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1
Introduction

1.1 General introduction

The last decade has seen a considerable interest both in industry and
academic society in understanding the chemical and physical proper-
ties of nanostructures such as metal clusters. Clusters are nanometer-
sized particles consisting of tens to several hundreds of atoms. They
form a class of matter bridging the atomic and bulk states of mat-
ter. In the bulk regime properties are scalable, whereas for clusters,
the addition of a single atom can strongly influence their properties,
which thus vary non-monotonically with cluster size[47]. The size de-
pendence of properties when moving from the atom to the bulk are
illustrated in Figure 1.1. A typical example is the size-dependent re-
activity of gold clusters: gold is a nonreactive metal in the bulk, but
highly reactive toward CO when it is present in the form of nanometer
sized particles[99, 100].

The present thesis addresses fundamental questions such as the
limit at which a cluster is said to possess bulk-like behavior. Numer-
ous studies on transition metal clusters indicate that this transition
point depends on which physical properties are investigated[215]. For
example, the binding energy of oxygen atoms to chromium reaches
the bulk value with barely four chromium atoms[7], whereas in the
photoionization studies of cobalt and iron clusters, the bulk value is
only reached after hundreds of atoms[274]. Even though clusters have
been shown to possess unique physical properties which are relevant
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1 Introduction

BulkClusterAtom

Figure 1.1: Schematic overview illustrating the variation in the physical properties
of material when moving from the atom to the bulk. Figure adapted from [151]

in many fields of current interest, we focus our attention in this thesis
most particularly on the fields of catalysis and astronomy.

1.1.1 Clusters and catalysis

Because of the complexity involved with the development of a real
catalyst, research in this field of science is usually carried out using
model systems as they allow for a better comprehension of a material’s
catalytic properties. Clusters play a very important role as they are
small and may be regarded as simple subunits on a surface where
chemistry actually takes place. Clusters are by definition defect sites
of a bulk surface, thus making them useful model systems for surface
sciences and heterogeneous catalysis.

In heterogeneous catalysis, the catalytic activity of a metal is tra-
ditionally studied using dispersed nano-sized particles deposited on
an inert support material[25, 77]. The disadvantage of such sur-
face science approaches is the difficulties involved with the depos-
ition of metal particles of the same size on the support. There-
fore, the size-dependent reactivity and selectivity can be achieved
through the study of clusters in the gas phase. Moreover, due to the
small size of clusters and the variation in properties as a function

2



1.1 General introduction

of size, it is preferable to study them in a perturbation-free envir-
onment to exclude the influence of external factors. In this thesis,
this is achieved by the production of metal clusters using a laser ab-
lation source[26, 50] coupled to a reflection time-of-flight mass spec-
trometer, by which the size of the cluster can gradually be increased
while tracking the size-dependent changes in their physical proper-
ties. The disadvantage of this type of experiments is the ultra high
vacuum conditions under which such experiments normally need to
be carried out, which generally differ from real-life application. Nev-
ertheless, experiments using gas-phase clusters have been shown to
exhibit unique and size-dependent reactivity accompanied by unex-
pected properties, making them important for the discovery of new
material properties[7]. Similarly, because of the relatively small sizes
of clusters studied, they can offer accurate data for benchmarking
theoretical work that can be extrapolated to systems of larger cluster
sizes.

An important question that should be addressed when studying
clusters is their relevance for real-world catalysis, where neutral spe-
cies are usually considered as important model systems for heterogen-
eous catalysis. The catalytic activity is influenced by the interaction
of the deposited material with the support, which can be in the form
of charge transfer with the underlying support. Of course, gas-phase
studies of clusters cannot account for the effect of the substrate, but
provide the possibility to study charge-dependence though this does
not always play a role. For instance, previous studies on cationic Con,
Fen, and Nbn clusters found similar size-dependent patterns in reac-
tion rates in neutral and charged states[277, 278]. These similarities
are most likely due to the delocalized nature of the charge on the
surface of cationic metal clusters.

The study of clusters has also been inspired by their importance
in biological processes. Nanoclusters have been identified to play
a crucial role in many biochemical processes. For example, small
iron sulfide clusters have been identified to be active catalytic centers
in nitrogen fixing bacteria and in enzymes such as hydrogenase[15,
16]. Clusters play an important role in the catalytic center of the
biological photosystem II, where CaMn4O5 clusters form the heart of
the oxygen evolving complex (OEC) present in green plants, algae

3



1 Introduction

and cyanobacteria[45, 46]. Also in heterogeneous catalysis, sulphide
containing clusters have been used to provide surfaces that are capable
of activating molecular hydrogen[38, 54].

1.1.2 Clusters in astronomy

In astronomy, the role of nano-clusters in the formation and growth
of solids in the interstellar medium (ISM) is still poorly understood.
For instance, iron nanostructures are reported to be very important
in the formation of some solids in space[217]. The ISM has been act-
ively studied by astronomers for many decades today and is believed
to contain small, sub-micron sized particles. In the astronomical lit-
erature, this is usually referred to as dust. Dust plays an important
role in the cycle of matter in galaxies: it provides a surface, allowing
molecules such as H2 to form at the very low densities that prevail
in the ISM. It provides a source of opacity, causing starlight to be
absorbed and scattered, allowing dust and gas to be heated. Dust
particles can be found in the solar system (interplanetary dust, res-
ulting from comets and colliding asteroids), in interstellar space and
in intergalactic space. The astrophysical interest in dust is motivated
by the role it plays in the physics and chemistry of the ISM in galaxies
and in the formation of stars and planets. The ISM in our galaxy con-
sists mostly of gas (typically 99 % of the ISM by mass, mainly H and
He) and a small amount of dust (about 1 % by mass, mainly consisting
of refractory elements such as C, O, Fe, Mg, Si, Al, Ca). Interstellar
dust has a variety of chemical compositions, but roughly speaking two
types of grains can be distinguished: C-rich dust grains (amorphous
carbon, graphite, SiC), and O-rich dust grains (amorphous silicates
with basic building block comprising of a SiO4 tetrahedron).

The dust-forming elements are produced as a result of nuclear fu-
sion in the interiors of previous generations of stars, or during the
supernova explosion at the end of the life of massive (typically more
than 10 M�) stars. Lower-mass stars end their lives in a more gentle
so-called red giant phase, during which they eject more than half of
their initial mass as a stellar wind. In this way, stars enrich their
environment with the products of nuclear fusion: these newly syn-
thesized elements are mixed in with the existing gas. This mixture
finds its way to molecular clouds, which are dense regions of the ISM,
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1.1 General introduction

Figure 1.2: Life cycles of a red dwarf (left cycle) and high-mass (right cycle) stars.
Picture taken from NASA’s Goddard Space Flight Center archieves, licensed un-
der CC BY-SA 4.0 via Commons

where new generations of stars and planetary systems are formed.
This closes the cycle of gas and dust in galaxies (see figure 1.2).

Astronomical observations suggest that certain elements deplete
from the gas phase in particular regions in the ISM. For instance,
Fe, Al, Ca and Ti are strongly depleted with respect to atomic hy-
drogen (see Table 1.1). Iron is one of the elements that is formed
through nuclear fusion and it constitutes an important element in
the formation of solids in space. Its role in the formation and evol-
ution of dust under astrophysical conditions (low density, and often
low temperature compared to conditions on Earth) is poorly under-
stood. Astronomical observations also show that large amounts of
dust are formed in the extended atmospheres of red giants. In these
regions temperatures drop below 2000 K and densities are still high
enough for chemical reactions to occur, in particular gas-phase to
solid reactions. This means Fe may condense and be incorporated
into the grains as metallic Fe nano particles [73]. Adsorption of Fe
into the lattice of initially crystalline, Mg-rich silicates could also play
a role even though their addition may destroy the crystalline lattice
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1 Introduction

Element (X) relative abundancestellar(A) depletion (D)
C 2.1*10−04 0.63
O 4.6*10−04 0.72
Mg 2.5*10−05 0.23
Si 1.9*10−05 0.09
Cr 3.2*10−07 1.1*10−02

Fe 2.7*10−05 7.1*10−03

Ca 1.6*10−06 3.2*10−04

Ti 6.5*10−08 4.2*10−03

Table 1.1: Relative stellar abundances and depletion, relative to hydrogen, of
several important elements. The second column lists the abundance of an element
with respect to hydrogen as observed in the photospheres of stars in the solar
neighborhood. The third column lists the depletion from the gas phase of an
element as measured in interstellar cloud(s) towards the bright star ζ Ophiuchi.
We define A = abundanceX ,stellar

abundanceH ,stellar , and D = A,molecularcloud
A,stellar . Data obtained from

Ref. [222]

structure[243]. From spectroscopic observations of diffuse clouds in
interstellar space, It is known that more than 90 % of Fe is in dust. Fe
is probably incorporated into amorphous silicates, but there is grow-
ing evidence that Fe may also be in the form of metallic Fe inclusions
in chemically heterogeneous grains.

Contrary to iron, sulfur is hardly depleted from the gas phase in
the diffuse interstellar medium [223, 246]. Sulfur-bearing dust grains
produced by stars or in supernova explosions apparently do not eas-
ily survive the harsh conditions of interstellar space. However, atomic
sulfur becomes highly depleted from the gas phase in dense cold mo-
lecular clouds[242]. Even when accounting for S-bearing molecules,
sulfur is depleted from the gas phase. Several solutions have been
proposed in the literature. S atoms may be accreted onto icy dust
grains, where conversion to sulfur chain molecules (S4, up to S8) is
possible e.g. [125]. Such molecules are difficult to detect, both in the
ice and in the gas phase. Alternatively, S may be converted to solid
FeS. Evidence for this comes from the composition of primitive met-
eorites that have not experienced aqueous alteration, and in which
FeS is the dominant source of S. In addition, some interplanetary
dust particles of cometary origin, called CP-IDPs, contain FeS in high
abundance[172] (see Figure 1.3). Clearly there must be an efficient
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1.1 General introduction

Figure 1.3: A cometary fragments contain FeS grains. Picture taken from Ref.
[267]

mechanism that converted virtually all S to solid FeS in the primitive
proto-solar cloud. Given the problem with sulfur in molecular clouds,
the conversion of gas-phase S to solid FeS could even have taken place
in the molecular cloud phase that preceded the formation of the solar
system[217]. Evidence for the presence of solid FeS in interstellar dust
was recently found by Westphal et al. [265], who analyzed a sample
of seven dust particles that are probably of interstellar origin, cap-
tured by the Stardust mission. In three of these dust grains, FeS was
detected. Although little can be said about the abundance of solid
FeS in interstellar space, it does show that our understanding of the
cycle of sulfur in interstellar space is still incomplete.

Some of the questions that astronomers seek to answer are; a) what
role does Fe play in the formation and processing of dust in space? b)
how do Fe and S go from the gas phase to the solid phase? c) what
role do Fe metal clusters play in the chemistry of dust formation? d)
what is the importance of Fe clusters in the H2O rich gas of O-rich
red giants?

In order to accurately model reactions in the ISM, we use gas
phase clusters of metals of astronomical relevance. These clusters are
studied by means of IR action spectroscopy using infrared light from
FELIX. The experiments using FELIX provide information about the
physical and chemical properties of metal clusters. At the same time,
the infrared resonances that metal clusters may show, can help to

7



1 Introduction

Figure 1.4: Observed Infrared Space Observatory (ISO) spectrum of a planetary
nebular NGC 7027 showing emission features interpreted as vibrations of the
polyaromatic hydrocarbons (PAHs) depicted here in red. The blue narrow lines
represent the atomic lines. Picture taken from Ref. [145]

identify such clusters found in interstellar and circumstellar environ-
ments. This is because our knowledge of the composition of dust
in space mostly comes from infrared spectroscopy, therefore under-
standing their infrared signatures is important. Many of the most
abundant cosmic dust species show prominent vibrational resonances
in the 5 to 200 micrometer wavelength range, i.e. perfectly aligned
with the operating wavelengths of FELIX. Figure 1.4 and 1.5 show
two examples of dust grains around evolved stars. Figure 1.4 shows
an ISO spectrum of an Unidentified Infrared Emission bands (UIE).
Carriers of these bands have been identified as stretching vibrations of
the polyaromatic hydrocarbons (PAHs) [145], carbonaceous molecules
and some carbon nanoparticles[111]

Figure 1.5 shows an infrared spectrum of a dust shell surrounding
a red giant called W Hya obtained using the Infrared Space Obser-
vatory (ISO) telescope[134]. The study of these clusters will address
questions that advance our knowledge of the chemical and physical
properties of materials in ISM. There has been indication for the
presence of clusters in space (e.g. TiC)[255], C60 and C70[31]. The

8



1.2 Structure determination of size-selective clusters

Figure 1.5: An Infrared Space Observatory spectrum emitted by the dust shell
surrounding the red giant called W Hya at two epochs in 1996 and 1997 shown
here in red and blue colors, respectively. The dashed lines show the opacity
curves of a series of dust grains namely; amorphous Al2O3 (yellow), MgFeSiO4

(light brown), FeO (light blue), Ca2Mg0.5Al2Si1.5O7 (purple) and Ca2Al2SiO7

(blue dashed line). The opacity curves have been scaled for a better comparison
with the ISO spectra. Picture taken from Ref. [134]

question if depleted materials could be found in the form of clusters
and what fraction of dust forming elements in space are in the form
of nano clusters remains open.

1.2 Structure determination of size-selective clusters

We study clusters to obtain an understanding of astronomical dust
formation and (bio-) catalytical processes. The physical properties
of metal clusters have previously been studied using a variety of ex-
perimental techniques. Stern-Gerlach deflection experiments[23, 44,
94, 207, 273] have successfully been used in determining the mag-
netic properties of clusters. Electronic structures of clusters have
been elucidated using X-ray absorption spectroscopy[101, 153, 154,
166, 168], Photo-Electron Spectroscopy (PES)[3, 205, 274], Reson-
ance Enhanced Multi Photon Ionization (REMPI)[10, 250, 253, 256].
The spatial structure of clusters can be investigated using Infrared
Multiphoton Dissociation spectroscopy (IR-MPD)[27, 64, 75, 87, 88,
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1 Introduction

171, 214, 259], Ion Mobility Mass Spectrometry (IM-MS)[112] and
trapped ion electron diffraction spectroscopy[155, 169, 219].

In this thesis we employ IR-MPD to record IR spectra of the sys-
tems of interest. This type of technique generally requires high-power
lasers with a large tunability. Here, this is provided by the Free Elec-
tron laser for Infrared eXperiment (FELIX)[189]. This laser allows us
to obtain vibrational fingerprint spectra of cluster-ligand complexes.
The large tunability of the FELIX laser has enabled studies down
to the far-IR region, a region which is characteristic for bare cluster
vibrations. For example, the IR spectra of a series of transition metal
clusters[64, 75, 122, 214] and their complexes[22, 51, 107, 136, 230,
231] have been elucidated. The combination of these results with
Density Functional Theory (DFT) studies is essential for identifying
the spatial structure of clusters but also to benchmark theoretical
studies.

The tremendous advances made in recent years in computing power
as well as theoretical methodologies have greatly expanded the ap-
plication of theoretical calculations to interpret experimentally ob-
tained IR spectra[5, 41, 139, 197, 207, 231, 260]. For instance, in the
interpretation of the IR spectra of bare cobalt, niobium and vana-
dium clusters[67, 75, 93] as well as for several ligands bound to cobalt
clusters[22, 51, 107, 230, 231]. Nevertheless, the treatment of trans-
ition metal clusters with DFT is particularly challenging because (a)
of the many structures that are possible given a certain number of
atoms, and (b) the partly-filled d shells give rise to a large number
of possible spin states. Despite these challenges, the combination of
theory and experiment in cluster research is essential in bridging the
missing link between experiments and theory.

1.3 Outline of the thesis

The aim of this thesis is twofold; firstly, to obtain fundamental know-
ledge on the interactions of ligands with metal clusters relevant to
astronomical and (bio-) catalytical processes. Secondly, to provide a
benchmark that can be used to test current and future DFT methods
developed to study these or related systems. The results described
in this thesis have been obtained by means of IR-MPD spectroscopy
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1.3 Outline of the thesis

using a molecular beam setup which is coupled to a free electron laser
at the FELIX laboratory Nijmegen, the Netherlands. In Chapter 2, a
brief description of the infrared light source, the methodology as well
as the the experimental instrument is presented.

In Chapters 3 – 5 we study the nature of water adsorption on
cobalt, iron and manganese oxide clusters. Chapter 3 deals with the
interactions of cationic cobalt clusters with water molecules in the gas
phase. Here, we aim to elucidate how theory deals with these type
of interactions; whether water is dissociatively or molecularly bound
to these clusters and to test how the water-ligand bond is described
with the current level of theory. To this purpose, we combine DFT
calculations and IR-MPD spectroscopy to study these interactions for
cationic cobalt clusters in the size range of n= 6–20.

In Chapter 4 we use the same methodology to study the nature of
water adsorption on free iron clusters. Water is believed to dissociate
upon adsorption on free iron clusters. In this chapter we test this hy-
pothesis using Fe +

13 −H2O as our model system and find strong indic-
ations that a partial dissociation indeed occurs. The results obtained
for the iron clusters also shed further light on the results obtained for
the cobalt clusters, and indicate that also for these clusters a partial
water dissociation is likely to occur.

The adsorption of water on cationic manganese oxide clusters is
investigated in Chapter 5. We study deprotonation processes in these
clusters as a function of the number of the number of adsorbed water
molecules. Results show that water adsorbs dissociatively on these
clusters. A detailed description of the water dissociation mechanism
is illustrated using examples from the Mn4O

+
4 and Mn2O

+
2 cluster

series. These results are combined with simulations in order to add
new fundamental insight into the mechanism and energetics of the
water binding and deprotonation processes.

Chapter 6 focuses on to cationic aluminum oxide clusters. Clusters
of different sizes and stoichiometries are investigated. One of the
primary aims of these studies is to determine what the smallest stable
aluminum oxide building blocks are. We find that these consist of
core structures with alternating Al and O atoms with no molecu-
larly adsorbed oxygen on their surface. We further evaluate whether
the IR spectra of systems with oxygen as a ligand are comparable
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1 Introduction

with the same systems with helium as a ligand. We find that both
techniques provide similar results with a redshift observed for oxygen-
tagged systems, which arises from the relatively large perturbation by
the oxygen molecule.

In Chapter 7, we show that iron sulfide clusters can be produced
in a laser ablation source using a target sample made from pyrite.
Clusters with sufficient intensities for spectroscopic experiments are
generated. In the second part of this chapter, we briefly describe pre-
liminary spectroscopic results. The thesis concludes with a summary
in English and Dutch.

12



2
Experimental Aspects

The following describes the experimental procedures and instrument-
ation that were used in the acquisition of the data presented in this
thesis. A description of cluster formation using a cryogenically cooled
laser ablation source that was designed and constructed in the ini-
tial stage of this PhD work is given. The characterization of the
source for the production of clusters of various size distributions is
also presented. The second part of the chapter introduces the infrared
multiple photon dissociation (IR-MPD) spectroscopy technique em-
ployed throughout this thesis. This technique is made possible by the
characteristics of the IR light source, which is presented and discussed
here as well.

2.1 Cluster source

The most important part of every experiment involving clusters is
the source. In the past decades, several techniques have been de-
veloped to produce transition metal clusters in the gas phase. The
most commonly used sources include thermally heated oven sources
(typically known as Knudsen ovens)[152], sources based on thermionic
emission from heated metal salt cathodes[52], discharge sputtering
sources[109, 167], and laser ablation sources[26, 50]. The principle of
cluster formation in all these sources is similar, and will be described
in the second section of this chapter. The main difference is the way
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the atoms are brought into the gas phase. The choice of a cluster
source mostly depends on the experiment one wishes to carry out.

