters anions and their adducts. Their
spectra have been recorded by monitoring the depletion of the anion population
directly in a molecular beam induced by IR Resonance Enhanced Multiple Photon
Electron Detachment (IR-REMPED). This process has been observed in an exper-
iment where the cluster beam crosses the IR laser beam inside the optical cavity
of a Free Electron Laser. As the clusters are passing freely through the interac-
tion region with the far-IR radiation and as their IR absorption cross-sections are
at least an order of magnitude lower than for the systems studied previously, the
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demands on the far-IR fluence (in J/cm?, integrated over the interaction time) are
significantly increased.

The demands on IR fluence can be fulfilled by the Free Electron Laser for In-
traCavity Experiments, FELICE, which is designed for such experiments and pro-
vides —inside the cavity — approximately a hundred times more energy in a single
micropulse compared to the Free Electron Laser for Infrared eXperiments, FELIX,
which is part of the same facility at the FOM Institute Rijnhuizen in the Nether-
lands.

Initially, experiments have been performed on the metal carbide clusters as these
species can be produced under similar conditions as the pure metal clusters but in
higher intensities, having absorptions at higher frequencies. This was essential for
optimizing the experimental procedures.

To prove the feasibility of this spectroscopic method tantalum carbide clusters
have been investigated across most of the possible tuning range of this new FEL.
In order to understand the excitation mechanism and to show the prospects of-
fered by this new technique, anion photoelectron spectroscopy (PES) has also been
performed on the same systems. The knowledge of the geometric structure deter-
mined by IR-REMPED assists in the interpretation of the observed PES spectra.

In a second step, we aimed to measure spectra of bare metal clusters. Niobium
clusters are, besides gold, among the best studied systems [308-313]. Niobium
clusters with a single or two carbon atoms have been used to further optimize
the setup and to improve the sensitivity of the detection. Such systems already
have many of the characteristics of the bare metal cluster, i.e. low IR absorption
cross sections, but have absorptions over a wider wavelength range. The mea-
sured spectra nicely demonstrate the capabilities of the technique, and IR modes
have been observed down to the low photon energy tuning limit. With such an op-
timized setup, spectroscopy on the bare niobium cluster became possible. These
results are discussed towards the end of the chapter.

5.1. The Free Electron Laser for Intra-Cavity
Experiments and the molecular beam setup

The required fluence for the IR-REMPED experiments is obtained at a new beam-
line which is part of the Free Electron Laser for Infrared eXperiments (FELIX) user
facility at the FOM Institute Rijnhuizen, where the experiments were performed.
The Free Electron Laser for IntraCavity Experiments, FELICE, has an extended
optical cavity that can host user experiments, which allows the full pulse energy
available inside the optical cavity to be used. The IR pulse energies that can be
provided with such a configuration are up to a factor of 100 larger compared to
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molecular beam experiment FTICR experiment

Figure 5.1.: Artist’s view of the Free Electron Laser for IntraCavity Experiments,
FELICE. The setup in the front is the molecular beam machine, used
for the experiments.

what is available from the conventional FELIX FELs.

To accommodate two experimental stations and to allow (restricted) permanent
access during operation the cavity has been designed as two 4-mirror resonators
each with a total length of 9 m. This allows parts of the optical beamlines and
the experiments to be placed in a separate experimental hall above the FEL vault,
see Figure 5.1. By using interchangeable mirrors in the FEL vault it is possible to
flip between the two possible cavity configurations. In Fig. 5.1 the mirror con-
figuration used for the molecular beam setup is shown. The setup is installed
in the 2-m section between the last two mirrors of the cavity. The optical beam
has a secondary hard focus in the center between these two mirrors. The beam
is near-Gaussian and characterized by a Rayleigh range (zg) of 55 mm. The IR
beam waist, w, is wavelength, A, dependent and in the focus (z=0: wy) is given by
wolmm] = y/zgrA /7 = 0.13y/A[um]. At a distance z from the focus the waist size

becomes
w(z) = wor/1+ (z/2zr)? (5.1)

A small fraction of the light is coupled out through a hole (7,,,=0.5 mm) in
the center of one of the end mirrors to allow wavelength calibration and power
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measurement. The fraction # of the outcoupled pulse energy Py.:s at the mirror
position (z=1 m) can then be used to estimate the intra-cavity pulse energy P.

2

P = /I(r,z)dA = /Io exp(—ZM)anr (5.2)
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The molecular beam setup used in the experiments has been equipped with a
laser ablation cluster source and a reflectron time-of-flight (ToF) mass spectrome-
ter (mass resolution m/Am= 1700). The space-fixed IR beam runs in the horizontal
plane and crosses the molecular beam at an angle of 35° in the center of the extrac-
tion region of the mass spectrometer. The IR beam is only 400 mm above the lab
floor to keep the cavity length as short as possible. To overlap the molecular and
the IR beams the whole molecular beam setup can be moved vertically under com-
puter control. Furthermore, the setup can also be translated along the laser axis by
up to 300 mm from the focus, which allows the power density to be changed by a
factor of 40.

Other ways to change the power density are to change the length of the electron
macropulse, or to change the cavity detuning. For the latter, the length of the cavity
is shortened by multiples n of the wavelength A from the synchronous value for
which the round trip time of a IR (micro-)pulse exactly matches the repetition rate
of the electron pulses. On successive roundtrips the electron pulses experience
a larger optical field already at the beginning of the undulator. With increasing
cavity detuning this decreases the bandwidth and lowers the total pulse energy.
By leaving the cavity detuning nA constant when changing the wavelength, the
bandwidth is kept almost constant over the whole wavelength range reachable for
a certain electron beam energy (see Refs. [92, 314] for more details).

The optical pulse of FELICE has a structure similar to that of FELIX, a
macropulse with a typical duration of ~5 us, consisting of picosecond-long mi-
cropulses at a 1 ns interval. However, because of the intra-cavity design the clus-
ters interact with each micropulse twice, as it travels to and from the end mirror.
The optical pulse at the interaction point therefore consists of two pulse trains that
are shifted from 0 to 0.5 ns with respect to each other depending on the position
along the laser axis. This can be used to double the available micropulse energy or
to effectively double the micropulse repetition rate.

The FELICE beamline is not completely independent from the other two FELs.
Major parts of the electron beamline, i.e. the electron gun and the two accelerators
are shared (see also Fig 2.4(b)). These parts have been laid-out for an interleaved
operation, which means that only every other electron macropulse is sent to the
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Table 5.1.: Characteristics of the FELICE free electron laser as used in the current

experiment.
Wavenumber range 120-2500 cm !
Energy per macropulse 0.5-5]
Macropulse length 4-6 us
Macropulse repetition rate 5,10 Hz
Energy per micropulse 0.1-1 m]J
Relative spectral bandwidth 0.2-1 % FWHM

FELICE undulator. The electron beam energy used for FELIX and FELICE can be
different. A third accelerator adds more flexibility on the settings available for
FELICE and is required to achieve very short wavelengths. An overview of the
FELICE specifications is shown in Table 5.1. More details on FELICE and other
possibilities (sources and detectors) offered by the molecular beam setup can be
found in Ref. [315].

5.2. IR Resonance Enhanced Multiple Photon Electron
Detachment spectroscopy — Experimental

IR resonance enhanced multiple photon electron detachment spectroscopy is a
very similar technique to IR-REMPL In IR-REMPI a neutral, initially cold, cluster
is resonantly heated by the absorption of very many IR photons, see also section
2.2.2. This internal energy can be released by three different mechanisms: (i) by
IR emission (ii) by fragmentation or (iii) by thermionic electron emission, which
ionizes the cluster. The dominant process depends on the internal energy and the
cluster properties. For niobium clusters the ionization (IEs) and the bond dissoci-
ation energies (BDEs) are shown in Figure 5.2. For clusters with >3, the BDEs are
larger than the IEs, whereas this is different for very small ones and also changes
again for larger ones. For clusters for which the IE is smaller, a dominant energy
release channel at sufficient internal energy will be ionization of the cluster. This
is employed in the IR-REMPI experiments.

Ionization of the neutral cluster requires considerably higher internal energies
than ionization of an anionic cluster. For niobium clusters the binding energies of
the electron in the anionic clusters (the electron affinity, EA) is clearly lower than
the ionization energy. It is also much smaller than the BDE, so it is expected that
electron detachment is the dominant energy release channel. This is employed in
IR-REMPED spectroscopy. As most TM clusters have EAs much lower than their
BDE:s it should be a very general method, whereas IR-REMPI is only applicable to
a limited number of refractory metals.



5.2. IR-REMPED spectroscopy — Experimental 119

7.0 3 T T T T T T T T T | —

6.5 — N u —f

6.0 E .\ / .\ / \ :
55 - \'~._./.\ /. ]

> 504 . Y \ 3
] E . ]
-~ 4.5 3 - i
> -2 3 3
S 3 E
2 404 E
o a5 3 —M—Bond dissociation energy E
1 —@®@— onization energy

3.0 - E

1 —A—Electron affinity 3

25 E
e 3
15 A’A’A\A/A\A/A 3

i T T T T T T T T T —

[
N
w
IS

5 6 7 8 9 10 11
cluster size /' n

[
N

Figure 5.2.: Properties of Nb,, clusters, taken from Refs. [309, 316, 317].
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Figure 5.3.: Scheme of the experimental setup. The clusters are made in a pulsed
laser ablation cluster source. The molecular beam is shaped with a
skimmer and a slit aperture and crosses the FELICE beam axis un-
der 35°. To detect only the ions that have been irradiated by FE-
LICE a movable aperture is used to reduce the acceptance of the mass
spectrometer.
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In IR-REMPI the initial species is a neutral cluster, upon IR photon absorption
and subsequent thermionic electron emission a cationic cluster is formed, which
can be very sensitively detected by mass spectrometry. If the cluster is out of reso-
nance, no absorption will occur and no ions will be produced, making IR-REMPI
a background free method. IR-REMPED on the other hand starts with singly neg-
atively charged clusters, which are detected with a ToF mass spectrometer. Upon
resonant absorption of IR light a cluster may be sufficiently heated to emit an elec-
tron by thermionic emission, leading to a neutral cluster and a depletion of the
initial ion intensity. In a molecular beam, where no mass selection is used, the
electron cannot be used to monitor the absorption, as its origin is unclear. The
only possibility to detect the detachment, is by monitoring the ion abundance. IR-
REMPED becomes a depletion method. Therefore, the cluster beam experiment
runs at twice the repetition rate of FELICE and mass spectra are taken on alter-
nate shots with and without FELICE. Analysis of the relative ion intensity in the
two mass spectra and its IR wavelength-dependence allows the construction of a
mass-specific depletion spectrum.

The setup used in the IR-REMPED experiment is quite similar to the ones used
for the other FELIX experiments. The scheme in Figure 5.3 shows the major parts.
In a laser ablation cluster source the (anionic) TM clusters are produced in the ex-
pansion of a short helium gas pulse seeded with methane (0.025 % for Ta,C,, and
0.1 % for Nb,,C,, clusters). The cluster size distribution can be analyzed in a reflec-
tron ToF mass spectrometer. In contrast to the experiments using the FELIX setup
it is not possible to overlap the ion and IR beams in a collinear configuration. In-
stead, they have to cross under an angle. To increase the interaction time, the angle
has been kept as small as possible, which is for the current setup 35°. This increases
the interaction time by more than 70 % compared to an interaction under 90°. The
setup has been designed such that both beams cross in the center of the extraction
region of the mass spectrometer. As the vacuum system of the experiment cannot
be separated from that of the FEL during operation, a differential pumping stage
has been added between cluster source and mass spectrometer. As a consequence
of the crossed beam setup and the finite FELICE beam size, only a small fraction
of the ions in the molecular beam are exposed to a sufficient IR fluence to induce
REMPED.

In the focus, the IR beam waist ranges from 0.3 to 1.2 mm for light of 2500 and
120 cm 1, respectively, the limits of the covered wavelength range. In the first ex-
periments on the Ta,,C,, clusters the experiments have been performed with a con-
stant distance of the interaction point of molecular and IR beam of two Rayleigh
ranges from the focus. This increases the IR beam size to 1.2—4.1 mm for the 2500-
200 cm ™! range studied for this system. For the later experiments on clusters con-
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Figure 5.4.: Typical distances and sizes of the different apertures (in red) used to
shape the beam.

taining niobium a different approach has been pursued. To make use of the full
macropulse duration of FELICE, which is typically 4-6 us, the experiment has been
performed out of the focus of the IR beam. Clusters, made in the expansion of a
helium gas pulse, typically have a beam speed of ~1.6 mm/us. By adjusting the
FELICE waist to a diameter of ~4 mm in each of the individual scan ranges the
interaction time becomes more than 4 yus.

As IR-REMPED relies on the measurement of a depletion signal, the detection
volume has to be restricted to those ions that have been irradiated by the full pulse.
This was achieved by inserting a slit aperture behind the extraction region of the
mass spectrometer (with 3 mm width) positioned ~4 mm downstream of the IR
beam axis and by switching the extraction voltages on just after the end of the
IR pulse. The spatial extent of the molecular beam in the vertical direction was
also shaped by a combination of a skimmer and a slit aperture (see Figures 5.3
and 5.4). The beam shaping and the cluster source were constantly improved,
which allowed the molecular beam height to be reduced from ~6 mm in the first
experiments on Ta,;,C;,;, to ~#4 mm and ~2.5 mm for Nb,” and Nb,C,,, respectively.

The imperfect overlap between IR and molecular beam and the different ion
trajectories through the IR beam (which changes the integrated IR intensity the
cluster experiences) mean that the depletion observed is not constant over a peak
(for a certain mass to charge ratio) in the ToF mass spectrum. Figure 5.5 shows
the depletion observed for NbsC~ at 220 cm~! as function of the height of the
setup with respect to the IR beam and digitizer channel number corresponding
to the position in the ToF peak. Depletion by 60 % can be obtained on the latter
part of the ToF peak for a 2.5 mm high packet with an optimized vertical overlap.
This corresponds to the convolution of the ~2.5 mm high molecular beam and the
4 mm IR beam size, but is also influenced by the aperture in the mass spectrometer.



122 Chapter 5. Metal and metal-carbon cluster anions

intensity / arb. units
o
N
1

table height / mm

23405 23410 23415 23420 23425
digitizer channel
40 60 80 100 120 140

0 20

Figure 5.5.: Depletion spectrum for NbsC~ at 220 cm ™! as function of the vertical
overlap (table height) and position in the ToF spectrum. The maxi-
mum depletion is only observed for those ions, that arrive later at the
detector.

More depletion can only be achieved by further reducing the molecular beam size.
This, however, leads to too little ion counts and requires a (currently) too high
stability of the beam overlap. For this reason a further narrowing of the beam
size was not feasible. In the analysis of the depletion spectra the poor overlap
was considered by using only parts of the ToF peak for the construction of the
depletion spectra. Construction of spectra showing relative cross sections, as done
for the FELIX experiments, is not straightforward and requires the assumption of
an overlap factor, which is not constant, and even changes over the measurement
time. Therefore, only depletion spectra are shown in the following.

The overlap between IR and molecular beam and the detected molecular packet
was always very carefully adjusted. After identification of an absorption for a
single system the depletion signal was maximized by scanning the vertical overlap



5.3. Ta,C,, cluster anions 123

and the position of the aperture in the mass spectrometer, while leaving the timing
for the high voltage pulses for the extraction plates unchanged. While optimizing
the aperture position it was also necessary to adjust the voltages for the deflection
plates in order to bend the ion trajectories onto the MCP detector. Changing the
distance to the focus, and therefore the IR intensity, required a reoptimization of
all of the parameters.

5.3. Ta,C,, cluster anions

5.3.1. IR-REMPED spectra

IR-REMPED spectra for a large number of Ta,C,, clusters with n=3-5 and m=1-4
have been measured simultaneously in the 200-2500 cm ™!
lected cluster sizes, which vary in the amount of metal in the cluster (Taz_5C")
and in the amount of carbon (TazC]_,), these spectra are shown in Figures 5.7
and 5.8, respectively. Several different FELICE settings have been used in order to
cover the complete wavelength range. The depletion spectra obtained with differ-
ent settings are shown in the Figures in different colors. The estimated IR fluence
at the interaction point between IR and molecular beam is shown in Figure 5.6
and was calculated by using the outcoupled fraction of the IR beam, the position
of the interaction point with respect to the focus and equation 5.3. The IR flu-

ence used varies dramatically between 2 and 60 J/cm?. The spectral range covers
1

range. For a few se-

, metal-carbon

vibrations between 500-700 cm ! and carbon-carbon vibrations >1000 cm 1.

metal-metal vibrations, which are typically found below 400 cm™

The effect of the fluence on the depletion spectra was studied in the 300-
800 cm~! range. Spectra obtained using two laser fluences differing by one order
of magnitude are shown in the Figures. For the Ta;C™ cluster dramatic differences
in the depletion spectra are observed. At the lower fluence only a single peak is
observed in the IR-REMPED spectrum (blue line) while an extremely broad ab-
sorption is observed at high fluence (red line). For other cluster sizes, the differ-
ences are smaller. In general, the absorptions become broader with higher fluence.
In some cases, additional bands can be observed, e.g. for Ta;C™ and TazC, at 314
and 358 cm ™!, respectively. A systematic study of the fluence dependence was
not successful as changing the fluence by moving the setup or changing the cavity
detuning also changes the bandwidth or the beam overlap simultaneously.

Ta,C™ cluster. For TazC™ the IR-REMPED spectrum obtained at low IR fluence
shows only a single absorption at 703 cm~!. At higher IR intensities two additional
features are observed to the red, with their maxima at 526 and 607 cm~—!. To the
blue a uniform absorption is seen with no clear maxima. The spectrum for Ta;C~
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Figure 5.6.: Lower estimate for the FELICE fluence at the interaction point between
molecular and IR beam used to measure the IR-REMPED spectra for

Ta,C,, cluster. The color coding corresponds to the one used in the
IR-REMPED spectra shown later.

shows a large number of peaks over the entire spectrum. The band positions are
given in Table 5.3. The modes above 800 cm~! are surprising, as this is much
higher than expected for metal-carbon vibrational fundamentals. For this cluster
size the broad absorption is also observed, but appears at higher wavenumber, as
it starts only at 1500 cm~!. The TasC~ cluster has fewer bands than Ta,C~, and
they are exclusively found in the mid- and far-IR, below 800 cm L. Several bands
are observed in the 200-300 cm ™! range, and two sharper features appear at 610
and 678 cm~!. The broad band usually seen at higher wavenumber is shifted even
further to the blue and starts only at 2000 cm™!. Its intensity is much lower than
for the previous two cluster sizes.