Hot oven and sputtering sources can run continuously and are
therefore suitable for experiments involving the deposition of large
amounts of material on surfaces[201, 210, 263]. Laser ablation sources,
on the other hand, require lasers with high peak powers and generally
operate in a pulsed mode. The combination of this source with a time-
of-flight mass spectrometer[266] for detection makes it applicable for
most spectroscopic experiments[56, 64, 119, 122, 136, 194, 249] oper-
ating in a pulsed regime. Compared to oven sources where the whole
sample is heated, the laser ablation source relies on local heating by
an ablation laser of a small area of the metal rod where extremely high
temperatures can be reached. Therefore, clusters of material with an
extremely high boiling point (e.g., tungsten) can be generated and
studied in the gas phase. This flexibility has made laser ablation one
of the most used sources for studying metal clusters in the gas phase.
All experimental data reported in this thesis were recorded using a
molecular beam with clusters produced by a laser ablation source.

pulsed valve
pulsed valve

Vaporization laser

Rotatory target rod

Figure 2.1: The laser vaporization cluster source
used by Smalley[50].

The laser ablation source
was independently de-
veloped in the early 1980s
in the groups of Richard
E. Smalley[50] and Vladi-
mir Bondybey[26]. In
Figure 2.1 a first schem-
atic overview of the source
proposed by Smalley is
shown. The original
concept is based on the
use of a growth chan-
nel after the evaporation
point where metal va-
por confined to a small
channel undergoes mul-

tiple collisions leading to formation of clusters. Soon after the de-
velopment of this laser ablation source, many groups adapted the
original concept and produced other forms of ablation sources, for
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instance by reducing or eliminating the growth channel leading to
the production of metal atoms which can be of great importance for
studies of isolated atoms as well as complexes of atoms and volatile
molecules[8, 9, 17, 55, 82, 114, 157, 204, 213, 258].

For this project a laser ablation source was designed and construc-
ted with the following capabilities; a) an extended growth channel;
b) the possibility to cool the clusters using liquid nitrogen; and c) a
second valve which can be used to introduce reactant molecules into
the growth channel. In this chapter, an in-depth discussion of this
source will be given.

2.2 The experimental instrument

The experimental instrument presented here is an in-house construc-
ted instrument which is permanently coupled to one of the Free Elec-
tron laser beam lines of the FELIX laboratory in Nijmegen. The
cluster beam instrument consists of four interconnected vacuum cham-
bers: the source chamber, the differential pumping chamber, the inter-
action chamber and the mass detection chamber. They are illustrated
in Figure 2.2.

The cluster source has been designed and constructed in close col-
laboration with the technical workshop of the Faculty of Science at
the University of Amsterdam. The most important part of this cluster
source is the ablation cell (indicated in Figure 2.3) that consists of a
rectangularly shaped stainless steel chamber with three mutually per-
pendicular cylindrical channels: the main channel (∅ 4 mm) through
which the clusters propagate, a second channel (∅ 7 mm) to accom-
modate the cylindrical target rod and a third smaller channel (∅ 2
mm) through which the ablation laser enters (see Figure 2.3). A
solenoid valve is positioned at the entrance of the main channel, and
is used to pulse in the helium carrier gas. The target rod is tan-
gentially positioned to the clustering channel and is connected to a
drive screw that is driven by a stepper motor through a mechanical
vacuum feedthrough. The target rod is thus simultaneously rotated
and translated and thereby provides at each laser shot fresh material
for the ablation process.

Further downstream of the main channel, the stainless steel source
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Figure 2.2: Experimental setup for the production of nano size clusters coupled to
the FELIX beam at the FELIX Laboratory of the Radboud University, Nijmegen,
the Netherlands

block continues into a solid copper source extension block that is tem-
perature controlled by a second copper block. This second block has
tubing hard-soldered around it, through which liquid nitrogen can
flow, and can be heated through a resistive cartridge heater. The
block is thermally anchored to the copper source extension, which
has a thermocouple attached to it to monitor the temperature. The
source extension is thermally isolated from the rest of the source by
a ceramic insulator. At the other end of this clustering channel is a
valve through which gaseous reactants can be introduced. The cluster
source is mounted inside a six-way cross vacuum chamber with an
ISO-K 160 flanges, with a turbo molecular pump (Agilent TwisTorr
750), a backing rotatory vane pump of 16 m3/h pumping speed, win-
dows and ports for pressure gauges and electronic feedthroughs. The
base pressure of the rotatory vane pump is the order of 10−3 mbar,
thereby enabling the source base pressure to attain 10−5 mbar when
the source is operational and 10−7 mbar when switched off.

16



2.2 The experimental instrument

copper block

heater source

gas  “growth”  channel

pulsed valve carrier gas
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pulsed valve reaction gas
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source block

heater reaction valve

liquid N2 entrance

cooled nozzle

Figure 2.3: A schematic overview of the laser vaporization source

2.2.1 Operating principles of the source

In this section the principles of cluster formation using a laser ablation
source are described. Clusters are created by pulsed laser ablation of
a sample rod of high purity using the second harmonic of a Nd:YAG
laser. The sample is rotated and translated by a stepper motor en-
abling a homogeneous erosion of the rod. The ablation takes place
in a ∅ 4 mm flow tube type cluster growth channel in the presence
of a pulse of helium carrier gas that is introduced through a pulsed
valve (General Valve, Series 9, 190 µs pulse duration, 6-8 bar backing
pressure). To obtain maximum collisional cooling and clustering, the
pressure inside the clustering channel needs to be high enough as will
be described in section 2.3.2. The pulsed valve is synchronized with
the ablation laser to ensure the highest helium density at the time of
ablation. The generated plasma and the carrier gas undergo multiple
collisions leading to cluster formation. Through three-body collisions,
the carrier gas cools down the plasma and initiates cluster formation.
Further cooling is sometimes necessary and can be achieved through
cooling the copper source extension using liquid nitrogen; through
collision with the wall, helium atoms form a thermal link with the
nascent cluster distribution. In the clustering process, neutral, an-
ionic and cationic clusters are created.

To produce clusters with simple ligands adsorbed, a mixture of
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Figure 2.4: Schematic cross section of the experimental instrument coupled to the
beamline of the FELIX laser.

helium and a volatile molecule of interest is introduced into the chan-
nel 60 mm downstream from the ablation zone. By adjusting the
dosage of the reaction gas mixture, it is possible to produce com-
plexes of varying reactive gas uptake. On exiting the flow reactor the
mixture is expanded into vacuum (10−7 mbar) forming a molecular
beam. The molecular beam passes through a 2 mm diameter skim-
mer (Beam Dynamics, Inc., model 2) to enter a differentially pumped
vacuum chamber and is further shaped by a 1 mm aperture upon
entering the extraction region of a reflectron time-of-flight mass spec-
trometer (RTOF-MS, R.M. Jordan TOF products, Inc.) in a third
vacuum chamber. Here, the clusters interact with the IR laser beam
that is aligned colinearly, but counter-propagating to the molecular
beam and with other light sources. A schematic cross section of the
experimental instrument is shown in Figure 2.4.

2.2.2 Mass spectrometric detection

For our experiment mass spectrometry is used to monitor the mass
stoichiometry of produced clusters. Cationic clusters are detected by
allowing the cluster beam to travel into the extraction zone with the
extraction plates kept grounded. By pulsing the acceleration voltages
to a high voltage the charged clusters are accelerated into a RTOF-
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MS. Ions accelerated have the same kinetic energy, resulting in a
mass-dependent ion velocity and arrival time on the detector. Directly
after extraction, all ions pass through a set of deflection plates and
ion focusing optics (Einzel lens) which are used to steer and focus the
clusters onto the detector. Importantly, the voltages applied on these
deflection plates can influence the size distribution of clusters that are
detected (see Figure 2.5).

When neutral species are investigated, charged species are deflec-
ted out of the molecular beam by biasing the aperture separating
the differential and the interaction vacuum chambers with a constant
voltage of a few tens of volts. The neutral clusters are ionized using
an ArF (193 nm) or F2 excimer laser (157 nm) in a constant electric
field generated by the extraction plates. To avoid multiple photon ab-
sorption which might lead to double ionization or fragmentation, the
laser fluence is kept sufficiently low. The clusters are then allowed to
travel through a field-free region of the RTOF-MS and reflected onto
the multi-channel-plate detector (MCP). The ion current produced
by the MCP is recorded with a transient digitizer (Acquiris DP310)
and analysed using home-built software. The mass spectrometer used
in our experiments has a mass resolution of M/∆M ≈2000.

Ions are extracted in a direction perpendicular to the molecular
beam. They therefore have a sideway velocity component when en-
tering the RTOF, which can be corrected for by the set of deflection
plates. Ions passing through the set deflection plates are deflected
depending on their mass to charge ratio. The effect of this field on
the mass distribution of clusters influences the mass distribution of
detected ions. As the voltage increases, the larger clusters having
lower velocity spend more time in the electric field of the deflection
plates and are deflected most as can be seen in Figure 2.5.

2.3 Source characterization and optimization

The laser ablation cluster source is very important for the production
of clusters studied throughout this work. In this section we consider
the effect of some of the main source parameters in cluster generation.
They are tested for the production of cationic cobalt clusters.
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Figure 2.5: The effects of deflection plates on the mass distribution and intensity
of clusters detected

2.3.1 Synchronization of the pulsed valve, ablation laser
and mass extraction

For the production of metal clusters in the pulsed laser ablation source
three events must be synchronized. These are (i) the opening of the
pulsed valve for the carrier gas, (ii) firing of the ablation laser, and
(iii) mass-resolved ion detection. For detection of cations, the high
voltage switches are operated in a pulsed mode. For neutral clusters,
the high voltage plates are kept constantly on while the pulsed ArF
laser is used for ionization of the neutral clusters. By synchronizing all
these events, the whole experiment can easily be linked to an external
trigger provided by FELIX. The various triggers are shown in Figure
2.6. The pulsed carrier gas valve is triggered a few 100s of µs before
the ablation laser which is fired some 500 µs before mass extraction.

The external trigger from FELIX defines the starting time T0 of the
experiment which is set some 3 ms prior to the FELIX laser pulse. The
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Reactive gas valve

Carrier gas
valve

∆τ1 ∆τ2

High voltage extraction plates or excimer laser

Ablation laser 

FELIX

Figure 2.6: Schematic representation of the triggering procedure adopted for the
production of clusters

opening of the pulsed valve is synchronized relative to the ablation
laser, which itself is synchronized to the ion extraction. For experi-
ments involving the adsorption of a volatile molecule to form metal
cluster-ligand complexes, an additional second pulsed valve needs to
be synchronized. Summarizing, three delays are important during
this synchronization stage:

• ∆τ1: opening of the carrier gas pulsed valve - firing of the abla-
tion laser

• ∆τ2: firing of ablation laser - ion extraction

• ∆τ3: opening of the second pulsed valve - ion extraction

In order to investigate the dependence of the mass distribution of
metal clusters generated as a function of delay times ∆τ1 and ∆τ2,
they were varied while keeping all other timings constant.

Figure 2.7 displays the yield of several cluster sizes detected at
different delay times at a fixed helium backing pressure of 8 bar. We
found that the optimal delay for ∆τ2 for heavier clusters is between
500 - 680 µs and 450 - 500 µs for lighter clusters.

For small values of ∆τ1 the signal intensities are generally low. This
can be explained by the fact that the ablation takes place before the

21



2 Experimental Aspects

580 600 620 640 660 680 700

400

600

800 Co2
+

400

600

800 Co6
+

400

600

800 Co13
+

400

600

800 Co20
+

400

600

800 Co25
+

 ∆
τ 2 

(µ
s)

  ∆τ1 (µs)

Figure 2.7: Time of flight profile of the cluster detected at varying valve opening
time with all other parameters kept constant. The blue and red regions in the
graph signifies no ion signal and high ion signal intensity, respectively.

carrier gas reaches its peak pressure in the clustering channel, thereby
leading to lower collisions and a predominant smaller cluster forma-
tion. As soon as the delay time is increased, nucleation of smaller
clusters is initiated as the carrier gas starts to reach its peak pres-
sure. These smaller clusters then act as seeds in the formation of
larger clusters. Another consequence of higher ∆τ1 values is that the
clusters spend more time in the clustering channel, and can thus grow
to larger sizes. At this stage, optimizing the cooling conditions is cru-
cial as it takes away the extra energy and impedes fragmentation of
larger clusters.

22



2.3 Source characterization and optimization

0 5 10

0

5

10

15

Io
n

in
te

ns
ity

(a
rb

.u
)

Backing pressure (bar)

Co6

Co13

Co20

Co25

Figure 2.8: Evolution of ion yield for different sizes of cationic cobalt clusters at
varying backing pressures

2.3.2 Carrier gas backing pressure dependence

The pressure inside the ablation cell affects a number of processes:
the development of the laser ablation plume, the efficiency of the hot
vapor cooling, the cluster condensation process, and the expansion
dynamics through the nozzle[257]. Figure 2.8 shows the evolution of
signal intensity for various cluster sizes as a function of the backing
pressure obtained by keeping all other parameter constant. The Fig-
ure shows that above 7 bar backing pressure no significant change in
the clusters ion yield is observed. Decreasing the backing pressure be-
low 7 bar, on the other hand, leads to lower intensities of the clusters
that are formed. In this particular case we observe that operating
the machine at backing pressure below 5 bar did not yield any cluster
signal. However, experiments on niobium and silicon show that this
value of 5 bar is strongly dependent on the type of metal rod that is
used, as for niobium and silicon strong signals are observed as well be-
low backing pressures of 5 bar. By increasing the backing pressure we
increase the rate at which collisions occur leading to cluster growth.
Cluster growth can also be achieved by increasing the time the clusters
spend in the growth channel. Based on these observations, we con-
clude that for the formation of bare cationic cobalt clusters, 7 bars is
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Figure 2.9: Effect of ablation laser power on the size distribution and intensity of
cluster with all other parameters kept constant

the optimal backing pressure. The discussion above makes clear that
this value is critically dependent on the diameter of the interaction
channel as well as the type of carrier gas used for the experiment.
For other metals, or metal oxide clusters, cluster conditions of lower
backing pressure can be found.

2.3.3 Ablation laser pulse energy dependence

The pulse energy of the ablation laser is a parameter that has a large
influence on the formation of clusters. Figure 2.9 shows how in our
setup the intensity of cobalt clusters depends on the pulse energy.
At low pulse energy (3-10 mJ), clusters are formed but with low in-
tensities. By increasing the pulse energy to values between 10-20 mJ
clusters with reasonably intensities can be obtained and this energy
range indeed turned out to be the optimal range for the formation
of cobalt clusters. As might be expected, these values vary, however,
with the kind of material that is being ablated. For example, testing
of soft materials like Al, Nb, Si show that less energy (3-10 mJ) is
required for cluster formation. Increasing the pulse energy above this
optimal value leads to a decrease in the intensity of the clusters. This
can be explained by realizing that the timescale for the development of
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the ablation plume is shorter than that of the laser ablation pulse[57].
The plasma start to absorb the incoming laser pulse. Another issue to
take into account is that higher ablation intensities lead to the form-
ation of larger craters in the target rod, thus making it more difficult
for the full plume to reach the helium in the channel[57, 257].

2.4 Infrared Multiple Photon Dissociation Spec-
troscopy

Direct absorption spectroscopy is one of the most widely used analyt-
ical techniques to study atoms and molecules in the gas and condensed
phases[18]. According to the Lambert-Beer law, the attenuation of
radiation of frequency ν transmitted through a sample (known as the
absorbance Aν) is given by

Aν = log
I(ν)

Io
= σ(ν)nl (2.1)

where σ(ν) is the absorption cross section, n the number density
and l the optical path length. The number densities of cluster ions
in a molecular beam are limited by the space charge limit of 108

ions/cm3 [76]. The experimental conditions are probably such that
this limit is never reached. Direct absorption spectroscopy with such
number densities is usually not possible due to the low sensitivity of
the technique. An enhancement of the sensitivity can be achieved
with cavity ring-down spectroscopy (CRDS)[19] where a sample is
placed inside an optical cavity where multiple passes allow larger ab-
sorbances. However, although the use of CRDS may improve on the
detection limit it is not applicable for size-dependent measurements
as the absorbance is measured over all measured sizes present. The
need for other techniques that can address both sensitivity and size-
selectivity is crucial. Action spectroscopic techniques which rely on
the detection of a secondary event after photon absorption and not on
the direct detection of photon absorption in this respect fulfill these
requirements. Action spectroscopy for instance, reveals information
about the structure of a cluster upon resonance with a desired light
source through changes in its mass (fragmentation) or charge state
(ionization), both of which can be observed with mass spectrometric
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techniques. This can be achieved by comparing a mass spectrum of
clusters on-resonance with that off-resonance, with the latter being
used as a reference signal (see Figure 2.10). In order to reconstruct
the vibrational spectrum of the cluster, the depletion induced by the
absorption of one or a few photons by the cluster in the mass spectrum
is monitored as function of FELIX wavelength.

Infrared Multiple Photon Dissociation (IR-MPD) spectroscopy is
prominent form of action spectroscopy. For a strongly bound sys-
tems like the Co+−H2O complex the bond strength of water to the
cobalt ion (Co+−H2O) is measured to be 1.7 eV[43]. At a resonance
frequency around 1600 cm−1, which is characteristic for the water
bending vibration, the cluster will require the absorption of many
IR photons to break the water-cluster bond, hence the name IR-
Multiple Photon Dissociation spectroscopy. A detailed description
of the mechanism IR-MPD is given elsewhere[194, 256] and only a
brief description is given below.

In IR-MPD spectroscopy, anharmonicity plays a very important
role. Because of anharmonicity in the vibrational potential, the en-
ergy levels come closer as one goes up the ladder leading to a condition
where the frequency of the excitation laser source is non-resonant with
the higher energy transitions. At this stage the coherent absorption of
many monochromatic photons is inhibited due to anharmonicity[194,
256]. This effect is known as the anharmonicity bottleneck[226]. How-
ever, anharmonicity is also responsible for the coupling between the
different vibrational modes of a clusters. The coupling facilitates a
fast energy transfer from the absorbing mode to the bath of all vibra-
tional degrees of freedom known as intramolecular vibrational energy
redistribution (IVR)[194]. Because of IVR, the vibrational lifetime
is shortened leading to a broadening of absorption lines. The IVR
rate is strongly dependent on the vibrational density of states, which
grows rapidly with the number of atoms in the ion. As this process
also depends on the internal energy of the clusters, the IVR is said to
be slow when the internal energy is low and multiple photon absorp-
tion can be limited by anharmonicity. As a cluster absorbs photons
and increases its internal energies, the IVR rate increases allowing
for sequential absorption of multiple photons and an increase in the
cluster internal energy, which can take place within one laser pulse.
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Figure 2.10: Schematic representation of action spectroscopy of cationic aluminum
oxide clusters. Panel a) and b) show mass spectra of AlnO

+
m clusters recorded

without and with FELIX irradiation, respectively. Panel c) shows the effect of
FELIX irradiation on the integrated ion intensity of the clusters when FELIX is
tuned to a resonant frequency. The excitation of vibrational modes upon reson-
ance with FELIX leads to a depletion of the ion signal. The depletion is monitored
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spectrum of Al3O +
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Once the internal energy of the cluster is raised, the cluster can cool
by emitting photons, electrons or by fragmentation. The relaxation
channels depends on the internal energy of the clusters. Clusters with
higher fragmentation energies will cool by emitting electrons and vice
versa. For cationic species, fragmentation is mostly the most relax-
ation channel since the second ionization potential is substantially
higher than the first.

The IR-MPD spectrum of a compound cannot be directly com-
pared with its linear absorption spectrum. This is due to the fact that
the anharmonicity in the vibrational potential shifts the absorption
peaks in the IR-MPD spectrum to lower frequency values compared
to those in the linear absorption spectrum. Another consequence of
anharmonicity is the relative intensities of peaks as the measured ion
yield associated with the absorption of multiple photons is a non-
linear process, which highly depends on the laser fluence. Therefore
only a qualitatively comparison with the linear absorption spectrum
can be achieved. Nevertheless, experimental results using these tech-
niques have provided reliable results in a series of studies. For in-
stance, the IR spectra of various transition metal clusters have been
elucidated using IR-MPD spectroscopy[64, 75, 88, 214].

Water  as messenger molecule

BDE

-

IR

Figure 2.11: IR-MPD method
used to obtain vibrational spec-
tra of cationic clusters. Once the
bond dissociation energy is over-
come through absorption of mul-
tiple photons, the cluster loses
molecular water

For strongly bound systems, such as
transition metal clusters with small IR
absorption cross section and low IR ab-
sorption efficiencies, the total energy re-
quired for dissociation can be substan-
tially reduced through the attachment
of a weakly bound rare gas atom or mo-
lecule (X) to the surface of the cluster
(M), a technique typically referred to
as messenger tagging[64, 75, 88, 171].
Because of its weakly bound nature the
messenger complex will dissociate after
it has absorbed sufficient photons to
overcome the bond dissociation energy
(BDE) as shown in Figure 2.11 and
Equation 2.2. The fundamental vibra-
tions of bare clusters typically lie in the
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far- and and mid-IR range, where the
photon energy is lower than the BDE of the messenger complex. Dis-
sociation of the complex is thus still achieved through the absorption
of multiple photons.

Mn ∗X
m∗hv−→ Mn +X (2.2)

The main assumption in using messenger technique is that the
cluster acts as a chromophore while the weakly bound atom or mo-
lecule plays the messenger role without perturbing the IR spectrum of
the bare cluster. Messenger atoms and molecules with high polariza-
bilty[102] often do not fulfill this assumption as they have a high bond
strength to the cluster which can influence the absorption cross sec-
tion and the structure of the bare cluster it is attached to[11, 88]. The
advantage of this technique is its wide range of applicability, which is
not limited to a cluster of a particular charge state. The experimental
results described in this thesis have been obtained using molecular wa-
ter (Chapter 3, 4, 5 and 7) and molecular oxygen ( Chapter 6) as the
messenger molecule.

2.5 Light source: the Free-Electron Lasers for In-
frared eXperiment (FELIX)

IR-MPD spectroscopy generally requires lasers of high peak powers,
short pulses and wide tunability. Such laser properties are offered
by IR-Free-electron lasers. Nowadays different types of Free-electron
lasers (FEL) exist, covering a wide range of the electromagnetic spec-
trum[170, 189, 225, 247]. In free-electron lasers, radiation is produced
by relativistic electrons that wiggle under the influence of a magnetic
field of periodically changing polarity. The working principles of this
laser are described in full detail in references [189] and [247]. All ex-
periments described in this thesis have been obtained using a molecu-
lar beam machine coupled to the beam-line of the the free-electron
lasers for Infrared experiment (FELIX) laboratory, which produces
the IR light needed for these experiments. The schematic overview
of all the beam lines operating in the FELIX laboratory is shown in
Figure 2.13. FELIX is particularly well suited for a vibrational spec-
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macropulses
200 ms10 µs

micropulses

1 ns

0.2 - 10 ps

Figure 2.12: Schematic overview of the FELIX pulse structure

troscopic experiments because of its wide tunability (66–3600 cm−1),
its short pulse duration and high pulse energy.

FELIX delivers laser radiation with a temporal structure of 10 µs
macropulses at a repetition rate of 5 or 10 Hz . The typical pulse
structure of FELIX is shown in Figure 2.12. The macropulse itself is
a high-repetition (1 GHz) series of picosecond duration laser pulses,
so-called micropulses. The micropulses are transform-limited with
a spectral bandwidth that can be adjusted to 0.2-1% RMS of the
central frequency; in the current work the bandwidth was kept at
0.3%. Typical macropulse energies used range from 50-100 mJ.
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Figure 2.13: Schematic overview of the FELIX Laboratory Center in Nijmegen,
Netherlands
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3
Water Adsorption on Free Cobalt Cluster Cations

Cationic cobalt clusters complexed with water Co +
n −H2O (n=6–20)

are produced through laser ablation and investigated via Infrared Mul-
tiple Photon Dissociation (IR-MPD) spectroscopy. All spectra exhibit
a resonance close to the 1595 cm−1 frequency of the free water bend-
ing vibration, indicating that the water molecule remains intact upon
adsorption. For n = 6, the frequency of this band is blue shifted,
but it gradually converges on the free water value with increasing
cluster size. In the lower frequency range (200–650 cm−1) the spec-
tra contain several bands which show a very regular frequency evol-
ution, suggesting that the exact cluster geometry has little effect on
the water–surface interaction. DFT calculations are carried out at
the OPBE/TZVP level for three representative sizes (n = 6, 9, 13)
and indicate that the vibrations responsible for the resonances corres-
pond to bending and torsional modes between the cluster and water
moieties. The potential energy surfaces describing these interactions
are very shallow, making the calculated harmonic frequencies and IR
intensities very sensitive to small geometrical perturbations. We con-
clude that harmonic frequency calculations on (local) minima struc-
tures provide insufficient information for these types of cluster com-
plexes and need to be complemented with calculations that provide a
more extensive sampling of the potential energy surface.1

1Adapted from: Denis M. Kiawi, Joost M. Bakker, Jos Oomens, Wybren Jan Buma, Zahra
Jamshidi, Lucas Visscher, and L. B. F. M. Waters “Water Adsorption on Free Cobalt Cluster
Cations” J Chem. Phys. 119, 10828–10837 (2015)
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3.1 Introduction

Water is one of the most important chemicals on our planet, playing a
role in virtually all aspects of life. Its interaction with metal surfaces
is of fundamental importance, in particular for electrochemical and
catalytic processes[33, 104, 110, 241]. On the molecular level, the
study of this interaction translates into seemingly simple questions:
what are the binding sites, the binding energy and the structure of
the water?

On bulk metal surfaces, water tends to bind in an erect configur-
ation with the oxygen atom pointing towards the surface while the
hydrogen atoms are oriented away from it. Intuitively, one would
expect the plane of the water dipole to be oriented perpendicular to
the surface. However, theoretical studies suggest an alternative bind-
ing motif where the water is bound in an atop adsorption site with
the O-H bonds directed nearly parallel to the surface[174]. Exper-
imental information can be obtained from the combination of vari-
ous experimental techniques, such as low-energy electron diffraction
(LEED), scanning-tunneling microscopy (STM)[177], or Reflection-
Absorption IR Spectroscopy (RAIRS). The number of studies on the
interaction of water with cobalt surfaces, while of fundamental in-
terest for important industrial processes as the Fischer-Tropsch syn-
thesis, has thus far been limited; they indicate that water binds mo-
lecularly to most smooth crystalline surfaces, but dissociates on defect
sites[83, 105, 106, 178, 271].

Direct information on the binding orientation of individual water
molecules can be hampered by the facile formation of water clusters
on the surface, due to the high mobility of water molecules on surfaces.
In order to obtain information on the interaction of water molecules
to a metal surface, and in particular to well-defined defect sites, the
adsorption of water to a metal nanocluster can be studied in the gas
phase. Gas-phase experiments on the one hand allow for an unam-
biguous determination of the number of adsorbed water molecules,
where clusters, a class of matter that bridge the atomic to the bulk,
are defect sites by definition: the ability to determine cluster size and
its geometric motif offers a level of control over defect sites unattain-
able for bulk studies. The isolation in the gas phase, and in a helium
molecular beam environment in particular, allows for the stabilization
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of collision products that are inaccessible in surface studies.

Studies on the interaction of metal ions with water in the gas
phase are ample, an overview is given by Beyer[20]. The adsorp-
tion of water on metal clusters has drawn considerably less attention,
although the adsorption of water onto aluminum clusters has been
extensively studied[42, 163, 203, 206]. As cobalt in nanoparticulate
form plays an important role as a catalyst in e.g., the Fischer-Tropsch
process[21, 133], there has been a large interest in gas-phase stud-
ies of the interaction between cobalt clusters and ligands. Shortly
after the development of laser ablation sources[26, 50], the reactivity
of neutral cobalt clusters towards water and ammonia was invest-
igated using a flow tube reactor[195]. Thermodynamic information
on the interaction between charged cobalt clusters and several lig-
and molecules has been obtained through mass-spectrometric tech-
niques [40, 43, 95, 98, 130, 164, 181, 191, 199], but these do not yield
structure-sensitive information.

For this, infrared (IR) photodissociation spectroscopy (IR-PD)
has proven to be unsurpassed[56]. Especially the use of IR Free-
Electron Lasers has enabled such studies down to the far-IR region
through the absorption of multiple IR photons (IR-MPD)[64]. Using
this technique, the structures of bare cobalt cluster cations Co +

n for
sizes up to n = 8 were elucidated[75]. IR spectroscopic information
has also been acquired for several ligands bound to cobalt clusters
[22, 51, 107, 230, 231], but for water such information is limited to
the atomic cation, either solvated by multiple water molecules [72],
or in the UV spectral domain[140]. We here present IR spectroscopic
data of cationic cobalt clusters, ligated with one single water molecule.
The brightness of the Free-Electron Laser FELIX allows probing of
photodissociation down to frequencies of 250 cm−1. This provides ac-
cess to not just the water vibrations, but also to vibrations between
water and cluster, and of the cluster itself.

Density functional theory (DFT) calculations are usually an integ-
ral part in assigning molecular structure to IR spectra. The treat-
ment of transition metal clusters with DFT is, however, challen-
ging as the half filled d-shells may give rise to many possible spin
states. For the cobalt studies in this work we note earlier DFT stud-
ies [44, 89, 156, 190, 207] and in particular the work of Gehrke et al.
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3 Water Adsorption on Free Cobalt Cluster Cations

[75] who combined their IR spectral data for cationic cobalt clusters
with DFT calculations using the PBE functional[196]. In the cur-
rent work we use similar computational methods, but focus on the
interaction between the cluster and the water molecule.

3.2 Methods

3.2.1 Experimental

The experiments described in this paper have been performed us-
ing a molecular beam instrument which is coupled to the Free Elec-
tron Laser for Infrared eXperiments (FELIX)[189].Cationic clusters
are created by pulsed laser ablation of a cobalt sample rod (Good-
fellow, purity 99.99%) using the second harmonic of a Nd:YAG laser
(532 nm, Brio Quantel, attenuated to 30 mJ per pulse). The sample
is rotated and translated by a stepper motor enabling a homogeneous
erosion of the rod. The ablation takes place in a 4 mm diameter flow
tube type cluster growth channel in the presence of a helium carrier
gas (190 µs, 5-8 bar) that is introduced through a pulsed valve (Gen-
eral Valve, Series 9). The pulsed valve is synchronized to the ablation
laser to ensure the highest helium density at the time of ablation.
The generated plasma and the carrier gas undergo multiple collisions
leading to cluster formation. Neutral, anionic and cationic clusters are
created during this process. In order to form cluster-water complexes,
a mixture of 1% water vapor in helium is introduced 60 mm down-
stream into the channel. By adjusting the dosage of the helium-water
mixture, it is possible to produce Co +

n −(H2O)m complexes of varying
water uptake (m=1-3). In this study we focus only on the adsorption
of one water molecule on cationic cobalt clusters. On exiting the flow
reactor, the reaction mixture is expanded into vacuum (10−7 mbar)
forming a molecular beam. The molecular beam then passes through
a 2 mm diameter skimmer (Beam Dynamics, Inc., model 2) to enter
a differentially pumped vacuum chamber and is further shaped by a
1 mm aperture upon entering the extraction region of a mass spec-
trometer in a third vacuum chamber. Here, the clusters interact with
the IR laser beam that is aligned colinearly, but counter propagating
to the molecular beam. The focus of the IR beam lies about 25 mm
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before the extraction point, having a diameter of the same order as
the molecular beam, thus ensuring that all extracted clusters actually
interacted with the IR laser beam.

The IR light is produced by FELIX[189], which produces intense IR
light in the 66 – 3600 cm−1 spectral range; for the present experiments,
the range of 200 – 1700 cm−1 is used. The FELIX pulse structure con-
sists of macropulses of 10 µs length operating at a repetition rate of
5 or 10 Hz with a macropulse energy up to 100 mJ. The macropulse
consists of a pulse train of picosecond duration micropulses spaced by
one nanosecond. The micropulses are transform-limited with a spec-
tral bandwidth that can be adjusted to 0.2-1% RMS of the central
frequency; in the current work the bandwidth was kept at 0.3%. A
few µs after interaction with FELIX, all clusters are extracted by a
set of pulsed high voltage plates into the reflectron time-of-flight mass
spectrometer (R.M. Jordan TOF products, Inc.) and detected with
a microchannel plate detector. To correct for long term source fluc-
tuations, the experiment is operated at twice the FELIX repetition
rate, allowing for the recording of reference mass spectra in between
successive FELIX pulses. Whenever FELIX is in resonance with a vi-
brational mode of a given cluster, the number of detected Co +

n −H2O
cations is reduced due to dissociation of the complex.

The IR-MPD spectrum is obtained by monitoring the depletion of
Co +

n −H2O cations as a function of IR frequency. Depletions caused
by IR-MPD are expressed as the ratio of the number of ions detected
under irradiation with FELIX to that in the reference mass spectrum.

3.2.2 Theoretical

The Density Functional Theory (DFT) calculations reported here
have been performed using the 2013 version of the Amsterdam Density
Functional package (ADF2013)[1, 68, 239]. Previous calculations re-
ported for cationic cobalt are based on PBE functional[44, 75, 207] but
in the current work we decided to describe the exchange-correlation
energy with the OPBE functional, a combination of Handy’s OPTX
modification of the Becke exchange functional with the Perdew-Burke-
Ernzerhof (PBE) correlation functional[96, 196], as OPBE has been
used successfully in determining the right spin states for high spin
systems, providing accurate values for the high-spin/low-spin energy
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3 Water Adsorption on Free Cobalt Cluster Cations

splitting for iron complexes[41, 74, 198, 233].

The triple ζ-type (TZP) basis set from the ADF basis set library
is used in which the 1s-2p core for Co atoms as well as the 1s core
for the O atom have been kept frozen. To account for relativistic ef-
fects, the zeroth order regular approximation (ZORA) has been used
for all calculations[198, 252]. SCF convergence of such high spin sys-
tems such as cobalt is difficult, but convergence to 10−6 is possible
in practice in combination with high accuracy techniques. In some
calculations, a Mobile Block Hessian (MBH) calculation [78, 79] was
performed in which relative positions of the cobalt atoms are kept
fixed and only the motion of the water relative to the cobalt cluster
is considered.

We performed calculations on bare Co +
6 , Co +

9 and Co +
13 using the

initial starting structures of the lowest energy conformers according
to previous studies[44, 207]. For every cluster species, a wide range
of spin states has been considered to determine the spin state with
the lowest energy. As usual in DFT calculations, we hereby define
the spin state by the MS value of the Kohn-Sham determinant, which
only rigorously corresponds to the exact spin quantum number for
the highest possible spin state of the system[118].

Minima were verified by frequency calculations with analytical or
numerical second derivatives. All energies reported include zero-point
energies of all vibrational modes.

Once the stable geometries and spin states of the bare clusters
were established, water molecules were added at several trial positions
and the resulting structures re-optimized in a range of spin states
around the lowest energy spin state found for the bare cluster. To once
again establish whether the resulting structures are true minima, and,
more importantly, to be able to analyze the experimental IR spectra,
harmonic frequencies were calculated. All IR spectra reported in these
paper have been calculated using analytical frequencies. The accuracy
of these calculations were checked by running both numerical and
analytical frequency calculations: frequencies calculated using both
methods differ by less than 5 cm−1. All frequencies presented in this
work are unscaled.

For each optimized complex, a Hirshfeld charge analysis [108] is
performed to evaluate the nature of Co +

n −H2O bonding. Binding
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α β γ δ

Figure 3.1: IRMPD spectra of Co +
n −H2O (n=6-20) complexes in the 200-1700

cm−1 spectral range. The size dependence of three low-frequency bands is indic-
ated by the red dashed lines; the frequency of the free water bending mode is
indicated by the green dashed line.

energies are calculated by taking the difference between the energy of
the optimized complex and the sum of the unperturbed cluster and
water energies, Eb = Ecluster-H2O

− (Ecluster + EH2O
). This value thus

includes the energetic cost of possible cluster and water structural
re-arrangements upon adsorption.
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3 Water Adsorption on Free Cobalt Cluster Cations

3.3 Results and discussion

3.3.1 Experiments

Figure 3.1 shows the experimental IR-MPD spectra of Co +
n −H2O

clusters in the 200–700 and 1500–1700 cm−1 spectral ranges for n=6–
20. Spectra have also been recorded in the 700–1500 cm−1 range,
but in this range no depletion has been observed. The spectra are
presented as the IRMPD intensity Iirmpd defined by

Iirmpd(ν) ∼ − 1

Φ(ν)
ln

(
Iir(ν)

Iref

)
where Iir(ν) and Iref represent the ion intensities with FELIX on and
off, respectively, and Φ(ν) the photon fluence at frequency ν. Under
full power conditions, depletions of up to 90% could be achieved. For
the reported measurements a compromise between spectral broaden-
ing and band visibility has been found for conditions where a max-
imum depletion of 60% occurred. The spectra in the 200–700 cm−1

spectral range are multiplied by a factor 4 to increase the visibility of
the bands.

The spectra exhibit clear resonances in the two spectral regions
with widths of several tens of cm−1, which is indicative of a multiple-
photon excitation process as suggested in previous experiments[194].
To estimate the number of absorbed photons necessary for dissoci-
ation, we consider the bond strength of water to cobalt clusters. The
bond strength of water to the cobalt ion (Co+−H2O) is measured to
be 1.7 eV[43]. While no experimental value is known for clusters, our
theoretical calculations on the binding energy of water on Co +

n , (n=
6,9,13) (vide infra) predict substantially lower values than for the ion.
All are higher than 0.33 eV, implying that absorption of at least two
photons at 1600 cm−1, and substantially more at lower frequencies is
necessary to photodissociate the complex.

It further can be seen that the signal-to-noise ratios reflect the
production efficiency: the spectra for the larger clusters are clearly
nosier than those in the n = 6− 18 range.

As all cluster sizes exhibit a limited number of bands, and these
bands appear to have a reasonably regular evolution with cluster size,
we facilitate the discussion of the resonances by denoting these bands
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Figure 3.2: Fitted band centers for the different observed IR resonances and fits
to linear and hyperbolic functions. The horizontal dashed line in the top panel
indicates the frequency of the free water bending vibration.

α, β, γ, and δ as indicated in Figure 3.1. To guide the eye, the
evolution of these resonances with size are indicated by dashed red
lines. These red lines have been obtained by fitting the observed
bands to a Gaussian lineshape function to obtain the band center and
subsequently the band centers fitted to linear (band α) and hyperbolic
(bands β and γ) functions as shown in Figure 3.2.