TazC,, cluster. The spectra for the TazC,, clusters differ significantly in the
amount of spectral information that can be obtained. For the Ta3C, cluster clear
bands are seen at 482, 561, 670, and 263 cm~!. At higher wavenumber a broader
background emerges.

The TazC; absorbs over the entire wavelength range. No distinct features are
present. For the far-IR setting, the signal drops by 30 % and in the other scan
ranges by at least 50 % in the mass spectra taken with the IR radiation. Similar
behavior, with depletion even up to 90 %, has also been seen for some other cluster
sizes, which are not shown here, including Ta;C, , TayC;, TasC;, and TasC5 .

Adding a carbon atom, forming Ta3C, , results in an IR spectrum with clear
absorption bands at 220, 358, 463, 547, 606, 689, 789, and 1621 cm~ L.
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Figure 5.7.: IR-REMPED spectra for Ta,C~ cluster with n=3-5 in comparison with
calculated IR spectra from DFT calculations. The experimental data
points (shown as black dots) have been folded with a 5-point running
average (colored solid lines). The different color coding represent dif-
ferent FELICE settings, and the color is the same as in Figure 5.6, which
shows the corresponding IR fluence. Combination modes for TayC~
are marked by asterisks.

5.3.2. Photoelectron spectra

Photoelectron spectra have been measured with the velocity map imaging setup
described in chapter 2.4 using photon energies of 2.33 and 3.49 eV. The clusters
have been made under similar, but not identical conditions to those used in the IR-
REMPED experiments. Instead of mixing methane into the carrier gas, which also
produces TanCmHl_’ 2. clusters, methane has been introduced by the reaction valve
installed on top of the reaction/cooling channel in the time between ablation laser
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Figure 5.8.: IR-REMPED depletion spectra for TazC,, cluster with m=2—4.

shots. Methane reacts to form a carbide surface on the Ta target and the formation
of hydrogen containing cluster species was strongly suppressed. It is important to
minimize the intensity of these species as they would contribute to the PES spectra
as the mass resolution at the point of photodetachment is not sufficient for full
separation of the heavy tantalum carbide clusters and those containing hydrogen.
The PES setup was optimized on the Ir atom, which was also used for calibration.

The measured images have been analyzed with the method described previ-
ously for Ir~ (see section 2.4.1.4). Briefly, the images have been centered and con-
verted to polar coordinates. Afterwards an image reconstruction using the polar
onion peeling programm described in Ref. [118] was applied. In the following,
we neglect the angular information contained in the images and focus on the mea-
sured electron binding energies.

Spectra have been taken at two different photon energies. The ones measured
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with 532 nm light (2.33 eV) allow to determine the vertical detachment energies
more accurately, which we define by the maximum of the first major feature. These
values are shown in Table 5.2. The spectra correspond well with the ones measured
at 3.49 eV photon energy (355 nm). Only the latter are shown in Figure 5.9, as they
show more than a single feature. For TasC™~ the PES spectra measured with the
two photon energies show a less sharp onset; as it is observed more clearly in the
532 nm spectrum this is also shown for this cluster size.

The vertical detachment energies for the investigated Ta,C,, clusters are be-
tween 1.33 and 2.02 eV. No clear size dependent trend for the VDE for the mono-

carbide cluster is observed.

Table 5.2.: Comparison of the vertical detachment energies of Ta,C,, cluster from
calculations using different DFT methods and experimental values.

size isomer TPSS PBEO Experiment

TasC- Csp 'E  1.04 122 1.51

TasC, AG'A” 069 075 1.33
BGC A 122 126

TasC; G 'A" 088 092 1.55

TasC, GC'A" 169 1.69 2.02

Tas,C~  GCs2A"  1.03 112 1.35

TasC~ Cs'A” 133 137  1.69(1.36)
Cop 'A; 122 116

5.3.3. Theoretical method*

Density functional theory has been used to determine and calculate the vibrational
spectra, the vertical detachment energies (VDE) and the density of states (DOS) of
low-energy isomers of Ta,C,,.

The potential energy landscape of the Ta, C;, clusters was explored [318] using a
basin hopping (BH) Monte Carlo simulation [319] at the DFT level. A home-made
program interfaces with TURBOMOLE V6.2 [320, 321] which is used to perform
the DFT local optimizations required at each Monte Carlo step [318]. These used
Becke’s exchange [170] and Perdew’s correlation GGA functionals (B-P86) [171]
and the def2-SVP basis sets and effective core potentials (ECP) [172, 322, 323] and
the resolution of identity (RI) approximation [246, 324].

The lowest energy structures found by BH were then reoptimized in a range of
spin multiplicities using two different functionals. The meta-generalized gradi-
ent functional of Tao, Perdew, Staroverov, and Scuseria (TPSS) [325] together with

* Calculations have been performed by Dan ]J. Harding from the Fritz-Haber-Institut.
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balanced triple-{ valence basis sets including polarization functions (def2-TZVP)
[243] (and ECP for Ta [323]) and RI approximation were chosen, as this combina-
tion was previously found to provide a good description for clusters of tantalum
[326]. The second method makes use of the hybrid functional of Perdew, Burke
and Ernzerhof (PBEO) [327, 328] which contains 25 % exact exchange and uses
the larger def2-QZVPP basis set. Initially the calculations were performed with-
out symmetry constraints, subsequently the highest possible symmetry group has
been applied.

DEFT calculations on anionic systems often suffer from unbound electrons. This
is due to the self-interaction error, where self-interaction terms do not cancel ex-
actly in DFT [329], unlike in Hartree-Fock (HF). This is observed for some of the
cluster sizes studied here, too. A general solution for this problem has not yet been
found [330, 331]. We use the energy difference of the self-consistent-field calcula-
tions (ASCEF) for the anions and neutrals to determine the VDEs and move the DOS
to match the HOMO to the VDE.

5.3.4. Discussion

The energetic order of the predicted local minima from the BH algorithm have
been investigated with the TPSS and PBEO functional. For all cluster sizes stud-
ied here the same putative global minimum structures have been identified with
both methods. Their calculated harmonic frequencies are also very similar. The
frequencies from TPSS calculations do not require scaling while the PBEQ frequen-
cies match better if scaled by 0.95. Because of the similarity of the vibrational
spectra, the IR-REMPED spectra are only compared to the TPSS calculations. The
harmonic frequencies have been folded with Gaussian functions with a width of
10 cm~! FWHM.

The VDEs predicted by the two methods at the anion geometry are also very
close. The DOS, however, shows clear differences for some cluster sizes. The most
pronounced differences are seen for the TazC, cluster. For this single cluster size
the different results will be discussed. At the moment, the PES spectra will be
compared to the PBEO results only, which is expected to give the most reliable
results, because of the hybrid origin of the functional and the very large basis set
employed. The DOSs have been shifted to match the highest occupied molecular
orbital egopmo to the calculated VDE plus a constant shift of 0.3 eV, which gives a
better match to the experiment (egopro+VDE+0.3 eV).

TazC~. For the TazC™ cluster an equilateral triangle with a hollow site carbon
atom 3-fold coordinated is found by the BH algorithm as the putative minimum
structure. The cluster has C3, symmetry and a 'E electronic state. The calculation
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at the TPSS level predicts a single intense band at 735 cm ™!, which is very close
to the experimental value (see Figure 5.7). The vertical detachment energy is cal-
culated to be 1.22 and 1.03 eV for PBEO and TPSS, respectively. The PBEQ value is
~0.3 eV below the experimental value of 1.52. This shift has already been consid-
ered for the DOS. In Fig. 5.9 the DOS is compared to the measured one, and good
agreement is found. All three experimentally observed features are reproduced
and almost perfect match in the positions is found.

Previous work on the bare tantalum trimer cluster anion by PES in conjunction
with DFT identified the same arrangement of Ta atoms, with D3, symmetry and a
5A’ electronic state. A VDE of 1.40 was measured [332]. The TazO~ cluster has a
slightly higher electron affinity of 1.58 eV [333, 334]. For this cluster it was even
possible to achieve vibrational resolution [333]. In combination with theory a pla-
nar structure with an oxygen bridging two atoms of the Ta; triangle structure was
discussed.

For the neutral TazC cluster photoionization efficiency (PIE) measurements in
combination with theory identified a similar structure to ours, but with a lower
symmetry, as the carbon is only in a bridging position [335].

TayC™. The three lowest frequency modes in the IR-REMPED spectrum of Ta;C™~
are found at 314, 632, and 694 cm~!. These modes can be assigned to a Ta, tetrahe-
dron (Cs, 2A") in which the carbon is still bound to three Ta atoms on a hollow-site
but is significantly shifted off to one side. The calculated IR frequencies agree
within 20 cm ™! with the experimental findings, as can be seen in Table 5.3. Bands

above 700 cm 1!

cannot easily be explained by this isomer. Modes are observed up
to very high frequencies of 1395 cm~!. This is probably too high for fundamen-
tal vibrational modes of a cluster that contains only a single carbon atom. Bands
! are therefore assigned to overtone and combination bands. As
the cluster has C; symmetry any combination mode would be IR allowed. How-
ever, only some of them are sufficiently intense to be observed. Table 5.3 shows a
possible assignment. All experimental bands are slightly red shifted. The bands

at 795 cm~! and 853 cm™! may be explained by a combination with a band at

above 700 cm™

~165 cm~!, which agrees well with two almost degenerate calculated modes at
161 and 162 cm™ L.