All cluster sizes exhibit a resonance around 1600 cm−1, (band δ).
This band is indicative for the presence of an intact water molecule
as it nearly coincides with the bending vibration of free water at 1595
cm−1[244]. The fact that we have observed depletion for the water
bending mode of up to 90% at higher IR fluences, suggests that for
the large majority of species investigated here, water molecules remain
intact. Nevertheless, we cannot rule out the presence of dissociated
water complexes.
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3 Water Adsorption on Free Cobalt Cluster Cations

The frequency of the δ band shows a small, but clear size depend-
ence as can be seen in Figure 3.2. One observes that the resonance
frequency for smaller cluster sizes exhibits a marked blue shift, which
decreases with the cluster size and eventually turns into a slight red-
shift. This behavior is consistent with other experiments[66], most
notably on V +

n −H2O clusters[119]. The blue shifts for smaller cluster
size observed there were attributed to an increase in the H-O-H bond
angle caused by a charge transfer induced by the binding of the oxy-
gen atom to the cluster. As a results electron density on the oxygen
is transferred towards the cluster thereby weakening the H-O bond
strength. As the cluster size increases, the transferred charge is re-
distributed over a larger surface which is consistent with the decrease
in blue shift observed. The red shift for larger clusters, even beyond
the free water value of 1595 cm−1 is attributed to the weakening of
the O–H bonds. We cannot rule out that the multiphoton techniques
used in acquiring the data contributes to the shift. To the best of our
knowledge, no value for the water bending mode has been reported
for binding of water to bulk cobalt.

The bands in the lower frequency range, especially bands β and γ,
show a much clearer size-dependence. Unlike for the water bending
vibration, where vibrational motion is localized entirely on the water
molecule, the vibrations expected in this range involve bond between
the cluster and the water molecule. As the reduced mass for this
system is size dependent, the resulting vibrational frequencies will
change with size. We will later discuss the exact nature of these
modes when we compare the experimental results with the results of
the DFT calculations. The regular size evolution of the α, β and γ
bands suggest that the modes are not very sensitive to the cluster
structure. In contrast, fluctuations in the δ band indicate a larger
sensitivity. A second trend we note is the evolution of the relative
intensities for the β and most notably the γ band: the intensities of
these bands are very low as compared to the α band for n=6, but
gradually become larger and for the n=12 cluster dominate the low-
frequency range of the spectrum.

Finally, it is of interest to note that cluster sizes n = 15 and 16
exhibit frequencies that are not very well fitted by the hyperbolic
function shown in Figure 3.2. Closer inspection of the spectra in
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Species Spin state E0 Eb
2 ∆q 3

MS

6A 13/2 0.23
15/2 0.00

6B 13/2 0.79
15/2 4

6A-H2O 13/2 0.00 -0.83 -0.288
15/2 0.03 -0.56 -0.238

6B-H2O
site 1 13/2 0.70 -0.68 -0.275
site 2 13/2 0.81 -0.58 -0.244
site 3 13/2 0.85 -0.53 -0.245

9A 9 0.00
9B 9 0.51

9A-H2O 9 0.00 -0.64 -0.250
9B-H2O 9 0.62 -0.57 -0.251

13 15 0.17
16 0.00

13−H2O 15 0.01 -0.52 -0.247
16 0.00 -0.34 -0.201

Table 3.1: Stabilization energies and binding energies (in eV), and the Hirshfeld
charge transfer.

Figure 3.1 hint at a splitting of bands β and γ. The cause of this
splitting is unknown. InterestinglyDillinger et al. [51], report a similar
splitting of the N2 stretching vibration for Co +

n −N2 clusters starting
at n=14.

3.3.2 DFT calculations

DFT calculations have been performed for Co +
6 , Co +

9 , and Co +
13

complexed with water. In all calculated structures the water mo-
lecule is, as expected, bound to the positively charged cobalt surface
through binding of the electronegative oxygen to a single Co atom
(atop-binding). The orientation of the water dipole is not directed
completely orthogonal to the surface, but certainly is not parallel
with the surface as was predicted for the bulk [174]. We find dihedral
angles Co–O–H–H on the order of 130-140 ◦. This can be rationalized
by the imperfect surface nature of a cluster. All results are collected
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Figure 3.3: Experimental spectrum of Co +
6 −H2O compared to calculated IR

spectra of the lowest energy structures of 6A and 6B. Each calculated spectrum
is accompanied by the structure name, spin state MS (in parentheses), and its
relative energy (including zero-point energy).

in Table 3.1.

The nature of the interaction of the cationic cobalt clusters with
H2O can be further studied using an Energy Decomposition Analysis
(EDA)[176, 284]. In this method, the interaction energy between
two fragments is split up into three physical meaningful components:
Pauli repulsion (∆EPauli), attractive electrostatic (∆Eelstat) and or-
bital (∆Eorb) interactions. ∆Eelstat gives the electrostatic interaction
energy between the fragments, which is calculated with a frozen elec-
tron density distribution in the geometry of the complex. The asso-
ciated orbital term ∆Eorb accounts for charge transfer, polarization,
and (if applicable) electron-pair bonding. Table 3.2 shows the energy
decomposition for symmetrized Co +

6 (Oh), Co +
9 (D3h) and Co +

13
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Complex EDAa QTAIMb

∆Epauli ∆Eelstat ∆Eorb ∆Eint Eb ρ ∇2ρ
6A–H2O 2.93 -2.21 -1.61 -0.89 -0.83 0.068 > 0
9A–H2O 1.58 -1.56 -0.64 -0.62 -0.64 0.057 > 0
13–H2O 2.33 -1.83 -0.93 -0.43 -0.52 0.058 > 0

Table 3.2: aEDA values in eV. bQTAIM data in au. See text for explanation of
the energy contributions.

(D4h) clusters interacting with water, at the OPBE/TZ2P level of
theory. The symmetrization was needed to be able to converge the
spin-restricted DFT cobalt clusters that are needed as an intermediate
step in the EDA. The final (∆Eint) includes spin-polarization and are,
apart from a small geometrical distortion in the latter, identical to
the calculations reported in Table 3.2. From Table 3.2 we see that the
interaction energy decreases in the order ∆ E 13–H2O

int < ∆ E 9–H2O
int

< ∆ E 6A–H2O
int This is due to the primarily electrostatic nature of the

bonding that decreases in strength as the positive charge on the cobalt
cluster is spread out over more atoms. There is no simple trend with
the number of atoms, however, for the less symmetric Co +

9 cluster
all three contributions to the interaction energy are relatively small
leading to an energy in between those of the other two. Comparing
the very symmetric Co +

6 and Co +
13 clusters we see that the drop in

charge on the frontier cobalt atom from 1/6 e to about 1/13 e cor-
relates well with the factor 2 decrease in interaction strength. This
primarily electrostatic nature of the bonds is also confirmed by a
Quantum Theory of Atoms in Molecules (QTAIM) analysis.

In Baders topological analysis[13], the nature of bonding is ana-
lyzed in terms of the properties of electron density and its derivatives.
The Laplacian of electron density at the BCP, ∇2ρ(r), is related to
the bond interaction energy by local expression of virial theorem (1/4
∇2ρ(r) = 2G(r) + V (r))4 [12]. The sign of ∇2ρ(r) at a BCP is de-
termined by which energy is in excess over the viral average of 2:1
of kinetics to potential energy. In covalent interactions, the charge
density at the BCP is tightly bound and compressed over its average
distribution. Therefore, for covalent bonds, a negative value of∇2ρ(r)
is expected. On the other hand, in electrostatic interactions the elec-
tronic charge is expanded relative to its average distribution. The
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kinetic energy density is dominant and ∇2ρ(r) is positive at the BCP.
The computed electron density (ρ(r) ) and Laplacian (∇2ρ(r)) at the
BCPs of selected Co +

n −H2O bonds are presented in Table 3.2. The
positive value of ∇2ρ(r) at the BCPs, indicates that this interaction
should indeed be classied as an electrostatic type of bonding. The
magnitude of electron densities at the BCPs furthermore correlates
well with the trend in interaction energies.

Co +
6 −H2O

For Co +
6 , the two lowest-energy isomers have been investigated: a

tetragonal bipyramid (structure 6A) and a capped trigonal bipyr-
amid (structure 6B). Geometries have been taken from Gehrke et al.
[75]. For structure 6A, the lowest energy is found at a spin state of
MS = 15/2 having bond lengths ranging from 2.24-2.33 Å. The same
geometry with a spin state of MS = 13/2 is found at 0.23 eV higher
in energy and slightly shortened bond lengths. Structure 6B is found
at 0.79 eV with a spin state of MS = 13/2. These calculated results
are in good agreement with previous DFT studies[44, 75, 207].

Due to its highly symmetric shape, only one water adsorption site
on the surface has been calculated for structure 6A. The addition of
water onto 6A strongly reduces the energy difference between the low-
est spin states: the energies of 6A−H2O complexes with MS = 13/2
and MS = 15/2 are almost identical (0 and 0.03 eV, respectively).
This is caused by substantially larger binding energy of 0.83 eV for
water on the MS = 13/2 surface against 0.56 eV on the MS = 15/2
surface .

For the capped trigonal bipyramid (6B), several water adsorption
sites (6B-1, 6B-2 and 6B-3) have been tested (see Figure 3.3). The
lowest energy structures are all found for a spin state with MS = 13/2.
In absolute terms, they are all found at energies of 0.7-0.85 eV above
that of the 6A-water complex. It is further noteworthy that 6B-1 and
6B-2 relax into 6A-water on the MS = 15/2 surface, as does the bare
cluster itself.

The calculated spectra for selected structures are shown together
with the experimental results in Figure 3.3. The calculated IR spectra
have been convoluted with a Lorentzian lineshape function with a 15
cm−1 width. The experimental spectrum of Co +

6 −H2O shows four
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distinct peaks centered around 331, 501, 590 and 1614 cm−1. The α
and δ bands are the most intense and have a width of 68 cm−1 and
26 cm−1(FWHM), respectively. The β and γ bands are much weaker
with associated widths of 45 cm−1 and 35 cm−1, respectively.

All calculated IR spectra predict a number of vibrational modes
below 300 cm−1 with IR intensities less than 20 km/mol and asso-
ciated with internal cluster vibrations. Each calculated spectrum is
dominated by two very intense bands: the water bending vibration
close to 1600 cm−1, and the water wagging vibration. The line posi-
tion of the latter varies considerably for 6A, ranging from 282 cm−1at
the MS = 15/2 to 325 cm−1for MS = 13/2. Values for 6B are found in
between these extremes. Most structures exhibit two minor bands in
between the two high-intensity bands. The highest-frequency mode
of these is in all cases the rocking motion of the water molecule. A
zoom-in on this part of the spectra shows their presence, with calcu-
lated IR intensities lower than 10 km/mol.

Although in agreement with the experimental observation that
each calculated spectrum displays a strong band, the overall match
between calculated and observed spectra in the 200–600 cm−1 spec-
tral range is not very good. The observed mismatch in predicted and
observed frequency of the strong band should not be of too much
concern: in most theoretical calculations, the harmonic frequencies
reported are typically overestimated in comparison to observed val-
ues. This discrepancy is attributed to the fact that the theoretical
treatment does not take anharmonicity into account. In most cases,
the discrepancies are found to be uniform and can be corrected for by
empirical scaling factors, so that a good agreement between theory
and experiment can be obtained[220]. In the present case, the concern
is rather that none of the calculated spectra exhibits the reasonably
intense bands β and γ. Although the calculations predict bands to
the blue of the α band, they are very weak and their frequency does
not match the experimentally observed frequencies. Of course, the
signal-to-noise ratio for the β and γ bands is not as good as for the α
band, but their visibility for larger cluster sizes is much better, and
calculations do not predict these either as will become clear below.

One could speculate that the problem is caused by the density
functional that is employed; a common strategy is then to carry out
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3 Water Adsorption on Free Cobalt Cluster Cations

Figure 3.4: Comparison of the experimental spectrum of Co +
6 −H2O to theoretical

spectra for structure 6A calculated with different theoretical methods.

calculations with other functionals as well and check for qualitative
differences. In order to do so, we carried out calculations using differ-
ent functionals for three different spin states of Co +

6 −H2O. We chose
the revised Perdew-Burke-Ernzerhof (revPBE) functional in the gen-
eralized gradient approximation (GGA) [196] with which the spectral
assignment of bare cationic cobalt clusters was performed[75], and
the Tao-Perdew-Staroverov-Scuseria (TPSS) functional in the meta-
generalized gradient approximation (Meta-GGA)[238]. With the lat-
ter we have recently been able to assign the spectra for neutral cobalt
clusters[121]. To test whether a dispersion corrected density func-
tional has an influence on the vibrational frequencies, we included
calculations with the OPBE functional corrected with the D3 method
of Grimme[85]. All calculations make use of the same TZ2P basis set.
The results of these calculations are depicted in Figure 3.4. As in all
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Figure 3.5: Comparison of the experimental IRMPD spectrum of the Co +
9 −H2O

cluster with the computed spectra for different structures.

other figures, no frequency scaling is applied. The results show that
recomputed spectra vary substantially in line positions, but not in
their failure to predict the relatively high intensities of the β and γ
modes. This thus likely to be a general feature of the use of harmonic
frequencies calculated at the minima of the potential energy surface.

Based on these calculations we can neither assign our spectrum
to a specific structure, nor give a verdict on which of the used func-
tionals is the most accurate. We continue for the moment our use of
OPBE for harmonic frequency calculations, but we will later discuss
the purported failure of the spectral predictions in more detail.

Co +
9 −H2O

For our calculations on bare Co +
9 , we have started from the geometry

of the lowest energy structure as predicted by previous theoretical
studies[44, 207]. These are the tricapped trigonal prism (9A) and
the bicapped pentagonal bipyramid (9B), for both of which a spin
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state of MS = 9 turns out to give the lowest energies, with 9B less
stable by 0.51 eV. Co-Co bond lengths found range from 2.24-2.52
Å for 9A and 2.22-2.35 Å for 9B. Different spin states around this
minimum structure have energies about 1 eV higher. Onto these
stable structures water is added and the structure is re-optimized for
different spin states. The results in Table 3.1 show that the interaction
of H2O with both 9A and 9B does not change the spin state; the
average O–H and Co–Co bond lengths, as well as the H–O–H bond
angle, on the other hand increase slightly upon complexation.

The experimental spectrum (top panel in Figure 3.5) displays four
distinct peaks centered around 342, 480, 577 and 1609 cm−1. The
theoretical spectra exhibit a similar trend as for Co +

6 −H2O: an in-
tense band near 300 cm−1 and only weak features to the blue of this
band, in clear disagreement with experimental findings. The calcu-
lated spectra appear to be less sensitive to changes in spin state than
for Co +

6 −H2O; the energy difference between 9A and 9B is substan-
tial with 0.62 eV. Binding energies found for 9A and 9B are 0.64 and
0.57 eV, respectively.

Co +
13 −H2O

Calculations for Co +
13 have been done using the cluster geometry

found by Datta et al. [44]. The most stable structures found have
spin states of MS = 15 and MS = 16, respectively, where the higher
spin state is favored by 0.17 eV. The binding energies of water to
Co +

13 (MS = 15) is computed at 0.52 eV, and that for MS = 16 even
lower at 0.34 eV, making the MS = 16 structure the lowest in energy,
albeit by a meagre 0.01 eV. Both binding energies are substantially
lower than the binding energies found for the Co +

6 and Co +
9 clusters.

This can be rationalized taking into account that in the icosahedral
structure each atom is coordinated towards five neighboring atoms. It
also implies that at 1600 cm−1 only two photons need to be absorbed
to induce dissociation.

The experimental spectra (Figure 3.6) follow the trend observed
before: an intense band at 343 cm−1, and at least two bands at fre-
quencies between 400 and 600 cm−1(band centers 438 and 552 cm−1,
respectively). Interestingly, we now find that the band at 552 cm−1

is more intense than the band we tentatively assign to the wagging
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Figure 3.6: Comparison of the experimental IRMPD spectrum of the Co +
13 −H2O

cluster with the computed spectra for different structures.

vibration at 343 cm−1. The calculated spectra for different spin states
are nearly identical apart from a substantial shift of the frequency of
the wagging vibration. As observed before, the predicted intensities
of the higher-frequency modes do not agree with the experimental
observations.

Discussion

The results from the previous sections show that the harmonic cal-
culations do not provide a qualitatively correct description of the
observed spectra: where the predicted frequencies and IR intensities
for the water bending mode (around 1600 cm−1) are quite reason-
able, those predicted for the water–cluster vibrations are inadequate,
as they simply fail to reproduce the number of intense IR bands ob-
served in the experiments. To rule out any effects from the choice of
functional, we carried out the same calculations for Co +

6 −H2O us-
ing two different functionals. The results suggest that OPBE is not
performing worse than either OPBE-D3, revPBE or TPSS: there are
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differences in frequencies and intensities, but neither method offers a
better prediction for the intensities of the β and γ bands.

All methods reasonably agree on the nature of the vibrations calcu-
lated, which are schematically shown in Figure 3.7. The most intense
band is the water libration mode, where the water molecule makes a
wagging motion. We tentatively assign the α bands, being the most
intense band observed, to this vibration. A second much more defin-
ite assignment is the water bending mode to the δ bands. For the β
and γ bands none of the calculations offer a satisfactory prediction.
Frequencies do not match and the intensities are very low. They also
give no indication for an increase in intensity with growing cluster
size.

One may argue that IR-MPD spectra should not be compared
with the (calculated) linear absorption spectrum. It is true that IR
intensities are not always represented well, but usually the frequencies
are predicted quite accurately. In the present case, the intensities
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are very different and no clear trend is found in the frequency of
modes upon enlarging the number Co atoms in the cluster. Given the
regularity in the frequency evolution with cluster size, it is, however,
tempting to conclude that the exact cluster geometry is subservient
to the Co–O bond involving the single Co atom, and that the cluster
size effectively only comes in to modify the reduced mass involved in
the vibration.

To test this hypothesis we carry out two types of calculations. In
the first we calculate the analytical Hessian to obtain the IR spec-
trum for Co+−H2O, and then calculate the equivalent for isotopically
substituted analogues, taking the mass of Con. The result of these
calculation are shown in panel a) of Figure 3.8. As a single atom will
also be electronically quite different from a cluster we also repeat this
calculation for structure 6A, where we show the results of a similar
”‘isotopic substitution”’ in Figure 3.8b. In a second type of calcula-
tion we employ the Mobile Block Hessian (MBH) approach to freeze
the internal degrees of freedom of the Co clusters, letting the cluster
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3 Water Adsorption on Free Cobalt Cluster Cations

move as one heavy atom. Together these calculations allow a separa-
tion of the electronic effect of enlarging the cobalt cluster versus the
increase of mass of the cluster.

Calculations of Co+−H2O yield a structure characterized by a
1.925 Å Co–O bond length and a 142.5◦ Co−O−H−H dihedral angle.
The bond length found is slightly shorter than that for the 3B2 struc-
ture found by Rosi and Bauschlicher [209] (1.992 Å). Of its six vibra-
tions, the four in the presently studied spectral region are the water
bending mode (1582 cm−1), the Co–O stretching mode (425 cm−1)
and two water libration modes ( wagging at 313 cm−1, and rocking at
642 cm−1). As expected, the three low-frequency modes shift towards
the red for an increasing “cobalt mass”, but it is striking that the
water bending mode and the rocking mode barely shift. At the same
time, the relative IR intensities for the two lower-frequency modes
change substantially. The isotopic substitution of the calculated spec-
trum for 6A offer less clear trends. The wagging mode redshifts, but
only marginally, whereas the rocking mode is virtually unchanged. In
both cases the change of mass alone does therefore not explain the
experimental observation of strongly red shifted β and γ peaks that
are both increasing in intensity.

In the MBH calculations, we consider the found minima for 6A,
9A, and 13 as shown in Figure 3.8. Unfortunately intensities are
not yet implemented for this method, so we can only discuss the
position of the peaks. Here, we discern substantial redshifts for all
three low-frequency vibrations (stretching, wagging and rocking) with
mass. In particular for the problematic γ bands it is the first time we
observe a substantial shift. However, the shift of the wagging mode is
now larger than observed in the experiments, and, assuming that the
stretching mode is not responsible for the α band, the third β band
is not predicted either.

It is obvious that the simple qualitative models discussed above
are not accurate enough for the current problem. Yet, they do to
some extent exhibit the systematic shifts that we observe in the ex-
perimental spectra. While they certainly do not match the observed
spectra, the size-dependent shifts reinforce our suspicions that the
water-cobalt coupling is less strong than the calculations for the op-
timized geometries suggest.
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A possible cause for the discrepancy is the shallowness of the po-
tential energy surface relating to the Co−H2O bond, which gives rise
to rather anharmonic potentials that can invalidate the harmonic
approximation used to compute the frequencies. Moreover, at the
temperature at which the experiments are carried out this fluctional
system may actually sample a larger region of the potential energy
surface than is described by the local minima only. In such regions
away from the minima local dipole moments may change rapidly lead-
ing to much stronger absorption intensities. Exploratory calculations
at geometries that are slightly distorted along the lowest energy vi-
brational coordinates (torsions of the Co–O bond or slight water dis-
placements) indeed already show a large influence on both frequencies
and IR intensities.

One way to improve the current calculations is thus the implement-
ation of methods that sample not just the potential minimum, but a
larger part of the potential energy well. Recently, Born-Oppenheimer
molecular dynamics (BOMD) were successfully implemented to de-
scribe the very anharmonic vibrations probed in small peptide model
systems [120]. However, for the problem at hand the implementation
of such calculations is not expected to be trivial, given the proximity
of different spin surfaces.

3.4 Conclusions

We have recorded the IR spectra for cationic cobalt clusters com-
plexed with water molecules Co +

n −H2O (n=6-20) using IR-MPD
spectroscopy. These constitute the first spectra of water adsorbed
onto transition metal clusters that directly address the vibrations of
the water-cluster bond; one earlier study of water adsorbed onto vana-
dium clusters only investigated the vibration of the water itself[119].
The experimental spectra provide clear resonances in the 200–600
cm−1 spectral range that are evolving quite regularly with cluster
size.

The deceiving simplicity of the size-evolution of the observed bands
is all the more intriguing as the theoretical description using harmonic
frequencies at the OPBE/TZP level are accurate for the localized wa-
ter bending mode near 1600 cm−1, but interestingly appear to fail
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in the low-frequency range. We have investigated whether the use of
other functionals OPBE-D3, revPBE or TPSS) improves the descrip-
tion, but found no large improvements. Factors that may play a role
in this are a possible overestimation of the coupling strength between
water-cluster motions and internal cluster vibrations or a strongly
anharmonic shape of the potential well of the Co–H2O bond.

As the current data are the first that directly probe the interaction
between cobalt clusters and water, they can serve as a benchmark for
future developments in describing the metal-water bond which is of
fundamental importance. At the same time it is clear that extending
these types of studies to other metals will further our understanding
of such bonds. Such studies are therefore currently being pursued in
our laboratory.

3.4.1 Addendum

In chapter 4 of this thesis we investigated the interaction of water on
iron clusters. The infrared spectra of all iron clusters give evidence
for the molecular binding of water to iron clusters by the presence of a
band at frequencies characteristic for the water bending vibration. At
the far-IR region of the spectra (200–650 cm−1), however, our results
show strong indications as well that at the same time partial dissoci-
ation of water can also occur . This is evidenced by the presence of
a band at 530 cm−1 which cannot be assigned to any of the modes
predicted for molecularly bound water, but which very well agrees
with a band predicted for partially dissociated water. Secondly, cal-
culating the first and second transition states involving the transition
from molecular to a partially and to a fully dissociated water yielded
a barrier of 0.32 eV and 0.73 eV with respect to the reactant, respect-
ively. With such barriers and considering the ambient conditions at
which such reactions are carried out, it is very likely that partial dis-
sociation is possible. In the same study, we observe that this behavior
is strongly size-dependent as the intensity of the mode responsible for
water dissociation increases with the cluster size.

This finding is quite interesting as it leads us to speculate if the sim-
ilar dissociation mechanism could be taking place with cobalt clusters.
In the case of Iron-water, transition states calculations suggesting par-
tial dissociation of water upon adsorption are available but none for
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cobalt. These results shed further light on the results obtained for
the cobalt clusters, and indicate that also for cobalt clusters a partial
water dissociation is likely to occur.
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4
Water dissociation upon adsorption onto free

iron clusters is size dependent

Cationic iron clusters, produced through laser ablation and subsequently
complexed with a water molecule Fe +

n −H2O (n=6–15) are mass-selec-
tively investigated via Infrared Multiple Photon Dissociation (IR-MPD)
spectroscopy in the 300–1700 cm−1 spectral range. The experimental
data are complemented by Density Functional Theory calculations at
the OPBE/TZP level for the Fe +

13 −H2O system. For all cluster sizes,
a large fraction of the studied clusters shows a resonance around the
1600 cm−1 frequency characteristic for the water bending vibration,
indicating that water molecules remain intact upon binding to the
cluster surface. However, in the far-IR, we find multiple absorption
bands, which cannot be explained by molecularly adsorbed water only.
DFT calculations for the Fe +

13 −H2O system predict molecular and
dissociative adsorption to be exothermic; the first is a barrierless pro-
cess while the latter only requires 0.3 eV activation energy, which can
be overcome under the current room-temperature experimental condi-
tions. The experimental spectrum can thus be explained by a mixture
of clusters where for a majority water is adsorbed molecularly but for
a small but significant fraction also dissociation of water molecules
occurs. The bands observed at frequencies 300–700 cm−1exhibit regu-
lar, size-dependent frequency shifts, showing that a) dissociation takes
places on all cluster sizes and b) the interaction of water with the
cluster surface is not influenced much by the particular cluster struc-
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ture. The intensity evolution of the absorption bands suggests that
dissociation is increasingly probable for larger cluster sizes1.

1Adapted from: Denis M. Kiawi, Valeriy Chernyy, Jos Oomens, Wybren Jan Buma, Zahra
Jamshidi, Lucas Visscher, L. B. F. M. Waters, and Joost M. Bakker “Water dissociation upon
adsorption onto free iron clusters is size dependent”J. Phys. Chem. Lett., 7, pp 23812387
(2016)
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4.1 Introduction

The reactivity of metal nanoparticles can change dramatically from
that of bulk metal surfaces, as exemplified by the enhanced catalytic
activity of gold nanoparticles[99]. In the limit of clusters containing
a few to a few tens of atoms, similar, a priori not expected, activ-
ities have been found for e.g. Fe. Bulk Fe has catalytic applica-
tions in many industrial processes including ammonia synthesis from
nitrogen and hydrogen (the Haber-Bosch process)[25, 77], paraffin
synthesis from carbon monoxide and hydrogen (the Fischer-Tropsch
process)[53], and, more recently, in the production of single-wall car-
bon nanotubes[115]. In the cluster regime, Fe +

4 cations have been
demonstrated to catalytically couple ethylenes to form benzene[218].
This observation and similar other studies have incited studies of the
reactivity of iron clusters towards numerous simple molecules, see
ref. [69]. and references therein for an extensive overview. Even
before the demonstration of catalytic benzene formation, Riley and
co-workers studied the adsorption of water on neutral Fe clusters,
finding evidence for the temperature and size-dependent dissociation
(lysis) of water followed by hydrogen evaporation[264]. Such results
make Fe clusters a highly interesting subject to study, as they could
offer novel routes towards (photo-)catalyzed water splitting reactions
to form molecular hydrogen.

The complicated electronic structure of Fe clusters, possessing a
rich variety of possible spin states, has prevented a full theoretical
evaluation of the reaction path and the relevant transition state bar-
riers Gutsev et al. [89] theoretically studied the minimum energy
structures for anionic, neutral and cationic Fe clusters with adsorbed
water, explicitly considering the dissociation of water. They found
in all cases that dissociation of water was energetically favorable by
at least 0.5 eV, comparing favorably to the reported enthalpies of
adsorption by Riley[264]. Moreover, the adsorption energies of water
were all found to be higher than that of H2 (except for Fe +

4 ), which is
consistent with the observation of FenO products in the experiment.
No reaction barrier energies were included in this work. These were
calculated for the water lysis over dimers of a variety of transition
metals, for which it was predicted that water lysis could take place
under thermal conditions[280]. However, no barriers were calculated
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here for a subsequent H2 evolution.

Here, we present a combined experimental and theoretical study
of the adsorption of water molecules onto cationic Fe clusters. Our
motivation for this study is twofold. Firstly, we would like to find
out the nature of the water adsorption product and to verify the pre-
dicted water lysis under thermal conditions. As the calculated H2

desorption energies for cationic Fe +
4 are higher than for water, the

probability of finding a dissociated water molecule is deemed highest
for the cations. Secondly, we recently investigated the structures of
cationic cobalt clusters with an adsorbed water molecule through IR
multiple-photon dissociation (IR-MPD) spectroscopy and found clear
evidence for intact water by the presence of a band at frequencies
characteristic for the water bending vibration[136]. The recorded IR
spectra exhibited more bands at (lower) frequencies, where we ex-
pect vibrations involving motions between the cluster and the water
molecule. The harmonic frequencies and intensities obtained from
calculations provided a rather poor match, suggesting that a com-
parison with 0 K harmonic spectra is far from optimal for vibrations
involving the rather flexible Co-water bond. It would therefore be
highly interesting to see whether, in the case of an intact water ad-
sorption product for Fe +

n −H2O clusters, spectral features similar to
those in the chemically related Co +

n −H2O are observed.

To this purpose we present IR-MPD spectra of Fe +
n −H2O clusters

for n=6–15 and compare the spectra to DFT calculations. We limit
the DFT calculations to Fe +

13 −H2O as it is not our purpose to per-
form an extensive search for structural isomers and because it is com-
monly assumed that Fe +

13 adopts an icosahedral geometry. Instead,
our primary interest is to determine whether it is energetically plaus-
ible that water dissociates on cationic iron clusters at ambient tem-
peratures, and to obtain spectral evidence for such a dissociation.

4.2 Methods

Experimental

The experiments described in this paper are performed using a mo-
lecular beam instrument that is coupled to the Free Electron Laser
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for Infrared eXperiments (FELIX)[189]. Cationic iron clusters are cre-
ated by pulsed laser ablation of an iron sample rod (Goodfellow, pur-
ity 99.99%) using the second harmonic of a Nd:YAG laser. Ablation
takes place in a 4 mm diameter flow tube type cluster growth chan-
nel in the presence of helium carrier gas that is introduced through a
pulsed valve (General Valve, Series 9). The plasma generated and the
carrier gas undergo multiple collisions leading to neutral, anionic and
cationic clusters. In order to form cluster-water complexes, a mixture
of 1% water vapor in helium is introduced 60 mm downstream into the
flow tube channel before it is expanded into vacuum forming a mo-
lecular beam. The molecular beam passes through a 2 mm diameter
skimmer (Beam Dynamics, Inc., model 2) to enter a differentially
pumped vacuum chamber and is further shaped by a 1 mm aperture
upon entering the extraction region of a reflectron time-of-flight mass
spectrometer (R.M. Jordan TOF products, Inc.) in a third vacuum
chamber. Here, the clusters interact with the IR laser beam that is
aligned colinearly, but counter-propagating to the molecular beam.
The focus of the IR beam lies about 25 mm before the extraction
point and has a diameter of the same order as the molecular beam,
thus ensuring that all extracted clusters have interacted with the IR
laser beam.

IR light is produced by the Free-Electron Laser for Infrared eX-
periments (FELIX)[189]. FELIX can produce IR radiation in the
66–3600 cm−1 spectral range but for the present experiments, only
the 200 – 1700 cm−1 range is used. The FELIX temporal structure
features 10 µs duration macropulses at a repetition rate of 5 or 10
Hz. The macropulse itself is a high-repetition (1 GHz) series of pico-
second duration laser pulses, so-called micropulses. The micropulses
are transform-limited with a spectral bandwidth that can be adjus-
ted to 0.2-1% RMS of the central frequency. In the current work the
bandwidth was kept at 0.3%. Typically employed macropulse energies
range from 50-100 mJ.

A few µs after interaction with FELIX, all cationic clusters are
extracted by a set of pulsed high voltage plates into the mass spec-
trometer and detected with a microchannel plate detector. Whenever
FELIX is in resonance with a vibrational mode of a given cluster,
fragmentation is induced leading to the depletion of the number of
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detected Fe +
n −H2O cations. By varying the FELIX frequency ν and

recording the number of Fe +
n −H2O cations a depletion spectrum is

obtained. To correct for long-term source fluctuations, the experi-
ment is operated at twice the FELIX repetition rate, allowing for
the recording of reference mass spectra in between successive FELIX
pulses.

Experimental spectra for Fe +
n −H2O are obtained by carefully se-

lecting a mass channel that has no contribution due to mono-oxide
contaminations. As iron clusters are highly reactive to oxygen, any
trace amount of oxygen will result in the formation of FenO+ clusters.
The rich isotropic distribution of iron clusters will result in several
overlapping peaks in the mass spectrum. However, each cluster size
has mass peaks that are dominantly populated by Fe +

n −H2O, e.g.,
m/z=745 and 746 for Fe +

13 −H2O.

Theoretical

The Density Functional Theory (DFT) calculations reported here are
performed using the Amsterdam Density Functional (ADF2014) pack-
age [1, 68, 239]. The calculations are carried out using the OPBE func-
tional, which is a combination of Handy’s OPTX modification of the
Becke exchange functional with the Perdew-Burke-Ernzerhof (PBE)
correlation functional[96, 196]. The choice of functional is based on
their excellent performance for the determination of the correct spin
state for high/low-spin energy splitting in some previous studies of
iron complexes [41, 74, 198, 233]. A triple ζ type (TZP) basis set
from the ADF basis set library has been used in which the 1s-2p core
for Fe atoms and the 1s for the O atoms have been kept frozen during
the calculations. Geometry optimization has been performed without
symmetry constraints. The treatment of transition metal clusters
with DFT has proven especially challenging due to the large number
of possible spin configurations. SCF convergence of high spin systems
such as iron clusters is difficult and slightly relaxed SCF convergence
criteria of 10−6 were tolerated.

The Fe +
13 −H2O cluster was chosen for DFT because a large body

of previous theoretical work [34, 35, 90, 91, 94, 117, 168, 208, 260,
261, 273] is available for iron clusters and indicates the high stability
of near-icosahedral structures [141, 208]. This exceptional stability is
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backed up by experimental data for this cluster size: collision induced
dissociation experiments on Fe +

13 indicate a much higher dissociation
energy for Fe +

13 than for other iron clusters[162]. Nevertheless, the
right spin multiplicity of Fe +

13 still remains a topic of discussion.
DFT studies on neutral Fe13 show the presence of two stable spin
states (MS=34/2 and MS=44/2) which depend on the orientation
of the atoms in the cluster[24]. A review by Dunlap [58] addresses
the link between the spin multiplicity and the geometrical structure
of a cluster. Several theoretical investigations on the cation yielded
a minimum-energy spin state of MS=35/2.[92, 270, 276] Structures
with higher spin states have been found to be higher in energy. It is
not our intention to enter into the debate on the magnetic structure
of Fe +

13 ; rather we will focus on the energetics and structure of its
complex with water. As the experimental findings point at a spin
moment of MS=35/2 [150, 173, 184], we employ this spin isomer.

The structure of bare Fe +
13 was calculated using the initial start-

ing structures of the lowest energy conformers as proposed in previous
studies[141, 208]. Minima were verified by harmonic frequency calcu-
lations with analytical second derivatives. All energies reported here
include zero-point energies. Once geometry and spin state of the bare
cluster were established, a water molecule was added at several trial
positions and the resulting structures re-optimized in a range of spin
states around MS=35/2 . To establish whether the resulting struc-
tures are true minima, and, more importantly, to be able to analyze
the experimental IR spectra, harmonic frequencies were calculated.
All frequencies reported in this paper refer to unscaled frequencies.

4.3 Results and discussion

Figure 4.1 displays mass spectra of Fe +
n −H2O clusters. Clusters con-

taining up to 17 Fe atoms are visible, along with up to two adsorbed
water molecules. An enlarged fraction of the mass spectrum is shown
in the lower panel. The black and red traces in the lower panel corres-
pond to spectra as obtained in the presence (absence) of water in the
reaction channel, respectively. In the absence of water, one can still
observe minor contributions from FenO+ and FenO +

2 clusters (indic-
ated by asterisks) but these result from residual contaminant gases in
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Figure 4.1: Mass spectrum of Fen−H2O clusters (n=9–17)(top panel) and an en-
larged portion of the mass spectrum (bottom panel) with (black) and without the
presence of water in the reaction channel (red). The calculated isotopic distribu-
tion for Fe +

13 H2O is indicated by the blue stick spectrum.

the ablation source. In the presence of water, appreciable ion intens-
ity from the bare iron clusters is transferred to the Fe +

n −H2O and
Fe +

n −(H2O)2 mass channels. In the lower panel, the calculated iso-
topic distribution for Fe +

13 −H2O is shown. The excellent agreement
between calculated and observed patterns indicate that the adsorption
of water in our experiment does not lead to extra FenO+ formation.
This could have been an indication for water lysis followed by the
formation and desorption of H2, as suggested previously.

In Figure 4.2 the experimental IR-MPD spectra of Fe +
n −H2O

clusters in the 200–1700 cm−1 spectral range are shown. The spectra
are presented as the IRMPD intensity Iirmpd defined by
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Iirmpd = − ln

(
Iir(ν)

Iref

)
where Iir(ν) and Iref represent the ion intensities with and without

irradiation by FELIX, respectively. Iirmpd(ν) is further linearly correc-
ted for the FELIX macropulse energy. Each spectrum shows several
bands at the low frequencies (300–700 cm−1), and one band near 1600
cm−1. As the depletions in the lower-frequency part of the spectrum
are substantially lower, their visibility has been enhanced by mul-
tiplying the IRMPD intensity by a factor four. The widths of the
resonances are several tens of cm−1, which is considerably larger than
the instrumental band width and is in fact indicative of a multiple-
photon excitation process [194]. In the spectral range between the
two regions no resonances are observed.

The band close to 1600 cm−1, labeled δ in Figure 4.2, is directly
diagnostic for molecular binding of water, as its frequency almost per-
fectly reproduces the frequency of the free water bending vibration at
1595 cm−1[244], indicated by the green dashed vertical line. At these
frequencies, depletions of up to 80 % of Iref were observed, imply-
ing that the majority of species investigated contain an intact water
molecule bound to the Fe cluster. It can be seen that the central
frequency for this band (δ) is slightly blue-shifted with respect to the
free water frequency, but that its frequency gradually decreases with
cluster size n. This behaviour is consistent with what has been ob-
served for water adsorption onto cationic vanadium [119] and cobalt
clusters[136].

The deviations from the free water bending frequency are attrib-
uted to charge transfer interactions: once on the cluster surface, elec-
tron density on the oxygen atom is pulled towards the cluster thereby
weakening the O–H bond strength. For the larger clusters, such a
red-shift is observed. The blue-shift for the smaller clusters might
from this point of view appear counter intuitive. However, for the
Fe+ cation, it has been shown that charge transfer changes the H–O–
H bond angle from its value in the free water molecule to 106.1 degree
[245] and concurrently the bending frequency which by the same work
was calculated to be at 1688 cm−1. The blue-shift observed for the
smaller clusters is the result of these two effects.
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In the lower-frequency range at least three distinct bands are ob-
served for each cluster size. These bands show a rather regular size
dependence, which is illustrated by the red dashed lines labeled α, β,
γ in Figure 4.2 that serve as a guide to the eye. Such a size dependence
is not unexpected as vibrations in this region involve the interactions
between the cluster and the water molecule. However, the regularity
of the size dependence strongly suggests that the frequencies of these
bands are not very sensitive to the specific cluster structure.