A VDE of 1.35 eV was determined from the PES spectrum. The predicted
VDE from the PBEOQ calculation is 0.23 eV lower, and the TPSS value 0.33 eV. The
(shifted) DOS in Fig.5.9 again agrees well with the measurement. In particular the
gap between transition X and A is nicely reproduced.

For the neutral a similar structure has been assigned in Ref. [335].
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Table 5.3.: Calculated IR modes at TPSS level and experimental position of the
bands for Ta;C~. Modes above 700 cm~! can be assigned to overtones
of the fundamental vibrational modes.

theory  experiment
mode sym. wavenumb. abs.cross.sec. wavenumb. assign.

cm~! km mol ! cm™!

1 Al 117.71 0.32

2 A 128.92 0.67

3 A 160.98 0.91

4 A" 162.16 1.15

5 A 201.34 1.13

6 A 253.15 0.21

7 A 330.38 5.40 314 vy

g8 A 642.23 8.04 631 vg

9 A 696.14 27.63 694 Vg
795 (1/3,4 + vg)
853 (V34 +19)
942 vy + g
1261 2ug
1325 Vg + Vg
1395 2vg

TasC~. ForTasC™ two structures very close in energy have been identified by the

BH algorithm. For both, the underlying Tas metal cluster structure is a triangular
bipyramid. For the putative global minimum a smaller deformation by carbon
addition is observed. The carbon binds to one of the Ta faces, and forms a C;s
LA’ structure. The second lowest energy structure (Ca,, 1A1) is 28 kJ /mol higher
in energy in the TPSS calculations. In contrast to the previous isomer the carbon
binds to four Ta atoms, which requires a stronger deformation as it binds to a
butterfly motif of the bipyramid. It can also be seen as an distorted octahedron
with one (metal) atom replaced by a carbon. The IR-REMPED spectrum can be
well explained by the first isomer. Only a very weak feature at 529 cm~! might be
assigned to the second isomer.

The assumption of a second isomer is supported by the PES spectrum. This
cluster size was the only one for which a (weaker) transition at lower binding
energy was observed. Two different VDE can be determined from this which are
1.36 and 1.69 eV, for transitions X" and X, respectively. All major features, and, in
particular transition X, can be fully explained by the lower energy structure. The
second isomer, however, would explain transition X’. Both experiments therefore
suggest that, in addition to the lowest energy structure, a second isomer with a
much lower abundance is present in both experiments.
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Both structures have been considered before for the neutral cluster. Calculations
predict very similar ionization energies for both structures, both in agreement with
PIE measurements [336].

TazC,. A wellresolved IR spectrum with a large number of features is observed
for the TasC, cluster. In particular the very intense bands at 463, 689 cm ™!, and
the 1621 cm ™! mode are very characteristic. Our calculations suggest a C; 1A"
structure as the global minimum. This structure contains a triangular bipyramid,
whose apexes are formed by two carbon atoms. A C; unit bridges one of the Ta-
Ta edges. Carbon-carbon stretch vibrations have characteristic frequencies, and
the calculation predicts the stretch at 1632 cm~1. This agrees very well with the
experimental value of 1621 cm~!. Two other very intense features are predicted at
485 and 696 cm~! agreeing nicely with the experiment. The other experimentally
observed modes are also reproduced by this isomer. The calculated DOS at the
PBEO level shows a good match to the photoelectron spectrum. As for the other
cluster sizes the calculated VDE is 0.3 eV too low.

The PES spectrum shows only two transitions in the energy range investigated.
The calculated DOS however, predicts a third one. This feature is predicted by
PBEOQ at very high electron binding energies where the sensitivity of the VMI spec-
trometer decreases. Depending on the applied DFT method the position of this
transition varies a lot. In Fig. 5.10 the calculated DOS for this cluster structure
using the two methods described previously is compared to the experiment. All
are only shifted to match epopmo to the calculated VDE. The results from TPSS
and PBEO agree well for the first two transitions. The position of the third one,
however, is at lower electron binding energy for the TPSS spectrum. The experi-
ment clearly gives no evidence for a transition at this energy. From comparison of
the IR-REMPED and PES experimental results, PBEQ appears to provide the best
description of the ground and electronic structure of TaC anions.

TazC,. For TazC; a triangular bipyramid structure A (Cs, 'A") with the carbon
atoms forming the apexes is found to be lowest in energy. This structure has only
two intense IR modes, and only the higher one at 691 cm™! is seen in the experi-
ment. The other experimental modes are not really explained by this isomer. For
the second lowest energy structure B (C;, LA’) the two carbon atoms form a C-C
bond and are found on a single face of the tantalum triangle. This structure has
also only one intense mode, which is the C-C stretch. The position is calculated to
be 1242 cm~!, which nicely agrees with a mode at 1263 cm~! in the experiment.
Unfortunately this structure is also not able to explain the other missing features.
The PES spectrum of Ta3C, has a sharp onset in comparison to the TasC™ cluster.
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Figure 5.9.: Photoelectron spectra of Ta,C,, clusters obtained with 355 nm light
(and 532 nm for TasC~) and comparison to the (shifted) density of
states for the same structures as in Figs. 5.7 and 5.8. Some spectra have
been vertically shifted for clarity. The calculated spectra were folded
with a Gaussian linewidth function of 0.1 eV FWHM.

The VDE from experiment is 1.33 eV. The PBEO calculations give values of 0.75 and
1.26 eV for isomer A and B, respectively. Whereas the first seems to be too low
(even including the additional offset of 0.3 eV seen for the other sizes), the latter, is
a little bit too high. Isomer B, however, may fit to transition B marked in Figure 5.9.
The large difference in the VDE for A, and the fact that no earlier onset in the PES
spectrum is observed, allows this isomer to be excluded from contributing to the
PES spectrum. Its presence in the IR-REMPED experiment cannot be completely
ruled out. The experience with the setup used for the PES experiments shows that
itis rather difficult to detect anions with low electron affinities (which means either
they are not formed, or they do not survive into the detection region). The limit
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Figure 5.10.: Comparison of the experimental PES spectrum of TazC, to the calcu-
lated DOS for two different DFT methods. The DOS is shifted only by
the difference of egopo and VDE.

is somewhere around 1 eV. As this isomer has a EA in that range, it is possible
that it was present in the PES experiment, but not detected. It is not clear whether
the source used in the IR-REMPED setup has the same characteristics, but given
the similarities in the design, similar behavior would be expected. However, even
the presence of both isomers is not sufficient to explain the experimental results.
Another isomer seems to be required, but could not be identified. None of the
other isomers found explain the IR-REMPED spectrum.

Previous studies on neutral TazC; clusters by PIE assigned the triangular bipyra-
mid structure [335] for the neutral and cationic clusters. This structure also seems
to be present, together with other isomers, for the anion.

The formation of C-C bonds, even if only for a minor isomer, for such a small
amount of carbon is very surprising. Investigations on neutral tantalum and nio-
bium carbide clusters suggested such isomers only for a metal /carbon ratio of <1
[336, 337].

Ta3C;. The IR-REMPED spectrum of TazC; does not allow the assignment of
a certain structure to the spectrum, as only a very broad absorption is seen. The
reason for such featureless spectra is unclear, but possible reasons will be discussed
for the NbgCl_’ , clusters, for which a similar behavior is observed.



134 Chapter 5. Metal and metal-carbon cluster anions

Nevertheless, the calculated IR spectrum of the lowest energy structure (Cs, !A")
identified by the BH is shown along with the experiment. Similar to the other clus-
ters containing three tantalum atoms, the underlying metal cluster has a triangular
shape. The three carbons bind in a similar way as before, as the carbons bind to
the two faces of the triangle. On one of the faces a C-C species similar to that seen
in isomer B of TazC; is formed.

In contrast to the IR spectrum, the PES spectrum is better resolved. A VDE of
1.55 eV is measured, and three features are observed in the spectrum. The calcu-
lated VDE of structure C; A" (0.92 eV) is significantly lower than the experimental
value. Additionally, the calculated DOS is a poor match to the experimental PES.
This suggests that this isomer is not present in our experiments. So far, it has not
been possible to assign an isomer for this cluster size.
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5.4. From niobium mono- and di-carbide clusters to bare
metal clusters

5.4.1. IR-REMPED spectroscopy of anCi2

IR-REMPED spectra for niobium mono- and di-carbide clusters Nb, C; » with n=3—
12 have been measured in the 120-1000 cm ™! range covering the metal-metal and
metal-carbon vibrations. The spectra are shown Figures 5.12, 5.14 and 5.15. All of
the spectra show the direct depletion not corrected for variations of the IR fluence
over the scanning range. In order to assess the relative intensity of the bands ob-
served in experiment the IR fluence used in the different ranges is shown in Fig.
5.11.

For many systems well-resolved bands are observed with widths as narrow as
10 cm 1. These widths are not limited by the bandwidth of the IR radiation, which
was typically 0.3 % FWHM of the central frequency, but rather by the multiple
photon excitation process [304]. Even for such large systems as Nb;;C~ very dis-
tinct features are seen and only the NbgC, clusters have almost constant absorp-
tion over the entire wavelength range studied. Similar to the Ta,C,, clusters the
spectra of some sizes seem to suffer more from the appearance of overtone and
combination modes, and show in the mid-IR broad often featureless absorptions.
In particular, the dicarbide clusters seem to be affected by this, with the exception
of the NbyC, , which has three distinct features around 700 cm L.

The amount of depletion observed for the narrower features can be as high as
60 % and bands are observed even at very low photon energies. The band of
NbeC; at 127 cm ™! shows depletion by more than 30 %. For NbsC~ the onset
of a band at even lower photon energy is seen, see Fig. 5.14.

Three different FELICE electron beam energy settings have been employed to
cover the entire wavelength range and are illustrated by the different color coding
in the figures. The setting used for the mid-IR range (400-1000 cm~!) has been
further split into three regions for the measurements, which differ by the distance
of the interaction point from the focus and by the cavity detuning, which had to
be reduced in order to reach the highest wavenumber. The estimated intra-cavity
fluence is shown in Fig. 5.11. Although differences in the fluence are observed, the
measured depletion spectra fit together well.

Measurements performed using different FELICE settings, or the same but on
another day, can be strongly affected by different overlaps or different IR beam
properties (bandwidth, chirps,...) as can be seen for the setting used in the 200-
400 cm ! range. Although from the estimated intra-cavity fluence at the interac-
tion point the setting can compete with the 120-320 cm ™! setting, which overlaps
for major parts of the spectral range (compare Fig. 5.11), the spectra compare less
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Figure 5.11.: Lower estimate for the FELICE fluence at the point of interaction be-
tween the molecular and the IR beam. Solid lines are for Nb,,C,, and
the dashed line for Nb,  clusters. The pulse energy was measured
with a powerhead in air. Therefore, the measured power might be
much lower in the far-IR than the real one due to absorptions in air.

well”

The depletion spectra are again compared to the IR spectra from DFT calcu-
lations®. A similar approach to that used for the tantalum carbide clusters was
used, with the TPSS functional [325], the def2-TZVP basis sets [243] and ECPs for
niobium [323]. As before, low energy structures were initially identified using a
basin-hopping Monte Carlo algorithm. For more details see section 5.3.3. Calcu-
lations were initially performed without symmetry constraints, subsequently, the
higher symmetries were investigated. The calculated harmonic frequencies are
scaled by a factor of 0.95 and are folded with a Gaussian linewidth function of
10cm ™! FWHM.

In the following, a particular focus will be on the underlying metal cluster struc-
ture, to learn how the added carbon atom influences the metal cluster structure.

NbzC~. The IR-REMPED spectrum of NbzC~ (Figure 5.12) shows sharp bands
at 215,311, 598, 732 and 821 cm~!. The three central features may be explained by
the C; 3A" isomer, in which the Nb atoms form a isosceles triangle with the carbon
atom bound to the Nb face. For this structure the calculations predicts intense
absorptions at 269, 532, and 670 cm~ 1. The spectral pattern seems to match the
experimental one, except that the (rescaled) calculated frequencies are all too low.
Using a different scaling factor of 1.06 for the calculated frequencies would give
better agreement, but lower frequency modes seem to require larger scaling, which

* In the 120-320 cm ! range only FELICE was in operation.” Calculations have been performed by
Dr. D. ]. Harding from the Fritz-Haber-Institut.
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Figure 5.12.: IR-REMPED depletion spectra for Nb3C™ and the NbyC7, clusters in
comparison to calculated spectra from DFT. The experimental data
points are shown as black dots and are folded with a 5-point run-
ning average (colored solid lines). The different color coding for the
smoothed spectra represent different FELICE settings. The fluence at
the interaction point can be found in Fig. 5.11. The calculated (scaled)

theoretical spectra have been broadened with a Gaussian function of
FWHM of 10 cm 1.

would also help to explain the 215 cm~! mode. This is the only cluster size for
which an up-scaling of the calculated frequencies gives a better agreement. None
of the other isomers gives a better agreement to the experimental spectrum. The
band at 821 cm~! cannot be explained by this or other isomers, and is presumably
due to a combination mode. Such combination modes have been already observed
for the Ta,C,, clusters, and will be discussed for the anCi , clusters using the
example of the NbsC™ cluster.

The observed cluster structure can be compared to the structure observed for the
bare Nb,', the Nb3O~, and the neutral Nb3C, which have previously been studied
experimentally and theoretically (compare Fig. 5.13). The underlying Nb, sub-
structure in the Nb3C™ cluster is very similar to the one assigned to the bare Nb;
by combining PES and DFT calculations [338]. An open-shell isosceles triangle
structure with Cp, symmetry and 3 A, state has been identified in that experiment.
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Figure 5.13.: Structures assigned for Nb; [338], NbzO™~ [338], Nb3C [339], and
NbsC~ clusters based on results from PES, PIE, or IR-REMPED
spectroscopy.

The major difference between the Nb; and Nb3C™ is the difference in the angle
between the two equal sides of the isosceles triangle, which increases from 52° to
72° following the addition of the carbon atom. A similar structure has also been
considered for the Nb3O™ cluster [338]. However, a planar structure with a bridg-
ing oxygen was found to be lower in energy and also showed better agreement to
the PES experiment. Such a structure has been considered for the Nb3C™, but it is
88 kJ/mol higher in energy and does not explain the experimental spectrum. For
the neutral Nb3C, a photoionization efficiency experiment (PIE) gave indications
that the planar isomer is experimentally observed and was also found lowest in
energy [339].

Nb4Ci ,- For the Nb4Ci , clusters whole series of bands are observed. The nar-
rower features are seen for the monocarbide cluster. The BH algorithm identifies
structures with a tetrahedron for the underlying metal cluster for both cluster sizes.
The carbon atoms always bind to the Nb faces. The two lowest energy species
for Nb4C™ have similar geometric structures with Cs symmetry, but different spin
states. The doublet is predicted lower in energy than the quartet, and fits the ex-
periment better. A good match between experimental and calculated spectrum
is found with respect to the band positions, only the observed intensities do not
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agree perfectly. The highest frequency mode is not explained by the fundamental
vibrations and is presumably a combination mode.

In the Nb4C, cluster the two carbon atoms bind to separate faces of the tetrahe-
dral niobium cluster. The two isomers shown in Fig. 5.12 are both doublet states
and are energetically separated by only 10 kJ/mol. The comparison between the
experimental spectrum and the calculated spectra shows that the putative ground
state C; 2B structure matches the experiment better. All of the bands around
700 cm ! are nicely reproduced, and combination modes do not have to be consid-
ered. The second isomer is not needed to explain the experimental spectrum. The
PIE experiment of Ref. [339] assigns a similar structure for the neutral NbsC (Cs,
1A”), whereas for the NbyC, cluster a small structural change is observed, as they
determined a Cy, 'A; structure from their PIE spectrum. In our case the struc-
ture is slightly twisted. However, there is a disagreement in the literature over
the structure of the neutral, as another experiment studying the reaction of ethene
with niobium clusters identified the twisted structure [340].

Nb5C1’, ,- For NbsC™ the IR-REMPED spectrum shows narrow bands at 198, 231,
299, 324, 599 cm !, and a broader asymmetric band around 650 cm 1, which can
be fitted with two Gaussian functions, centered at 651 and 683 cm~!. The lowest-
energy structure identified by the BH approach used in the current study is a trig-
onal bipyramid structure Cs; 'A” with the carbon bound to a Nb face. The calcu-
lated IR spectrum has intense features at 202, 226, 303, 316, 593 and 655 cm~ L.
These match the experimental frequencies very well. The only absorption band
not properly described is the one at 683 cm~!. As all of the other experimental
absorptions are explained, if another isomer is responsible for this absorption it
should have essentially a single intense band at this position. Such a structure
could not be identified, suggesting the band has a different origin. A combina-
tion of the 593 cm ! mode and a band predicted at 110 cm ! would be a possible
explanation.

For the neutral, PIE measurements identified the same structure (Cy, 2A) [337].
Clusters containing five niobium atoms and more can also be compared to the
bare neutral niobium clusters, where IR-MPD spectroscopy has been performed
[308]. Both, IR-MPD and PIE measurements found for Nbs [337] the same trigonal
bipyramid (Cy,, 2By).

The IR-REMPED spectrum of NbsC, shows bands less well separated from each
other compared to the NbsC ™, but still single peaks can be observed. The predicted
IR spectrum for the doubly capped trigonal bipyramid structure (Cs, ' A’) also looks
more complex and nicely fits the experimental one. It is also the lowest energy
structure that was identified in our calculations. For the neutral NbsC, a different
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Figure 5.14.: IR-REMPED depletion spectra for Nb,C;, clusters with n=5-7 and
comparison to calculated spectra from DFT calculations. Combina-
tion modes for NbsC™ are marked by asterisks.

structure has been assigned based on PIE in which the underlying Nbs cluster [337]
forms an oblate trigonal bipyramid. In contrast to the structure of the anion, the
carbons are bound to four Nb atoms as they bind to the two butterfly motifs of
the oblate trigonal bipyramid (Cay, 2B;). The same structure was also assigned by
ethene reactivity studies Ref. [340]. In the case of the anion, such a structure is
29 kJ /mol higher in energy and does not fit the experimental spectrum.