DFT calculations have been used to elucidate the nature of the
modes at lower frequencies and rationalize the observation of the in-
tact water adsorption. The addition of water to either spin configur-
ation of the optimized bare cluster appears to have no influence on
their spin state. The MS=35/2 species is still the minimum in the
scan of possible spin states for Fe +

13 −H2O. The preferred binding
site for water on the clusters is a µ1 site, with the oxygen attached to
the iron atom and the hydrogen atoms pointing away from the sur-
face of the cluster (erect configuration). Trial structures where the
H–O–H plane is oriented at smaller angles resulted in a reorientation
of the water molecule to this erect configuration. This is in agreement
with previous experimental studies where no evidence of a µ2 bridge
binding site for H2O and CO on cobalt clusters was observed[65, 136].
The calculations yield a binding energy of 0.44 eV for the adsorbed
water molecule, an energy that is readily available by the absorp-
tion of several resonant IR photons, and is thus fully in agreement
with the loss of the water observed in our experiments. Also, it is
satisfying to observe that this value is consistent with the reported
experimental enthalpy of 0.5 eV for binding of deuterated water to
neutral Fe13[264].

We further calculated the structures of different water binding mo-
tifs. Apart from the molecular binding, we found a partially and a
fully dissociated water structure. The structure with a fully dissoci-
ated water molecule is found to be the lowest in energy, exothermic
by 1.33 eV with respect to the reactants, while partially dissociated
is exothermic by only 0.55 eV. These results are in good agreement
with ab initio calculations performed by Bauschlicher and coworkers
[89], who also found a fully dissociated water complex to be the one
of lowest energy. No structure with intact water was reported in that
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4.3 Results and discussion

study.

In Figure 4.3 the experimentally obtained IRMPD spectrum is
compared to calculated harmonic IR absorption spectra for Fe +

13

clusters with water bound in different motifs. The experiment shows
at least six bands: the water bending mode around 1600 cm−1, and
five water-cluster modes at 270, 317, 360, 420, and 530 cm−1, re-
spectively. The bands at 360 and 420 cm−1 are part of a congested
spectral structure comprising substructure with bands at 270 and 317
cm−1. In the spectral region below 700 cm−1, the most intense band
predicted for the molecularly bound structure is the water libration
mode, where the water molecule makes a wagging motion. We there-
fore assign this wagging mode as the main carrier of the congested
structure. The width and shape of this structure strongly suggest
that the underlying resonances are strongly saturated. This would
also nicely explain the observation of more than a single band associ-
ated with the wagging mode: due to saturation on the fundamental
transition combination bands will appear with enhanced relative in-
tensities.

The pronounced band at 530 cm−1 is not predicted in the spectrum
for molecularly adsorbed water. One could speculate that this is due
to a combination mode. What argues against this, is that a com-
bination band is expected to be considerably weaker than the funda-
mental. A more convincing assignment for the 530 cm−1 band is found
in the spectrum for the hydroxylated cluster in panel c. Here, the low-
frequency range is dominated by a band at 587 cm−1. This band is
associated to the Fe−O−H bending vibration. The assignment of
the 530 cm−1 experimental band to this fundamental vibration indic-
ates that the water molecules on the clusters partly dissociate upon
adsorption, which is consistent with the experimental observations
for neutral iron clusters, where the loss of H2 is indicative for the
dissociative adsorption[264]. We observe no other bands that could
corroborate the finding of dissociated water; especially the predicted
vibration at 1184 cm−1, the cluster-hydrogen stretch vibration is too
weak to detect in the current experiment.

To reinforce our tentative assignment of the 530 cm−1 band to
partly dissociated water, we constructed the reaction path identify-
ing two transition states (TS), as shown in Figure 4.4. The first and
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4 Water dissociation upon adsorption onto free iron clusters is size dependent

α
δγβ

Figure 4.2: IR multiple photon dissociation spectra of Fe +
n −H2O (n=5-18) cluster

complexes in the 200–1700 cm−1 spectral range. To clearly observe the vibrational
structure in the 300-700 cm-1 range, intensities in this range have been multiplied
by a factor of 4. The size dependence of the bands is indicated with red dashed
lines, labeled α, β, γ and δ, that serve as guides to the eye.
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Figure 4.3: Comparison of experimental IRMPD spectrum of Fe +
13 H2O with

the harmonic frequencies for intact (molecular) binding (b), partially dissociated
water (c) and fully dissociated water (d).
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Figure 4.4: Calculated reaction pathway for water adsorption and subsequent lysis
over Fe +

13 . Energies are given in eV, and include zero-point energy corrections.
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second TS involve the transition from molecular water to a partially
and to a fully dissociated water molecule on the surface with energy
barriers of 0.32 eV and 0.73 eV with respect to the reactants, respect-
ively. With such barriers it is indeed not unlikely that (partial) disso-
ciation can take place under the employed near-ambient conditions:
an estimate using a simple Arrhenius term approximation yields at
room temperature a rate constant well within the experimental time
window. To calibrate our results and estimate the influence of our
choice of functional, we repeated the calculations[280] on dissociation
over Fe2. Using the current method, we find the adsorption product
to be exothermic by 0.33 eV, and a barrier towards dissociation of
-0.09 eV with respect to the reaction products i.e., +0.24 eV with
respect to the adsorption product. This value is in excellent agree-
ment with the reported free energy value of 0.27 eV[280] and provides
additional support for the results for Fe +

13 .

Is water dissociation limited to Fe +
13 ? As we have not calculated

the structures of the other cluster sizes, we cannot make any firm
conclusions. However, closer inspection of the spectra in Fig. 2 lead
to two interesting observations. Firstly, we observe a highly regular
pattern in the size dependence of the IR depletion spectra. As we
have no more reason to expect other bands than the water wagging
vibration for other cluster sizes than for Fe +

13 , it does not appear
unreasonable to suspect that dissociation also takes place on other
cluster sizes. Secondly, we note that the IR intensity of the water
bending vibration and that of the band structure α close to 350 cm−1

are decreasing with cluster size, while the γ band is exhibiting the
opposite trend. Both observations are consistent with an increasing
probability for water dissociation as a function of cluster size. These
findings put a new light on our previous work on cobalt clusters,
where a similar progression was observed. There, the dissociation
mechanism was not investigated, but the present findings suggest that
this route should be taken into account as well[136].

In conclusion, we have recorded IR absorption spectra of cationic
iron clusters complexed with water molecules in the 300–1700 cm−1

frequency range using IR-MPD spectroscopy. These data consti-
tute the first experimental IR-MPD spectra of iron-water complexes
where the iron-water intermolecular bonds are probed. Spectra for all
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4 Water dissociation upon adsorption onto free iron clusters is size dependent

iron clusters investigated show that water binds molecularly to iron
clusters by the presence of a band at frequencies characteristic for the
water bending vibration. At the same time, the far-IR part of the
spectra gives evidence for the presence of partly dissociated water on
all cluster sizes studied. DFT calculations for the Fe +

13 cluster suggest
a dissociation pathway that is readily accessible at room temperature.
Our findings are consistent with previous experiments, where dissoci-
ative adsorption was inferred from the loss of D2 upon the adsorption
of two heavy water molecules[264]. That water binds dissociatively to
iron is of course not altogether surprising. For bulk iron surfaces wa-
ter is known to dissociate and to form hydroxyl, and only at elevated
temperatures the water molecule is fully dissociated[86, 104, 113]. It
is important to have established that water dissociates under these
controlled conditions in a molecular beam. What is definitely very in-
teresting is that the ratio of the IR absorption intensities indicate that
there is a clear size dependence, and that dissociation is less likely to
happen for smaller cluster sizes. For catalytic processes, where the
difference between activation and poisoning can be important, such a
size-tunable parameter may be of great importance.
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5
Infrared Spectroscopy reveals deprotonation of

water on manganese oxide clusters

Manganese oxide represents one of the materials of choice in the
quest for versatile, earth-abundant catalysts that facilitate the split-
ting of water. This is inspired by the biological activation and oxida-
tion of water taking place at an inorganic cluster of the stoichiometry
CaMn4O5. We here study the reaction products of the adsorption

of water molecules on Mn2O +
2 and Mn4O +

4 clusters using IR-MPD

spectroscopy. We find that all investigated complexes of Mn2O2(H2O) +
n

(n = 1 - 9) and Mn4O4(H2O) +
n (n = 1 - 7) contain deprotonated wa-

ter with a maximum number of dissociatively bound water molecules
of four. Furthermore, comparison with spin density functional the-
ory calculations leads to the conclusion that increasing the number
of adsorbed water molecules induces structural transformations of the
cluster core from a ring-like to a ladder-like to a cuboidal geometry.
This is highly significant as the latter geometry is also the one that is
found in the biological oxygen evolving complex of photosystem II.1

1This chapter is based on: The Interaction of Water with Free Mn4O
+

4 Clusters: Depro-
tonation and Adsorption-Induced Structural Transformations, Sandra M. Lang, Thorsten M.
Bernhard, Denis M. Kiawi, Joost M. Bakker, Robert N. Barnett, Uzi Landman, Angew. Chem.
Int. Ed. 54, 15113–15117 (2015).
Cluster size and composition dependent water deprotonation by free manganese oxide clusters,
Sandra M. Lang, Bernhard M. Thorsten, Denis M. Kiawi, Joost M. Bakker, Robert N. Barnett,
and Uzi Landman ”Phys. Chem. Chem. Phys. 18, 15727-1573 (2016).
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5 Infrared Spectroscopy of manganese oxide-water clusters

5.1 Introduction

The development of cheap, earth-abundant, and non-toxic materi-
als which may serve as effective and energy efficient catalysts for
the artificial splitting and oxidation of water represents one of the
largest challenges in current catalysis research. In nature, this re-
action is catalyzed by an inorganic tetra-manganese monocalcium
penta-oxygen CaMn4O5 cluster which, together with its protein lig-
ands, forms the oxygen evolving complex (OEC) of the biological pho-
tosystem II, present in green plants, algae and cyanobacteria.[45, 46]
This naturally occurring and thus highly abundant and optimized
catalyst has inspired the preparation of numerous functional synthetic
analogues of the OEC containing bi- and tetra-nuclear manganese-
oxide complexes[29, 128, 129, 179, 272, 282]. Furthermore, solid man-
ganese oxide and calcium manganese oxide materials have been used
as biomimetic water splitting catalysts[175, 180].

Simple catalytic models similar to the catalytic center in the OEC
can be studied experimentally, starting from simple systems and gradu-
ally increasing their complexity in a staged, controlled manner in or-
der to understand the basic concepts of artificial water splitting. In a
first step we have employed a free non-ligated cluster Mn4O

+
4 . Recent

reactivity studies of this Mn4O
+

4 cluster with D16
2O and H18

2O in a
gas phase ion trap apparatus revealed the fast adsorption of multiple
water molecules as well as the facile exchange of the oxygen atom of
the cluster with water oxygen atoms[146, 148]. This provided for the
first time direct experimental evidence for the ability of Mn4O

+
4 to

deprotonate water via hydroxylation of the cluster oxo-bridges.
With IR spectroscopy, deprotonation of water by manganese oxide

clusters can be detected using the HOH bending mode as indicator for
the presence or absence of dissociation. For a free water molecule[244]
this mode has a frequency of 1595 cm−1 while it typically shifts from
this band position for intact water molecules adsorbed on a manganese
oxide cluster. Dissociation of water, on the other hand, will clearly
result in the disappearance of this band[149].

The combination of first-principles calculations and IR spectro-
scopy can provide new fundamental insight into the mechanism and
energetics of the water binding and deprotonation process. Calcula-
tions carried out by Landman and coworker[14, 146, 148, 149] demon-
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5.1 Introduction

strated that water deprotonation on Mn4O
+

4 preferably occurs via a
1,3-hydrogen shift, resulting in the hydroxylation of the Mn-O-Mn
µ-oxo bridges[234]. This limits the number of water molecules that
can dissociate on the cluster to the number of cluster oxo-bridges
that is available. A complicating factor to this respect is that the
co-existence of numerous isomers can alter the number of water mo-
lecules that can be dissociated. In this respect experimental studies
such as the ones that have been performed here are key to elucidate
the presence and spatial structure of such isomers, and thereby fur-
ther the understanding of the deprotonation of water by manganese
oxide clusters. Another issue that should be taken into account is that
calculations of the minimum energy structures have revealed that a
water-induced dimensionality change occurs from a two-dimensional
ring-like ground state structure in the bare Mn4O

+
4 to a cuboidal

tetra-water adsorption complex in Mn4O4(H2O) +
4 [146, 148]. In par-

ticular, a two-dimensional (2D) ring-like structure was found to be
of lowest energy for the bare Mn4O

+
4 cluster with a cuboidal iso-

mer found 24 kJ mol−1 higher in energy. Molecular adsorption of
at least two water molecules changes this spatial structure of the
Mn4O

+
4 cluster core dramatically (Figure 5.4, structures C-F)[146].

The resulting three-dimensional (3D) cuboid comprises µ3-bridging
oxygen atoms similar to the structure of the inorganic core of the
OEC [116, 185, 228] with the H2O molecules bound to the Mn atom
vertices via the oxygen atom. Most interestingly, each minimum en-
ergy structure contains deprotonated water, i.e. the dissociation of
water is exothermic for all Mn4O4(H2O) +

n complexes independent of
the number of adsorbed water molecules. Results of these calculations
are summarized in Figure 5.4.

Here we have engaged in a systematic investigation of a series of
Mn2O2(H2O) +

n , (n=1–9) and Mn4O4(H2O) +
n (n=1–7) complexes us-

ing Infrared Multiple-Photon Dissociation (IR-MPD) spectroscopy in
combination with first principles calculations for Mn4O4(H2O) +

n . In
these studies we determinethe number of water molecules that un-
dergo deprotonation upon adsorption to the clusters. We also invest-
igate how the cluster structure is affected by each subsequent absorp-
tion of water molecules. Reactions of water with transition metal and
metal oxide clusters have been studied previously[61, 71, 147, 206]
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5 Infrared Spectroscopy of manganese oxide-water clusters

but the present study is the first one in which the interaction of water
with metal oxide clusters is probed in detail using vibrational spec-
troscopy. Using the brightness of the FELIX free-electron laser we
have been able to probe the vibrational spectrum of these complexes
down to 200 cm−1.

5.2 Methods

5.2.1 Experimental

Cationic manganese oxide clusters are produced by pulsed laser abla-
tion of a manganese sample rod (Goodfellow, purity 99.99 %) using
the second harmonic of a Nd:YAG laser (532 nm, Brio Quantel, at-
tenuated to approx. 30 mJ per pulse). The sample is rotated and
translated by a stepper motor enabling a homogeneous erosion of the
rod. Ablation takes place in a 4 mm diameter flow tube type cluster
growth channel in the presence of a helium carrier gas seeded with 0.5
% oxygen that is introduced through a pulsed valve. To form com-
plexes of these clusters with water, a mixture of 1 % water vapor in
helium is introduced 60 mm downstream. On exiting the flow reactor
the reaction mixture is expanded into a vacuum (10−7 mbar), thereby
forming a molecular beam. This molecular beam passes through a
2 mm diameter skimmer to enter a differentially pumped vacuum
chamber and is further shaped by a 1 mm aperture upon entering
the extraction region of a reflectron time-of-flight mass spectrometer
in a third vacuum chamber. Here, the clusters interact with the IR
laser beam that is aligned co-linearly, but counter-propagating to the
molecular beam[63]. IR light produced by FELIX (200–1700 cm−1, 1
µs pulse duration)[189] is focused to a waist size of the same order as
the molecular beam, thus ensuring that all detected clusters interact
with it the FELIX beam. The light has a spectral bandwidth that
is kept to 0.3 % of the central frequency. A few µs after interaction
with FELIX, all clusters are extracted by a set of pulsed high voltage
plates into the mass spectrometer and detected with a microchannel
plate detector. To correct for long term source fluctuations, the ex-
periment is operated at twice the FELIX repetition rate, allowing for
the recording of reference mass spectra in between successive FELIX
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pulses. Whenever FELIX is in resonance with a vibrational mode of
a given cluster, the number of MnxOy(H2O) +

n cations detected is de-
pleted due to dissociation of the complex. Since no mass selection is
possible prior to the interaction with the laser, any mass channel can
exhibit depletion (I/I0 <1, where I and I0 represent the intensity with
and without FELIX radiation respectively) due to fragmentation of
the clusters of interest, or growth (I/I0 >1) as larger cluster sizes may
fragment into the channel.

IR resonances are revealed through unimolecular decay, at internal
energies sufficient to overcome the dissociation barrier. These internal
energies typically require the absorption of multiple IR photons, where
the absorbed energy is statistically redistributed over the available
vibrational degrees of freedom through intramolecular vibrational re-
distribution (IVR). The need for absorbing multiple photons possibly
introduces non-linearities. The observed IR intensities thus may de-
viate from the linear IR absorption[194].

5.3 Results and discussion

Mn4O4(H2O) +
n (n= 1–7). The top panel (a) in Figure 5.1 shows

a typical mass spectrum of manganese oxide clusters ranging from
Mn2O

+
2 to Mn5O

+
7 . Peaks assigned to specific MnxO

+
y stoichiomet-

ries are labeled by their composition x,y. Prominent signals observed
are attributed to Mn2O

+
2 , Mn3O

+
3 , Mn3O

+
7 , Mn3O

+
8 , Mn4O

+
6 ,

Mn4O
+

7 and Mn5O
+

7 compositions. From the mass spectrum it
is clearly observable that the signal intensities of species with x >
y are significantly higher than those with y > x . Previous stud-
ies on Mn2O2 demonstrated that species with lower oxygen content
are more stable than their corresponding oxygen rich species. Van
Dijk[248] studied manganese oxide clusters and found an unusual sta-
bility for (MnO)2 series and concluded that MnO or Mn2O2 series
are possible building blocks for manganese oxide. The stability of
manganese oxide clusters with a lower oxygen content has similarly
been demonstrated in thermal dissociation studies on transition metal
oxide clusters by Mafuné et al[143] where they show a considerable
decrease in the intensities of the oxygen rich species due to the loss
of molecular oxygen after post-heating in the extension tube at 1000
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5 Infrared Spectroscopy of manganese oxide-water clusters

K. This post-heating leads to the formation of clusters with a smal-
ler oxygen content suggesting that the excess oxygen atoms are most
likely bonded molecularly to the terminal and not to the bridge site
in the cluster.

Panel (b) displays the mass spectrum obtained when 1 % water
vapor added to helium gas through the second pulsed valve for a
range of Mn4O

+
4 clusters. The total number of water molecules ad-

sorbed on the Mn4O
+

4 cluster is illustrated by the vertical dashed
lines. Here, we observe that under these reaction conditions Mn4O

+
4

adsorbs up to seven water molecules to form Mn4O4(H2O) +
n (n=1–

7) complexes. In panel (c) a highlighted portion of the spectrum in
panel (b) illustrates the mass composition corresponding to different
manganese-oxide-water complexes around the Mn4O4(H2O) +

n com-
plex. Despite the complexity of the mass spectrum, every single mass
peak can be uniquely identified.
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+
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Figure 5.1: Product distributions of (a) bare MnxO +
y clusters produced in a

laser vaporization source (b) complexes of MnxOy(H2O) +
n formed upon addition

of water vapor to the helium in the flow channel. The vertical lines correspond to
the mass peaks of Mn4O4(H2O) +

n (n = 0-7) complexes. Panel (c) MnxOy(H2O) +
n

displays an enlarged portion of panel b. Peaks marked by an asterisk in panel (a)
indicate the formation of complexes with water by uptake of residual water vapor
in the vacuum chamber.