NbeC,. For NbsC™ only a few modes are observed below 500 cm~!. Among
them is the lowest frequency mode identified so far by IR-REMPED, which ap-
pears just at the lower limit of the tuning range of FELICE at 124 cm~!. In contrast
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to the low number of modes in the far-IR, a relatively large number of well resolved
bands is observed between 500-1000 cm .

The calculations predict a distorted pentagonal bipyramid (DPBP) in a %A state
as the global minimum structure, in which the atoms in the five-membered ring
are not in a plane. The structure has C; symmetry, but the distortion from C; is
very small. Below 650 cm ™! all of the features in the measured IR-REMPED spec-
trum of NbsC™ are reproduced by the calculated harmonic IR spectrum for this
structure. An almost perfect match in the positions is observed, as can be seen in
Table 5.4, showing the experimental band positions, calculated frequencies, and
IR intensities. The three highest energy bands between 530 and 620cm ™! corre-
spond to Nb—C stretch vibrations of the 4-fold bound carbon atom: vy4, v15 in the
plane of the five-membered ring and v13 out of this plane. However, the additional

bands above 650 cm ™!

cannot be explained by the harmonic spectrum. These are
marked by an asterisk in Fig. 5.14 and the band positions are given in Table 5.4.
These may be rationalized by at least two different explanations: (i) other isomers
or (ii) combination bands. In particular the mode at 655 cm~!, which is rather in-
tense might come from another isomer. The third lowest isomer (not shown) has
one very intense absorption close to that position, but the structure is 66 kJ/mol
above the global minimum. Furthermore, by using the same scaling factor as be-
fore, this mode would shift from 664 to 630 cm~!. This is 24 cm~! below the ob-
served experimental feature. For all other bands deviation of less than 10 cm ™! be-
tween calculated and experimental values have been observed for this cluster size.
Metal—-carbon vibrations at even higher frequencies, required to explain all of the
other features, are uncommon, which makes it unlikely that these bands are due to
other isomers. Therefore, combination modes are the more likely reason for these
features. The low symmetry makes any combination IR allowed, which makes a
definite assignment difficult. Several different combinations would be possible,
some are shown in Table 5.4. All combination modes are red-shifted with respect
to the sum of the vibrational fundamentals by about 2-15 cm™!. The feature at
655 cm ™! is particularly intense. Presumably, this v13 + 12 combination borrows

intensity from the mode at 621 cm ™! by a Fermi resonance.

Other experimental information on NbsC and also all other larger clusters is
sparse, as only the neutral clusters have been studied with photoionization effi-
ciency spectroscopy [341], but no structural assignments have been made. How-
ever, comparison to the structure of the neutral Nbg cluster is possible. For this
cluster, the IR-MPD spectrum has been assigned to a dimer-capped rhombus [308],
similar to the metal core observed in NbgC~. The carbon binds centrally to the
rhombus, and gets incorporated in the cluster. This is the first cluster size where a
four-fold coordination to the Nb has been observed.
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Table 5.4.: Calculated linear IR absorption spectrum for the global minimum struc-
ture of NbsC~ with rescaled frequencies and IR absorption cross sec-
tions, compared to the experimental band positions. For the bands ob-
served above the range of the calculated vibrational fundamentals ten-

tative assignments as combination modes have been made.

calc. resc. calc. exp. suggested
mode wavenumber IR intensity wavenumber assignment
cm~! km mol ! cm™!

v 109.2 0.5

s 126.6 2.1

V3 127.3 1.7 <124

vy 150.5 2.0 155

Vs 157.5 0.8

Ve 170.8 5.4 165

% 212.0 41

Vg 2224 8.4 221

Vg 225.7 0.6

V10 251.6 0.4

V11 285.0 0.3

V12 292.2 0.3

V13 534.9 24 544

V14 596.7 0.1

V15 618.2 6.6 621
655 V13 + 12
726 V15 + 11
739 V15 + V23
764 V15 + V4 OF V13 + Vg9
834 V15 + Vg OF V13 + V12

The number of photons necessary to detach the electron from the cluster at
124 cm~!, a photon energy of only 15 meV, can be estimated from the calcu-
lated VDE, which is 0.98 eV. This means that more than 60 photons have to be
absorbed to reach the detachment energy when starting from a cold cluster. A
simple thermionic emission model following Ref. [342] gives a similar number of
photons that need to be absorbed at 124 cm ™! to reach a rate constant of 2:10* s~
for electron ejection, which corresponds to the lower limit to achieve detachment
within the time window of the experiment.

Below 400 cm™! the IR-REMPED spectrum of NbgC, shows bands at 128, 153,
169, 209, 222, 252, 279, and 313* cm~!. These band positions are perfectly matched
by the calculated vibrational spectrum of the tetragonal-square bipyramid struc-
ture (or octahedron), having the two carbon atoms bound to adjacent Nb faces.

* Neglecting the shoulder to the blue
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The calculation gives IR allowed frequencies at 127, 153, 171, 208, 222, 246, 275,
and 302 cm 1. Above the 302 cm~! mode, a very broad, but structured, absorption
starts, which presumably originates from combination modes.

The structure observed for the metal-subcluster is quite different to the one with
a single carbon. This structure is similar to the one predicted as the global mini-
mum for the neutral Nbg, though this was not observed in the IR-MPD experiment
[308].

The two structural motifs observed for the underlying Nb," cluster also com-
pete for the bare cluster. Depending on the applied theoretical method, the dimer-
capped rhombus, the distorted octahedron, or a distorted triangular prism, is pre-
dicted as the global minimum [343]. Earlier investigations using PES and DFT,
assigned the dimer-capped rhombus for the Nb, cluster [344, 345].

Nb;C,. The IR-REMPED spectrum of Nb;C™ in Figure 5.14 is somehow spe-
cial, as only a single absorption centered at 629 cm~! having a progression to the
blue (and less pronounced to the red) is observed. The BH algorithm identifies a
pentagonal bipyramid structural motif in a triplet electronic state, with the carbon
bound to a Nb face. This structure has only one intense absorption, which is at
the experimentally measured position. The sidebands observed seem to originate
from several different combination bands including the intense absorption.

For Nb;C, the vibrational spectrum shows broad but structured absorption
over the whole wavelength range covered. Below 400 cm™! the maxima for the
depletion are seen at 145, 176, 206, 250 and 270 cm L. Two different singlet struc-
tures are predicted by the BH differing by only 7.4 k] /mol. One is based on the
structure of the NbgC™ structure, capped by a (four-fold coordinated) carbon and
a Nb atom, whereas the other, higher energy, one is based more on the Nb;C™
structure. At first glance, the second lowest energy structure seems to match the
experiment better. However, a closer look at the frequency reveals that it is not the
case. For the lowest energy structure the calculated band positions for the most
dominant peaks are at 148, 175, 206, 248, and 272 cm L. For the second lowest one
these are at 131, 164, 165, 193, 225, and 241 cm 1. The former seem to agree better
with the experiment. The disagreement in intensity is caused by the change in the
fluence, which increases significantly from 150 to 250 cm~!, compare Fig. 5.11. A
more detailed look at the intensities for the NbsC, and NbsC, clusters reveals the
same behavior. This is the inherent disadvantage of using only non-normalized
depletion spectra, as intensities do not necessarily reflect real IR absorption cross
sections.

The NbyC™ cluster has (presumably) a similar geometry as the bare Nb, cluster,
which was assigned to a (distorted) pentagonal bipyramid by PES and DFT [344,
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Figure 5.15.: IR-REMPED spectra of larger anCi , clusters with n=8-12.

345], as well as predicted purely by theory [346]. Surprisingly, the structure of
Nb7;C; shows the largest deformation by carbon addition, despite its large (metal)
cluster size.

Nb,C ,with n=8-12. The IR-REMPED depletion spectra for Nb,C;, clusters
with n=8-12 are shown in Fig. 5.15. The quality of the spectra varies strongly with
cluster size despite being measured at the same time. For NbgC, , almost constant
absorption is seen over the entire wavelength range, while NbyC, , and Nby;C™
clusters have well resolved spectra. The large amount of depletion for the NbgC,,
clusters, which goes down at least by 60 % and in some parts of the spectrum by
almost 100 %, cannot be easily explained. Something similar has been observed
for TazC;, though the depletion was less, in particular in the far-IR. A possible
explanation by overtone and combination bands seems unlikely.

The density of vibrational states at low wavenumber is usually small, which
makes it rather complicated to form a sufficiently large number of combination
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Figure 5.16.: IR-REMPED depletion spectrum of NbgC™ and comparison to calcu-
lated vibrational spectra for several low energy isomers.

modes. Therefore, in the far-IR, usually structured spectra are observed, and even
for the largest cluster sizes studied (compare Fig. 5.15), for which the number of
vibrational modes increases, single features can be resolved. Only in the mid-IR
broad absorptions evolve.

A single low frequency mode can, in principle, significantly increase the vibra-
tional density of states, allowing clusters even with lower internal energy to ab-
sorb photons of any frequency. However, the large amount of depletion would
mean that all of the Nb,C,, clusters leaving the source are already in the quasi-
continuum region (see Section 2.2.2), which seems unlikely. Another reason could
be a lower EA, that would require a lower number of photons to be absorbed
to achieve thermionic emission. For TazC;, which also shows such constant de-
pletion, it was found that it has a similar EA to the other tantalum carbide clus-
ters studied. Recently, it has been reported that the IR field intensities available
with FELICE are sufficient to tunnel ionize metastable xenon atoms in a single
micropulse [347]. As tunneling ionization does not require resonant absorption of
(IR) light, this might also explain the broad absorption observed. Currently, testing
this hypothesis is not simple.

For the large Nb,C;, clusters, calculations have been performed for a single
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size, NbgC~. The BH algorithm identifies several low energy isomers, very close
in energy. The calculated vibrational spectra of the three lowest ones are compared
to the experiment in Fig. 5.16. Despite the simplicity of the experimental spectrum,
the agreement with any of the calculated ones is not very convincing. None really
explains the experimental spectrum, and a closer look at the frequencies reveals
larger differences between experimental and predicted band positions. Other high
energy structures do not provide a better match to the experiment. More calcula-
tions are required in order to locate the structure observed in the experiment.

5.4.2. IR-REMPED spectroscopy of Nb;, clusters

The successful application of IR-REMPED to niobium mono- and dicarbide clus-
ters in the far-IR made it also feasible to investigate the bare Nb clusters. It was
not possible to form the bare and the monocarbide clusters simultaneously in suffi-
cient intensities, as the former were almost completely absent after addition of the
methane (0.1 %) to the carrier gas. However, leaving all other source parameters
the same and switching over to pure helium shifts the cluster distribution from
the monocarbides to the bare clusters. As the amount of methane was so small the
change of the molecular beam speed is negligible, which means a preoptimized
setup using the niobium monocarbides should also guarantee good spatial and
temporal overlap with the IR beam for the bare clusters. Indeed this procedure
turned out to work well.

IR-REMPED spectra for Nb,, clusters with n=7-16 have been measured in the
120-400 cm ™! range* with a setup that was optimized before on the monocarbide
clusters (Figure 5.17). For niobium and niobium carbide clusters the experiment
was performed at the same distance from the focus for this wavelength range.
However, the macropulse energy for the experiment on the bare clusters was much
higher, as can be seen in Fig. 5.11.

Despite the much higher IR fluence the amount of depletion observed for the
bare metal clusters is low (Fig. 5.17). The maximum amount of depletion is ob-
served for Nb;, and is only 30 %. This is, in part, due to the larger molecular beam
size used for the bare Nb clusters, which had a diameter of 4 mm compared to
the 2.5 mm in the case of the niobium carbides. In general, the depletion is even
weaker and only very few features are seen in the spectra.

For the three smallest cluster sizes, composed out of 7-9 niobium atoms, no ob-
vious depletion is observed in the spectra, despite the fact that they had significant
intensities in the mass spectra. The next larger cluster, Nb;, shows the most de-
tailed spectrum, with two sharp bands at 201 and 239 cm~!. The width of the

* The interleaved operation of FELIX and FELICE was not used for this setting.
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Figure 5.17.: IR-REMPED depletion spectra of Nb,; clusters with n=7-16.

first is only 10 cm~! FWHM. For Nby; two clear features are observed with maxi-
mum absorption at 271 and 285 cm™!. For the larger sizes with 7n=12-16 a broader
absorption around 300 cm~! evolves.

This seems, at first, a bit surprising and may indicate that structural assignments
would be impossible. However, an IR-MPD experiment using Ar messenger tag-
ging also found only a small number of absorptions for larger Nb,, and Nb;/ clus-
ters. This seems to be characteristic of larger niobium clusters, containing 15-17
atoms, and may be an indication for very symmetric structures. For the Nbs clus-
ter the IR-MPD" and IR-REMPED spectra for all charge states are compared in
Figure 5.18. For all three spectra a very intense absorption around 315 cm™! is
seen.

Nb;,. The Nby, cluster has already been studied extensively by theory in dif-
ferent charge states and a bicapped square antiprism (BCSA) has been predicted

* Spectra for the cationic and neutral Nbys cluster have been provided by Dr. A. Fielicke
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Figure 5.18.: Comparison of the vibrational spectra of the Nbys cluster for different
charge states.

as the ground state structure [311-313]. In a more recent theoretical investigation
for Nb,, (n=9-12) clusters IR spectra for neutral, anionic and cationic clusters have
been reported [348]. In a comment to this article, the experimental IR-MPD spectra
have been reported by Fielicke and Meijer [349], which confirm the predictions for
cationic and neutral clusters, with the exception of the Nby, cluster. For Nbyy both
cationic and neutral cluster have the perfect BCSA structure with Dy symmetry, in
the 2A; and ' A; electronic state for the cation and neutral, respectively.

The same structure with Dy symmetry in the 2A; electronic state has now been
considered also for the anionic cluster. Using the same theoretical approach as for
the niobium carbide clusters, i.e. the TPSS functional, the def2-TZVP basis set and
effective core potential for niobium, the IR spectrum has been calculated".

The calculated spectrum is shown in Fig. 5.19(a) and agrees well with the mea-
sured IR-REMPED spectrum. This good agreement supports a previous hypothe-
sis based on the sharp transitions observed in photoelectron spectra for the Nb;,
cluster [309, 310], typically indicative for electronic shell closing in the neutral
[309]. Figure 5.19(b) compares the calculated density of states of the Nb,, cluster in
the distorted bicapped antiprism structure to the photoelectron spectrum reported
in Ref. [310], which had not previously been compared to theory. This experi-
mental spectrum is slightly better resolved than the one reported in Ref. [309].
However, the major features are observed in both experimental spectra and are

* Calculations have been performed by Dr. A. Fielicke from the Fritz-Haber-Institut
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Figure 5.19.: (a) Comparison of the IR-REMPED spectrum of Nb;, with the cal-
culated linear IR absorption spectrum of the ground state structure.
(b) Comparison of the experimental PES spectrum (solid black line)
[310] and the calculated density of states of the structure assigned by
IR-REMPED spectroscopy (dashed red line). The calculated spectrum
was folded with a Gaussian linewidth function of 0.25 eV FWHM.

reproduced by the calculation. The calculated vertical detachment energy (VDE)
is 1.49 eV and compares well with the experimental value of 1.46 eV [309].
Similar to NbgC™ the required number of IR photons required for electron de-
tachment can be estimated. For the low frequency mode of Nb, 60 photons need
to be absorbed, a similar number as for the NbsC™ cluster. Although a multiple
photon process was used to detect the absorption, the calculated linear IR inten-
sities give, in these cases, a good indication for the relative intensities of the ex-
perimental depletion bands. The differences in the degree of depletion between
NbgC™ and Nby arise, at least in part, from varied experimental conditions, but
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may also reflect the 0.5 eV difference in the electron binding energies. The fea-
tures observed for Nb;,, and the anCl” , clusters have calculated IR intensities of
2-8 km mol~?!, which is comparable to other neutral and cationic metal clusters
previously studied with rare-gas tagging [56, 308].

5.5. Conclusions

The first experiments on negatively charged cluster ions using the intra-cavity
molecular beam setup at FELICE are presented. Metal carbide and bare metal clus-
ter anions have been studied by IR-REMPED spectroscopy in the mid and far-IR
directly in a molecular beam. Well resolved bands have been observed over almost
the complete wavelength tuning range of FELICE, reaching from weak fundamen-
tal metal-metal vibrations at the low photon energy limit of FELICE to combination
modes at frequencies as high as 1400 cm L.

The measured IR spectra have been compared to the results from DFT calcula-
tions, which allowed a structural assignment for many of the investigated species.
The tantalum and niobium mono- and dicarbide clusters have structures similar
to the ones of the bare metal clusters. On most sizes the carbon atoms bind to the
metal cluster faces. Indications for carbon-carbon bonds in carbide clusters with
only two carbon atoms, i.e. Ta3C, , have also been found.

Additional measurements on the tantalum carbide clusters, studying their pho-
toelectron spectra, have been performed. The vertical electron detachment en-
ergies determined from these experiments give no clear indication on the range
of detachment energies that is required for the application of IR-REMPED spec-
troscopy.

For the clusters whose structures could be unambiguously assigned by their IR-
REMPED spectra, the calculated electronic DOS of the anions at the PBEO level
shows a very good match to the measured PES spectra.

IR-REMPED spectra have also been measured for bare niobium clusters. These
spectra are the first far-IR spectra for TM cluster anions. For a single cluster size,
Nb;,, it has been shown that the spectra offer sufficient quality to allow for struc-
tural assignment. For large Nb clusters, the comparison with the vibrational spec-
tra for their neutral and cationic counterparts shows that very similar spectra for
all charge states are observed.

5.6. Outlook

The results presented show that electron detachment by multiple photon excitation
is possible even for the weak IR bands of transition metal clusters and it opens up a
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Figure 5.20.: Comparison of the vibrational spectra for Nbj3 measured via argon
tagging using FELIX and the IR-REMPI spectrum measured with FE-
LICE [350].

new way to investigate metal cluster anions. IR-REMPED spectroscopy is expected
to be applicable to a wide range of anionic metal clusters, as their electron affinity
will generally be lower than the bond dissociation energy. Thus, IR spectroscopic
methods are now available to determine the structure of isolated gas-phase metal
clusters in their cationic, neutral, and anionic states.