The addition of water lowers the overall signal intensities of all
the bare manganese oxide clusters as expected. With lower doses
of H2O, Mn4O4(H2O) +

1 to Mn4O4(H2O) +
3 clusters are produced in
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appreciable quantities. Surprisingly, the signal intensities of some
of the oxygen-rich species (3,8; 3,9; 4,8; 4,9; 4,10) completely dis-
appear when water is added. We speculate that the adsorption of
water by these cluster releases energy that is sufficiently high to
cause desorption of weakly bound excess O2. In order to understand
the bonding nature of the water molecules and possible structural
changes associated with the addition of multiple waters as previously
predicted[146, 148], we recorded the IRMPD spectra of selected man-
ganese oxide clusters.

The IRMPD spectra obtained for different Mn4O4(H2O) +
n , (n =

1-7) clusters in the spectral range of 300–1700 cm−1 are shown in
Figure 5.2. The depletion spectra are presented as the change of the
mass peak intensity ratio (I/I0) upon laser irradiation as a function
of the frequency, where I and I0 represent the intensities with and
without laser light, respectively. If the light is not resonant with a
vibrational transition of the cluster, no fragmentation occurs and the
ratio is 1. Resonant absorption of IR photons leads to fragmentation
of the complex which results in I/I0 < 1 and a depletion in the IR-
MPD spectrum. Conversely, I/I0 values larger than 1 (gain) indicate
that the current mass represents a fragmentation product of larger
MnxOy(H2O) +

n clusters which are present in the experiment at the
same time.

The IRMPD spectra in this series exhibit clear resonances in the
measured spectral range with widths of several tens of cm−1, which
is indicative of a multiple-photon excitation process as suggested in
previous experiments[136, 194]. The most characteristic vibration
in the studied spectral region as shown above is the HOH bend-
ing mode of molecularly bound water at 1550 – 1700 cm−1. We
observe no depletion (I/I0 < 1) signal for the smallest three wa-
ter complexes Mn4O4(H2O) +

1-3 in this region. This demonstrates
that the first three water molecules are deprotonated, i.e, they ad-
sorb dissociatively on the cluster. In contrast, all larger water com-
plexes Mn4O4(H2O) +

n (n = 4–7) exhibit activity in the spectral re-
gion characteristic for the HOH bending vibration, indicating that
intact water molecules are bound to these clusters. In the case of
Mn4O4(H2O) +

4 , a double peak structure is detected at 1590 – 1680
cm−1. This structure is caused by an overlap of a depletion sig-
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Figure 5.2: Experimental IR-MPD spectra of the hydrated clusters
Mn4O4(H2O) +

n , showing the mass signal intensity ratio with and without laser
light I/I0 as a function of the laser wavenumber ν.

nal due to the resonant fragmentation of this complex at a cen-
ter frequency of 1624 cm−1 with a broader gain signal due to the
fragmentation of Mn4O4(H2O) +

5 via loss of H2O. The depletion of
Mn4O4(H2O) +

4 via loss of H2O at 1624 cm−1 is mirrored by the ob-
served gain signal for Mn4O4(H2O) +

3 . Mn4O4(H2O) +
4 thus represents

the smallest complex with an HOH bending vibration. The HOH
band center for all the larger clusters Mn4O4(H2O) +

5-7 shifts from
1619 cm−1 for Mn4O4(H2O) +

5 and Mn4O4(H2O) +
6 to 1625 cm−1 for

Mn4O4(H2O) +
7 while the signal width broadens from a full width at

half maximum (FWHM) of 24 cm−1 for Mn4O4(H2O) +
5 to 50 cm−1
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for Mn4O4(H2O) +
7 . This signal broadening could be caused by differ-

ences in the binding of water molecules and the presence of different
isomers may might absorb at slightly different frequency.

Below 1500 cm−1 the spectra exhibit clear resonances with two
sharp bands centered at 756 and 691 cm−1 and a broad band be-
low 500 cm−1 for all the Mn4O4(H2O) +

3-7 complexes. Their signal-
to-noise ratio is much lower compared to the bending mode region;
nevertheless, the spectral features are still clearly visible. The two
sharp bands centered at 756 and 691 cm−1 disappear and a broad
band centered at 710 cm−1 appears as the number of adsorbed water
increases. From Mn4O4(H2O) +

4 two new peaks centered around 826
and 791 cm−1 appear and broaden with increasing water molecules.
The broadening of the bands with increasing number of water mo-
lecules in the cluster complex might indicate the presence of several
isomeric structures that contribute to the observed signals.

In the bending mode region (1700–1500 cm−1) we observe that
fragmentation occurs through the loss of one water molecule. In the
1500–300 cm−1 range the losses are more complex and the loss of
water as well as Mn, O or MnO subunits as fragmentation chan-
nels are all possible. Therefore in order to understand and inter-
pret the experimental spectra in this spectral range, theoretical cal-
culations are necessary. Our comparison with theory is based on
spin-density-functional-theory (SDFT) calculations on structures for
Mn4O4(H2O) +

n (n = 1-7).

For a more detailed discussion of the IR-MPD spectra we will fo-
cus in the following on two selected examples, Mn4O4(H2O) +

4 and
Mn4O4(H2O) +

6 . The left column of Figure 5.3 displays the exper-
imental IR-MPD spectrum of Mn4O4(H2O) +

4 (top panel) together
with the calculated vibrational spectra of different isomers. The
theoretically predicted minimum energy structure (4-a) consists of
a three-dimensional cluster core comprised of an open cube Mn3O4

unit (with one vertex missing) and the fourth Mn atom coordinated
to the open cube via one of the corner oxygen atoms. This is sim-
ilar to structure 3-a in Figure 5.4 with an additional oxygen atom
and an additional hydroxyl group resulting from the dissociation of
the fourth water molecule. The first two isomers are 30 kJ mol−1

(4-b) and 37 kJ mol−1 (4-c) higher in energy. Both isomers show a
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5 Infrared Spectroscopy of manganese oxide-water clusters

similar structural motif of the cluster core as 4-a, but they contain
one and two intact water molecules, respectively. Isomeric structures
comprising a distinct cuboidal Mn4O4 cluster core are even higher in
energy (65 kJ mol−1 for 4-d and 91 kJ mol−1 for 4-e). Common to
all structures with molecularly adsorbed H2O is that the intact water
molecules bind via coordination of the O atom to a Mn atom and an
H-bond to a neighboring OH group to form an H3O2 subunit.

Wavenumber (cm-1)
400 800 1200 1600

Wavenumber (cm-1)
400 800 1200 1600

Figure 5.3: IR-MPD spectra as well as calculated vibrational spectra of isomeric
structures of Mn4O4(H2O) +

4 (left column) and Mn4O4(H2O) +
6 (right column).

The calculated stick spectra were convoluted with a Gaussian line shape function
with a FWHM of 20 cm−1. In the structural models, Mn, O, and H atoms are
depicted as purple, red, and white spheres, respectively.

To explore whether the observed spectra can be assigned to spe-
cific calculated structures, we make the following observations. The
calculated vibrational spectrum for each isomer shows a number of
features below 600 cm−1 in agreement with the broad band observed
experimentally (labeled I in Figure 5.3, left column). Bands in this
region correspond to librations/rotations of the adsorbed water mo-
lecules. The broad, unstructured nature of this band makes it difficult
to draw any firm conclusions. The bands labeled II and III between
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5.3 Results and discussion

650 cm−1 and 900 cm−1 are more diagnostic. The absence of any
predicted band in this region appears to rule out isomer 4-e. Among
the other isomers, the calculated spectral features of isomer 4-b are in
most favorable agreement with bands II and III of the experimental
spectrum.

The water bending mode spectral region (band IV) is a second dia-
gnostic. The minimum energy isomer (4-a) contains only dissociated
water and thus does not exhibit a mode in this region. In contrast, all
other predicted isomers bind at least one intact H2O molecule which
is reflected by the appearance of an HOH bending mode. Experi-
mentally, the mode is observed at 1624 cm−1, in perfect agreement
with the predicted mode for isomer 4-b at 1621 cm−1. Interestingly,
isomer 4-b can be obtained by the removal of an intact H2O molecule
from the Mn4O4(H2O) +

5 isomer with -663 kJ mol−1 (see Figure 5.4).
This process is portrayed in Figure 5.2 by the correlated depletion at
1621 cm−1 for n = 5 with the enhancement in n = 4. Isomer 4-c, with
two intact water molecules, has two predicted water bending modes
in this region, but the experiment shows no sign of a doublet deple-
tion structure (since loss of one water molecule represents the only
fragmentation channel after absorption of light in the HOH bend-
ing mode region this would also be readily visible in the gain in the
Mn4O4(H2O) +

3 channel shown in Figure 5.2). Less intense predicted
features in the calculated spectra of isomers containing intact water
between 1050 cm−1 and 1300 cm−1 are not visible in the experiment;
if present, they are obscured by a gain (I/I0 >1) since Mn4O4(H2O) +

4

appears to be a fragmentation product of a larger cluster complex in
this frequency range.

Thus, among the first five lowest energy structures of Mn4O4(H2O) +
4

the calculated vibrational spectrum of isomer 4-b with an open cuboidal
structure exhibits the most favorable agreement with the experimental
IR-MPD spectrum. We can explicitly not rule out the presence of the
minimum energy isomer 4-a, which exhibits a similar structural motif,
as it does not possess any diagnostic band that distinguishes it from
other isomers. On the same grounds, we cannot rule out the presence
of isomer 4-d with two activated water molecules, either; the contri-
bution from this isomer could be responsible for the observed (small)
depletion centered around 1450 cm−1. The coexistence of several iso-
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5 Infrared Spectroscopy of manganese oxide-water clusters

mers is not unlikely in the present experimental approach, in which
the Mn4O4(H2O) +

n complexes are formed under high pressure con-
ditions and quenched in the subsequent supersonic expansion. Thus,
the stabilization of a higher-energy isomer is possible as has been
demonstrated previously for other systems[62, 132].

Mn4O4(H2O) +
6 is the smallest complex for which a complete cuboidal

minimum energy structure has been predicted (6-a in Figure 5.4). The
right column of Figure 5.3 shows the experimental IR-MPD spec-
trum (top panel) together with the calculated vibrational spectra of
the minimum energy structure (6-a) and the first three higher-energy
isomers (6-b to 6-d). Structures 6-a and 6-b (+32 kJ mol−1) both
contain a cuboidal Mn4O

+
4 cluster core with fully hydroxylated µ3-

oxo bridges. Isomers 6-c and 6-d are 45 kJ mol−1 and 50 kJ mol−1

higher in energy, respectively, and have an open cube unit similar
to the lowest energy isomers of Mn4O4(H2O) +

4 and Mn4O4(H2O) +
5 .

In 6-c, all oxo bridges are hydroxylated, whereas 6-d contains two
non-hydroxylated bridges.

For the Mn4O4(H2O) +
6 complex, the calculated vibrational spec-

tra of all isomers show numerous modes below 600 cm−1 as well as
between 600 cm−1 and 850 cm−1 corresponding to librations/rotations
of the adsorbed water molecules. These bands are all in nice agree-
ment with the broad feature I and the signals II and III observed
experimentally. Above 850 cm−1, the calculated spectra exhibit few
distinct signals while the experimental spectrum has another broad
signal band (IV). Most interestingly, the experimental HOH bending
mode (V) is found at 1619 cm−1 which agrees with the corresponding
modes of the cuboidal minimum energy structure 6-a at 1621 cm−1

and 1633 cm−1. Due to the spectral width of experimental band V
these two signals are not clearly distinguishable. For isomer 6-b two
modes at 1560 cm−1 and 1625 cm−1 are predicted. While the lat-
ter mode may also be in agreement with the experimentally observed
HOH bending mode, there is, however no indication of the first more
intense mode in the IR-MPD spectrum. In contrast, the HOH bend-
ing modes of isomer 6-c are blue shifted to 1681 cm−1 and 1703 cm−1,
respectively, which represents the edge of the detection range. Isomer
6-d has four intact H2O molecules and consequently four HOH bend-
ing modes: a red shifted doublet at 1599 cm−1 and 1601 cm−1 and a
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blue shifted doublet at 1643 cm−1 and 1658 cm−1. The IR-MPD spec-
trum appears agrees best with the theoretically predicted cuboidal
minimum energy structure 6-a, with likely contributions from higher-
energy isomers accessible under the non-equilibrium conditions pre-
vailing in the supersonic expansion experiment. The accuracy of the
isomer-ordering has been verified with the inclusion of van der Waals
interactions in the DFT calculations.

Figure 5.4: Calculated binding energies of n water molecules to Mn4O +
4 for

the two lowest (except for Mn4O4(H2O) +
7 ) energy isomers (denoted as energy

difference ∆E with respect to the bare ring-like Mn4O +
4 cluster) as well as the

corresponding structures. Mn, O, and H atoms are depicted as purple, red, and
white spheres, respectively. Calculations presented here were carried out by Uzi
Landman and coworker. Figure adapted from Ref. [146]

In addition to the assignment of the experimental spectra, the cal-
culated binding energies (horizontal lines) of up to seven water mo-
lecules as well as the corresponding geometric structures for the two
lowest energy isomers Mn4O

+
4 are summarized in Figure 5.4. Regard-

less of the number of adsorbed water molecules, all minimum energy
structures (labeled 1-a to 7-a) contain deprotonated water. Thus, the
smallest complexes Mn4O4(H2O) +

1-4 have one to four deprotonated
water molecules while the larger complexes Mn4O4(H2O) +

5-7 contain
four dissociatively and (n-4) molecularly adsorbed H2O molecules. In
contrast, all higher-energy isomers (with the exception of 1-b) bind
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5 Infrared Spectroscopy of manganese oxide-water clusters

at least one intact water molecule.

Importantly, our studies indicate that the Mn4O
+

4 cluster core
undergoes a structural evolution upon adsorption of multiple water
molecules. The bare cluster (0-a) has a ring-like geometry (2D) which
transforms to a ladder-like structure after dissociative adsorption of
the first water molecule (1-a). Upon adsorption of a third water mo-
lecule the ladder-like structure changes into a three-dimensional (3D)
cluster core comprising a Mn3O4 unit which forms an open cube (with
one vertex missing) and the fourth Mn atom coordinated to the open
cube via one of the corner oxygen atoms and an additional oxygen
atom (3-a). This structural motif is retained for the adsorption of a
total of five water molecules. Upon adsorption of a sixth H2O a final
structural change to a cuboidal geometry (6-a) is observed which rep-
resents the minimum energy geometry for all larger water complexes.
This behaviour shows that the Mn4O

+
4 cluster is structurally highly

fluxional. This is in agreement with previous reactivity studies with
H18

2O which demonstrated the facile exchange of cluster oxygen atoms
with water oxygen atoms since also this process requires the opening
of the cluster structure and thus, a high structural fluxionality[148].
The resulting 3D cuboid comprises µ3-bridging oxygen atoms similar
to the structure of the inorganic core of the OEC [185, 228] with the
H2O molecules bound to the Mn atom vertices via the oxygen atom.

Based on the analysis of Mn4O4(H2O) +
n (n = 1-7) we extend

our investigation to Mn2O
+

2 clusters, which have also been studied
previously[37, 39, 146, 182, 192].

Mn2O2(H2O) +
n (n= 1–9).The mass spectrum of manganese ox-

ide clusters complexed with water molecules, is shown again in panel
a) of Figure 5.5. We now focus on the adsorption of water on Mn2O

+
2 .

The relevant region of the mass spectrum is shown in panel b). The
total number of water molecules adsorbed on the Mn2O

+
2 cluster is il-

lustrated by the vertical dashed lines. Here, we observe that Mn2O
+

2

adsorbs up to 9 water molecules to form Mn2O2(H2O) +
n (n=1–9)

complexes. In panel (c) a highlighted portion of the spectrum illus-
trates the mass composition corresponding to different manganese-
oxide-water complexes around the Mn2O2(H2O) +

n complex.

The IRMPD spectra recorded on mass signals corresponding to
the different water complexes of the this series in the spectral range

88



5.3 Results and discussion

2 0 6 2 0 8 2 1 0 2 1 2 2 1 4 2 1 6 2 1 8

3 , 2 , 1

2 , 2 , 4

3 , 3 , 0
2 , 3 , 3

4 , 4
4 , 3

4 , 5
4 , 6 4 , 7

4 , 8

5 , 5

2 , 4 , 2

1 4 0 1 6 0 1 8 0 2 0 0 2 2 0 2 4 0 2 6 0 2 8 0 3 0 0 3 2 0 3 4 0 3 6 0 3 8 0 4 0 0

m / z

( a )  M n x O y
+

( c )  M n x O y ( H 2 O ) +
n      ( x , y , n )

98765432

3 , 93 , 2

3 , 3
3 , 4

3 , 5 3 , 6

3 , 7 3 , 8

n = 0 1
( b )  M n 2 O 2 ( H 2 O ) +

n

1 4 0 1 6 0 1 8 0 2 0 0 2 2 0 2 4 0 2 6 0 2 8 0 3 0 0 3 2 0 3 4 0 3 6 0 3 8 0 4 0 0
**********

* 4 , 1 0

5 , 7

5 , 64 , 9

2 , 2

2 , 3

2 , 4
2 , 5 2 , 6

Figure 5.5: Product distributions of (a) bare MnxO +
y clusters produced in a

laser vaporization source (b) MnxOy(H2O) +
n complexes formed upon addition

of water vapor to the helium in the flow channel. The vertical lines correspond
to the mass peak of Mn2O2(H2O) +

n (n =0-9) complexes. Panel (c) displays an
enlarged portion of panel (b).

of 300–1700 cm−1 are displayed in Figure 5.6. In the water bending
mode region IR spectra recorded on the masses of Mn2O2(H2O) +

1-3 do
not exhibit any depletion signal (I/I0 <1). This indicates that the first
three water molecules are not bound intact but are dissociated (depro-
tonated) on Mn2O

+
2 . In contrast, the spectrum of Mn2O2(H2O) +

4 in
the same region shows a double peak structure which might be caused
by an overlap of a depletion signal and a gain signal. On the one hand,
Mn2O2(H2O) +

4 absorbs light and fragments at a center frequency of
1630 cm−1 (with a FWHM of 23 cm−1) via loss of one water molecule.
This fragmentation process is reflected by a gain signal at the mass of
Mn2O2(H2O) +

3 . On the other hand, Mn2O2(H2O) +
4 is a fragmenta-

tion product of water loss from Mn2O2(H2O) +
5 . The Mn2O2(H2O) +

5

complex absorbs at a center frequency of 1624 cm−1 (FWHM 15 cm−1)
which manifests itself in the recorded spectrum for Mn2O2(H2O) +

4 as
an increase in the center of the depletion band.

The IRMPD spectra of all the larger complexes Mn2O2(H2O) +
5-9

in this region exhibit a clear feature at center frequency of 1612
cm−1, 1608 cm−1, 1612 cm−1, and 1614 cm−1, respectively, indicat-
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Figure 5.6: Experimental IR-MPD spectra of Mn2O2(H2O) +
n (n = 1-9) complexes

in the spectral region of 1700–200 cm−1.

ing that these complexes contain at least one intact water molecule.
Thus, Mn2O2(H2O) +

4 represents the smallest complex which exhibits
a mode corresponding to an HOH bending mode. Furthermore, the
spectra show that the band width (FWHM) broadens with increasing
water content from values smaller than 30 cm−1 for Mn2O2(H2O) +

4-6

to about 70 cm−1 for Mn2O2(H2O) +
8,9 .