Other experiments requiring a very high IR fluence will also be possible in the
future with FELICE. Among those is IR-REMPI spectroscopy of bare neutral metal
clusters. The number of absorbed IR photons required to observe ionization is sig-
nificantly higher, as the IE is usually much larger than the EA for TM metal clus-
ters. As the detection of the ionization process in IR-REMPI is essentially back-
ground free, this simplifies the experiment and the fluence dependence can be
studied more easily, e.g. by changing the interaction time with the IR radiation by
changing the molecular beam speed. Initial experiments showed that IR-REMPI
for neutral niobium clusters is indeed possible and the spectrum of Nby3 is shown
in Figure 5.20%.

The high intensities and long wavelength of the radiation of FELICE may also
allow for tunneling ionization within a single micropulse for some (charged) clus-
ters and molecules. As the radiation is linearly polarized, photoelectron hologra-
phy and diffraction would then be possible. Initial experiments could here confirm
the creation of high harmonics, made by tunneling and recombination of the pho-
toelectrons, and should even be possible with tightly focussed light from a normal

* The results have been measured in collaboration with V.J.F. Lapoutre and Dr. ].M. Bakker from the
FOM Institute Rijnhuizen, and will be part of the PhD thesis of V.J.F. Lapoutre.
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(hole-coupled) IR-FEL.



6. Summary and concluding remarks

Gas-phase vibrational spectroscopy allows the geometric and electronic structure
of clusters to be probed. This information can be used to obtain a deeper under-
standing of more complex systems, such as surfaces. In the research described
here two directions have been followed. First, the extension or development of
new techniques to study systems which were not previously accessible. Secondly,
the application of available methods to a particular substance (here MgO clusters),
to get a deeper insight into its properties. In the following the outcome of the
research is summarized, followed by a perspective for future research directions.

6.1. Summary

In chapter 3 a tunable IR-UV two-color ionization method was presented, which
allows a wider range of neutral clusters to be studied. The method is based on a
technique which has been used before in the mid-IR range, and is extended here
to the far-IR. Neutral silicon clusters, Si,, with n=6,7,9, and 10, have been studied
with this method. We have attempted to test our assumptions about the excitation
mechanism. For a single cluster size, n=9, IR multiple photon dissociation spec-
troscopy of a messenger tagged cluster could also be applied, allowing a direct
comparison of the two methods.

By combination of the two methods, it was possible to study silicon clusters
of a broader size range, which allowed theoretical predictions for the structures
of small silicon clusters and their growth pattern to be investigated. The results
support previous theoretical predictions. It could be shown that smaller clusters,
n=6-9, are based on bipyramidal motifs and only for n >10 is a tricapped trigonal
prism motif found.

In the next chapter, chapter 4, magnesium oxide clusters are studied using sev-
eral variants of IR multiple photon dissociation spectroscopy and the tunable IR-
UV two-color ionization method. This system may play a important role in catal-
ysis as, when doped appropriately, it is able to activate methane. This is the key
step in the direct conversion of methane to more valuable products, which would
reduce mankind’s demand for oil. Within the cluster of excellence UniCat several
research groups focussed on (doped) magnesium oxide. The gas-phase studies
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undertaken here focused on several model systems for active centers, but also on
reactive intermediates. These results allow testing and improvement of the theo-
retical modeling, and may thereby also have relevance for other studies, e.g. on
extended MgO systems.

Initially, MgO clusters with the same number of oxygen and magnesium have
been studied in the cationic and neutral charge states. The experimental spectra
in combination with theoretical calculations provided by the Sauer group within
the UniCat collaboration allowed the structures of these clusters to be determined.
Surprisingly, these are quite different from the bulk structure. For neutral clus-
ters, for instance, hexagonal tubes have been found for clusters of the composition
(MgO);3xx with k=1-5. The other cluster sizes investigated are also based on the
hexagonal ring motif and form cage-like structures. In contrast to the neutral clus-
ters, the cations form more open structures.

In a second step, oxygen rich MgO clusters, i.e. Mg,0O,,11, have been studied in
their cationic, neutral, and anionic charge states. In these clusters dioxygen species
can be present, which may be an active center, and have indeed been experimen-
tally observed. Depending on the charge state of the cluster, superoxo, peroxo, or
dissociated dioxygen have been found, for cation, neutral, and anion, respectively.
These activated dioxygen species differ by the occupation of the antibonding 7r*
orbitals of the O,. By changing the charge state of the cluster this occupation can
be modified.

Another possibility to change the type of active center or the type of dioxygen
species is by adding a single hydrogen atom. For cationic oxygen rich clusters it
has been seen that, instead of a superoxo, a peroxo species is present in the cluster.
The electron contributed by the hydrogen is transferred to the dioxygen. This is
important for other reactivity studies, as it may make it more straightforward to
investigate the reactivity of the peroxo unit, because charged clusters are more
easily handled experimentally.

Reactions of cationic MgO clusters with carbon monoxide, water and methane
have also been studied. For methane and CO indications have been found that
both are only adsorbed molecularly on stoichiometric and oxygen rich clusters.
For CO this was expected, as CO is often used to study the electronic structure of
surfaces, including clusters. On cationic MgO clusters a strong blueshift of the CO
stretching frequency has been observed, which is almost constant and indepen-
dent of cluster composition and size. The results on the methane show that larger
cationic clusters do not seem to be able to activate methane.

The reaction with water is important, as water would be formed in a catalytic
process involving methane. This could, in principle, change and even poison the
active centers. Intact water has only been found on one of the smallest clusters
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studied, MgO; . On all other cluster sizes investigated the first water molecule
seems to dissociate.

In the last chapter, chapter 5, IR resonant enhanced multiple photon electron de-
tachment spectroscopy (IR-REMPED) is presented and applied to transition-metal
(carbide) cluster anions in a molecular beam using the intra-cavity free electron
laser FELICE. These are the first experiments on charged clusters using this new
FEL. For transition metal cluster anions no IR spectroscopy method was, to date,
available to study their structure. This was due to a combination of difficulties in
preparing their rare gas complexes, their low IR cross sections and the low photon
energy in the vibrational fingerprint region of these systems.

In a proof-of-principle experiment tantalum carbide cluster anions have been
studied and their IR spectra have been measured over a very wide wavelength
range, 200-2500 cm~ !, which covers almost the whole range available with this
new FEL. Absorptions have been seen over the complete range, which could only
be explained by assuming overtone and combination modes of the vibrational
fundamentals, which are in the far-IR for metal-metal vibrations. Structural as-
signment has been performed by comparison with DFT calculations. In addition,
anion photoelectron spectra have been taken for the same systems. This method is
frequently used to study anionic systems, but often suffers from poor description
of anions by theory. Now, the results from IR spectroscopy, PES, and theory can be
combined and directly compared. Furthermore, information on the electron bind-
ing energy gives important information on how much energy needs to be pumped
into the systems by the IR light for IR-REMPED to occur.

In a second step the sensitivity of the method has been increased, using niobium
clusters with a single or two carbons to allow spectroscopy at even lower IR photon
energy. This finally allowed the IR spectra of bare niobium cluster anions to be
measured, which are also the first IR spectra for anionic transition metal clusters.

6.2. Perspectives for future research

The two very generally applicable vibrational spectroscopy methods, tunable IR-
UV two-color ionization and IR resonance enhanced multiple photon electron
detachment may have significant impact on the field of mass-selective IR spec-
troscopy of gas-phase species because of their versatility.

The two-color ionization method allows neutral clusters to be studied without
a possible perturbation from a messenger, which is normally used to study such
systems. Complex formation, which can also be very demanding, is not longer
required. By using tunable UV radiation it should be possible to further extend
the spectral wavelength range to even lower IR photon energy and more species.
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The number of required IR photons, which has a direct influence on the width
of the absorption bands, can also be reduced by a corresponding increase in the
UV photon energy. This should lead to better resolved IR spectra. Temperature
dependent effects on the spectra should be accessible with this method.

IR resonance enhanced multiple photon electron detachment spectroscopy on
the other hand allows to study the geometric structure of (transition metal) cluster
anions, which can be different from those of their neutral or cationic counterparts.
This could provide theory with benchmark data for cluster anions, which may
allow to improve their modeling, which is at least at DFT level, sometimes still
questionable.

The properties of clusters often vary drastically with cluster size. Until now, it
was often only possible to investigate a single aspect or property. By combining
several experimental methods which probe the geometry and electronic structure
more information can be obtained, which will allow for a deeper understanding.
The electronic structure of clusters can be studied with various methods, e.g. pho-
toelectron spectroscopy, UV-VIS spectroscopy, or X-ray absorption spectroscopy to
study core levels. The interpretation and detailed understanding of these spectra
benefits dramatically from knowing what the geometry is. A step into this direc-
tion has already been made in this thesis by combining IR-REMPED and photo-
electron spectroscopy.

Similar studies could provide interesting insights also for MgO clusters. As
their structures are now precisely known, more details of their electronic struc-
ture, which governs the reactivity of these systems, could be investigated by, for
instance, optical spectroscopy. This however, has to be done in the VUV range.
By selective doping, e.g. with transition metal atoms, it should also be possible to
tune these properties. Such species can now be produced with the new dual-target
source developed.
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