The IR-MPD spectra of Mn2O2(H2O) +
3-9 exhibit clear resonances

in the 200–1500 cm−1 spectral range. Mn2O2(H2O) +
3 is thus the

smallest complex with an IR-MPD spectrum in this range. Com-
plexes smaller than these show no depletion in this spectral range
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due to high dissociation threshold. The spectrum of Mn2O2(H2O) +
3

shows four bands centered at 771, 686, 597 and 447 cm−1. Starting
from Mn2O2(H2O) +

4 the band at 686 cm−1 becomes a doublet and a
new band at 841 cm−1 appears while the band around 400 cm−1 is
seen to broaden. The general trend observed for the Mn2O2(H2O) +

3-9

complexes is a broadening with increasing number of water molecules
in the cluster complex. This again may indicate the presence of sev-
eral isomeric structures that contribute to the observed signals.

Since Mn2O
+

2 has two oxygen atoms it can be expected that at
most two Mn-oxo-bridges can be formed. Based on the observa-
tions and conclusions from the Mn4O

+
4 cluster one would expect

that the maximum number of water molecules that can dissociate
on this cluster to be two; i.e, the Mn2O2(H2O) +

2 is expected to be
the largest complex that does not show any H2O bending vibrations.
The dissociation of the third water on Mn2O

+
2 triggers the question

if the oxygen or the manganese is relevant for this dissociation. In
the case of Mn2O

+
2 there is a limited number of oxygen atoms relev-

ant for the formation of the Mn-oxo-bridges. Theoretical calculations
on similar systems have suggested the formation of the H3O2 sub-
unit formed by a hydroxylated cluster oxygen atom and an intact
water molecule[148, 149]. The formation of this H3O2 subunit in-
fluences significantly the vibrational frequency of the water bending
mode and leads to a shift to 1693 cm−1 which is at the edge of the
measured range and might not be detectable in the IR-MPD spec-
trum. This conclusion is based on a similar phenomenon observed for
Mn4O4(H2O) +

n series.

5.4 Conclusions

In this contribution we report on a comprehensive experimental and
theoretical investigation of the water deprotonation on free manganese
oxide clusters. Using infrared multiple-photon dissociation spectro-
scopy in combination with first-principles spin density functional the-
ory calculations of Mn4O4(H2O) +

1-7 series allows for the identification
of general concepts which describe the interaction of water with man-
ganese oxide clusters.

Our studies have provided direct evidence for the splitting of the
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5 Infrared Spectroscopy of manganese oxide-water clusters

O-H bond of water through hydroxylation of Mn-O-Mn µ-oxo bridges
which is central to the interaction of water molecules with free Mn4O

+
4

and Mn2O
+

2 clusters. Water deprotonation already occurs for the first
H2O molecule interacting with the cluster and continues for all sub-
sequent water adsorption reactions until all available µ-oxo-bridges
are hydroxylated. Additional water molecules are bound molecularly
with a preference for the formation of hydrogen-bridge-bound H3O2

units involving the hydroxylated µ-oxo-bridges. Due to the deproton-
ation via oxo-bridge hydroxylation, the number of deprotonated water
molecules is limited by the number of available cluster oxo-bridges.

The absorption of water molecules induces significant structural
and dimensionality transformations of the cluster core. In Mn4O4(H2O) +

n

with n ≥ 3 open-cuboidal-like cluster structures emerge, while for n
≥ 6 the Mn4O

+
4 cluster core attains a closed cuboidal structure of

comparable geometry to the active manganese-oxide-based center in
the natural OEC of PSII. This is particularly interesting, since the
natural cluster is additionally stabilized by carboxylate groups[228],
and thus the nature of the ligands appears not to be crucial for the
cluster geometry. This further supports our conclusion[146] that free
Mn4O4(H2O) +

n complexes bring forth suitable model systems which
are closely related to the biological OEC while still being simple
enough to provide molecular level insight into the interaction with
water.
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6
IR-MPD spectroscopy of cationic aluminum

oxide clusters

There is growing evidence for the presence of Al2O3-aluminum oxide
grains in space, but their formation pathway from atomic constituents
is unclear. Here, we study the formation of cationic aluminum ox-
ide clusters in the laboratory using laser ablation of solid aluminum
in the presence of gaseous O2. The thermal energies in the ablation
process lead to the presence of a mixture of isolated aluminum and
oxygen atoms, as well as oxygen molecules that aggregate to form alu-
minum oxide clusters in various compositions. The formed clusters
are studied using mass-spectrometry and, to investigate their stabil-
ity and structure, IR-multiple photon dissociation (IR-MPD) spectro-
scopy. Under the current conditions production of clusters containing
a substantially higher O than Al content are favored. Irradiation by
IR light is shown to lead to wavelength-dependent fragmentation of
O-rich clusters into lower O containing clusters. Strong similarities
in the spectral dependence of the fragmentation of each cluster size
allows us to identify several families of formed species. From the
spectral signatures, and especially the presence of bands close to the
molecular oxygen stretching vibration near 1500 cm−1, we conclude
that the species consist of a relatively stable AlmOn core which is com-
plexed with molecular oxygen. The stable core compositions identified
here are Al3O +

4 , Al3O +
7 , Al4O +

6 , and Al4O +
7 . The IR-MPD spec-

tra of the various AlmO +
n species are well-resolved and can be used to
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6 IR-MPD spectroscopy of cationic aluminum oxide clusters

identify the structures of the clusters through comparison with Density
Functional Theory (DFT) calculations.1

1Adapted from: Denis M. Kiawi, Joost M. Bakker, Jos Oomens, Wybren Jan Buma, Zahra
Jamshidi, Lucas Visscher, and L. B. F.M. Waters “IR-MPD spectroscopy of cationic aluminum
oxide clusters” to be submitted
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6.1 Introduction

There is growing evidence for the presence of solid aluminum bearing
oxides, and in particular Al2O3, in the circumstellar environment of
stars, and, as a consequence, also in interstellar space. This evidence
is based on remote sensing (spectroscopy) of the immediate environ-
ment of stars, and on the analysis of isotopically anomalous grains in
unequilibrated meteorites.

At the end of stellar evolution, solar mass stars become lumin-
ous red giants and develop an extended, molecular atmosphere and
stellar wind. These stellar winds are important for the chemical en-
richment of galaxies, but are also relevant for stellar evolution because
they strongly influence the late phases of the evolution of solar type
stars; e.g. mass loss determines the ultimate end product of low
mass stars (white dwarfs). In the extended molecular atmosphere
the conditions for the condensation of refractory solids are favorable.
Depending on the gas-phase C/O ratio in the atmosphere, an O-rich
or C-rich chemistry develops. Aluminum oxide grains are detected in
the mid-infrared (10-20 µm) spectra of oxygen-rich red giants [193],
where a prominent, broad (width about 3 µm) vibrational resonance
of amorphous Al2O3 is identified. The identification is based on labor-
atory spectra of cosmic dust analogues. Often the 11 µm band is ac-
companied by an additional narrow (< 1 µm) emission band at 13 µm,
whose identification is debated [200] but could be due to crystalline
Al2O3 [237, 279].

Strong evidence for the presence of Al2O3 grains in space comes
from isotopically anomalous presolar grains [187]. These are found
in unequilibrated meteorites and can be extracted using various tech-
niques (see e.g. [235]). The non-solar isotopic composition of oxygen
allows oxides such as Al2O3 to be identified and extracted. The iso-
topically anomalous grains must have survived the formation of the
solar system from the proto-solar nebula, and are therefore produced
by generations of stars that existed before the sun was born. The
majority of presolar Al2O3 grains can be traced to oxygen-rich red
giants (e.g.[183, 186, 187]). This is based on evolutionary models for
such stars, that take into account the modification of the 16O, 17O
and 18O abundances due to nuclear burning. The surface chemical
composition is imprinted into the solids that condense. Both crystal-
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line and amorphous Al2O3 presolar grains are identified. Other stellar
sources of presolar Al2O3 grains are supernovae[187].

The very high condensation temperature of Al-bearing oxides sug-
gests that they condense very close to the star, and can therefore play
an important role in the dynamics of the stellar wind. This is because
dust grains absorb stellar photons and their associated momentum,
providing an outwards directed force that can overcome gravity.

The detailed chemical pathway to solid Al2O3 is still unclear. How-
ever, the fundamental gas-phase building block for Al-bearing oxides
is believed to be AlO (e.g.[36, 202]). Indeed, AlO has been detec-
ted in the envelope of an evolved star [127, 240]. These monomers
could then grow through cluster formation [36] to macroscopic grains
that are detectable in the mid-infrared. Stable clusters that may play
a role are Al4O6 and Al6O9 [161]. The aim of this paper is to fur-
ther clarify the chemical pathways to Al2O3 formation through the
production and characterization of aluminum oxide clusters.

There exists a close analogy between interstellar conditions, where
species are formed by encounters of atomic or molecular species and
those in laser ablation sources for the formation of metal or metal-
oxide clusters in the laboratory. In the latter, materials are formed
through the rapid evaporation of (mostly solid) precursor materials
to form gas-phase atoms, followed by reactive collisions, mediated by
thermalizing collisions with helium atoms. While such thermalizing
collisions are at odds with interstellar conditions, they can be con-
sidered a mimick for the radiative cooling processes at astrochemical
time scales. As such, the laser ablation source forms the first products,
nanometer or smaller sized clusters which can be considered as the
building blocks for larger particles, and, eventually, for bulk materials.

Aluminum oxide clusters formed through laser ablation have been
widely studied in the past using mass-spectrometry[138, 158, 165],
IR spectroscopy[214, 221, 256], as well as through quantum-chemical
methods[49, 202, 216, 268] for their omnipresence in catalytic sub-
strates. In these studies, the stability[4, 30], reactivity[6, 42, 80, 123,
124, 126, 212] and electronic structure[49, 229, 269] of the clusters
have been probed. Structural information about selected AlO clusters
was obtained by Asmis and co-workers, who used a combination of
infrared (IR) spectroscopy and density functional theory calculations
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to study (Al2O3)nAlO+ clusters, concluding that these possess con-
ical structures. Their study was carried out in an ion trap, where
mass-selected clusters were complexed with weakly bound He atoms.
Resonant IR irradiation led to fragmentation and loss of the He ad-
duct. Since the binding of He atoms is very weak and their influence
on the structure is considered negligible, fragmentation spectra ob-
tained for the complexes are thought to be very similar to those of
the bare clusters. The choice of the (Al2O3)nAlO+ species was based
on IR spectroscopic studies by Van Heijnsbergen et al[250], where,
upon the resonant absorption of multiple IR photons by neutral alu-
minum oxide clusters, especially (Al2O3)nAlO+ cations were observed,
indicating an exceptional stability.

Experimental studies aimed at understanding the formation route
of solid Al2O3 in space have been performed in the lab using differ-
ent formation techniques such as (a) the use of a carrier gas mixture
of 1 % O2 and (b) through the injection of a gas mixture consist-
ing of 1 % O2 via the reaction channel valve after the laser ablation
stage[42, 123, 211]. In the latter technique, molecular adsorption of
O2 is mostly favored. Arakawa and co-workers[6] studied the reaction
of size-selected cationic Aln (n=1–14) clusters with O2 in the pres-
ence of H2O. In this study, they observed that when O2 and H2O
are present simultaneously, Al +

2 reacts with water rather than with
O2 to form Al2O

+. This is followed by a subsequent adsorption of
O2 to form stable Al2O

+
3 . This reaction did not show any traces of

aluminum monoxide (AlO) which is believed to be the building block
of aluminum oxide grains in space[36] leaving the puzzle about the
formation pathway of Al2O3 in space still unsolved. In a similar study,
Kaldor and co-workers[42] studied the possibility of the formation of
stable aluminum oxide clusters through the reaction of bare cationic
aluminum clusters towards O2 and found a high reactivity towards O2

for the atom and the dimer, but a sharp decrease for the Al +
3 cluster.

From n=3, the reactivity increases with increase in cluster size up to
n=25, where the reactivity is again equal to that of the dimer. This
is in agreement with with the theoretical work of Anderson et al[97] ,
where they predicted that aluminum dimer is highly reactive towards
O2, compared to the trimer which is nonreactive.

Computationally, aluminum oxide clusters have been addressed in
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a series of theoretical studies ranging from the simplest aluminum
oxide molecules such as AlO and Al2O to larger species (Al8O12)[49,
202, 216, 268]. The general picture emerges that the lowest energy
structures contain a four- or six-membered rings of aluminum atoms
with a two- and threefold coordinated oxygen atom in the ring, re-
spectively.

In this paper we present an experimental IR spectroscopic study
of aluminum oxide clusters cations formed by laser ablation in a mo-
lecular beam environment. By irradiating all clusters that are formed
and evaluating the mass-distribution with and without irradiation as
well as the spectral fragmentation and growth propensities, we are
able to identify relationships between certain ’families’ of clusters.
We will show that these consist of a relatively stable aluminum oxide
cluster, complexed with molecular oxygen molecules. As a result we
are able a) to identify the most stable fragment (i.e., we anneal the
cluster distribution found) and b) obtain a spectral signature for these
’core’ elements through IR-induced depletion spectroscopy with loss
of molecular oxygen as a probe. Apart from obtaining a spectrum
for Al3O

+
4 ·O2, which allows us to compare spectra for molecular

oxygen-tagged clusters to helium-tagged ones as reported by Asmis
et al[214], we record spectra for four other AlO building blocks. We
compare these spectral signatures to those from Density Functional
Theory (DFT) calculations for several trial structures for a complete
structural identification of the stable core structures.

6.2 Experimental details

Aluminum oxide clusters have been studied in a molecular beam en-
vironment using an experimental instrument that is coupled to the
Free Electron Lasers for IR Experiment (FELIX)[189]. Aluminum
oxide clusters are generated using a laser ablation source operating
at 10 Hz. A Nd:YAG laser (second harmonic, 532 nm, 10 ns) ablates
material from an aluminum rod (Sigma Aldrich, 99.99 % purity) in
the presence of a pulse of helium buffer gas, which is seeded with 0.5
% oxygen. Through collisions aluminum oxide clusters are formed in
a channel where the mixture is contained. At the end of the chan-
nel the gas mixture expands into vacuum forming a molecular beam.
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The molecular beam passes through a 2 mm diameter skimmer (Beam
Dynamics, Inc., model 2) to enter a differentially pumped vacuum
chamber and is further shaped by a 1 mm aperture upon entering
the extraction region of a reflectron time-of-flight mass spectrometer
(R.M. Jordan TOF products, Inc.) in a third vacuum chamber. Here,
the clusters interact with the IR laser beam that is aligned colinearly,
but counter-propagating to the molecular beam. The focus of the IR
beam lies about 25 mm before the extraction point, having a dia-
meter of the same order as the molecular beam, thus ensuring that
all extracted clusters actually interacted with the IR laser beam.

FELIX produces intense IR light in the 66–3600 cm−1 spectral
range; for the current experiments, the range of 500–1600 cm−1 has
been used. The FELIX pulse structure consists of a pulse train (a
macropulse) of 10 µs duration operating at a repetition rate of 5
Hz. The macropulse itself is a high-repetition (1 GHz) series of pico-
second duration laser pulses, so-called micropulses. The micropulses
are transform-limited with a spectral bandwidth that can be adjus-
ted to 0.2-1 % RMS of the central frequency; in the current work
the bandwidth was kept at 0.3 %. Typical macropulse energies used
range from 10-25 mJ.

A few µs after interaction with FELIX, all cationic aluminum oxide
clusters are extracted by a set of pulsed high voltage plates into the
mass spectrometer and detected with a microchannel plate detector.
Whenever FELIX is in resonance with a vibrational mode of a given
cluster, fragmentation can be induced leading to the depletion of the
number of detected AlnO +

m cations. By varying the FELIX frequency
ν and recording the number of AlnO +

m cations a depletion spectrum is
obtained. The experiment is operated at twice the FELIX repetition
rate, allowing for the recording of reference mass spectra in between
successive FELIX pulses that serve to correct for long-term cluster
production fluctuations.

The density functional theory (DFT) calculations reported here
have been performed using the 2014 version of the Amsterdam Dens-
ity Functional package (ADF2014)[2, 68, 239]. Geometries and vi-
brational frequencies of aluminum oxide clusters were calculated by
submitting structures found in literature fully optimized using density
functional methods. We performed DFT calculations on bare Al3O

+
4 ,
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6 IR-MPD spectroscopy of cationic aluminum oxide clusters

Al4O
+

6 and Al4O
+

7 using the initial starting structures of the low-
est energy conformers according to previous studies[202]. Once the
stable geometry for the bare cluster was established, molecular O2

was added at several trial positions and the geometry reoptimized. In
order to compare the performance of several well-known functionals in
the ADF package the equilibrium structure and vibrational frequency
of Al3O

+
4 cluster have been obtained using PBE[59], PBE0[59, 84],

OPBE[232], and B3LYP[227] functionals. Results obtained with these
functionals are compared with previous ab-initio calculations on this
cluster. Based on these calculations the PBE0 functional has been
chosen for bigger clusters and the quadruple-zeta-type with four po-
larization function (Q4ZP) basis set[251] from the ADF basis set lib-
rary has been used. To account for relativistic effects, the zeroth-
order regular approximation (ZORA) has been used for all calcula-
tions. Minima were verified by frequency calculations with numerical
second derivatives. All energies reported include zero-point energies
of all vibrational modes and are unscaled.

6.3 Results and discussion

In Figure 6.1 a a typical mass spectrum of cationic aluminum oxide
clusters produced through laser ablation is shown. The mass spec-
trum is quite congested since aluminum has many oxidation states
(+1, +2, +3) and can thus form many oxides. A wide variety of
cluster sizes can be discerned, ranging from Al2O

+
5 to Al6O

+
11 . Un-

der the current conditions, we did not produce smaller clusters or spe-
cies containing only one aluminum atom. Peaks assigned to specific
AlmO +

n stoichiometries are labeled by their composition m,n. Prom-
inent signals observed are attributed to Al2O

+
7 , Al3O

+
9 , Al3O

+
10 and

Al4O
+

7 clusters. From the mass spectrum it is clearly observable that
the signal intensity of species with more oxygen than the aluminum
atoms (n > m) is significantly higher than those with fewer oxygen
atoms.

In panel b the mass spectrum is displayed resulting from irradiating
the distribution shown in panel a) with FELIX at a frequency of
705 cm−1. Upon interaction with the IR light, the mass spectrum
changes substantially. The signal intensities of various mass peaks
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Figure 6.1: Mass spectra of AlnO+
m clusters produced by laser ablation. Panel

a) is a mass spectrum without FELIX irradiation, b) is obtained after FELIX
irradiation at 705 cm−1 while c) is the difference between a) and b). The AlmO +

n

cluster compositions are labeled by m,n

show a considerable decrease, while others exhibit a clear increase.
Interestingly, the largest signal depletions are those for the oxygen-
rich species while clusters with significantly lower oxygen content gain
intensity.

A proper observation of some of the clusters with the same num-
ber of aluminum atoms (Al3O10, Al3O8, Al3O6,Al3O4) shows that the
total number of ions is not conserved. The loss in ions could be due
to a) the formation of products that are beyond the detection limit
of the detector or b) recoil energy. To illustrate this, we consider the
difference between the two mass spectra as displayed in Figure 6.1c.
Here, one observes negative signals indicating a depletion upon FE-
LIX irradiation, but also positive signals, indicating a gain. Examples
for cluster sizes exhibiting depletion are Al5O

+
9 , Al4O

+
11 , Al4O

+
9 ,

Al3O
+

10 , Al3O
+

8 , and Al3O
+

6 whereas clear growths can be observed
for Al5O

+
7 , Al4O

+
7 , and Al3O

+
4 .

It is tempting to speculate that all losses of intensity of oxygen-
rich species are due to the loss of molecular oxygen, and that, for
instance, the gain signal observed for Al3O

+
7 is due the the loss of
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6 IR-MPD spectroscopy of cationic aluminum oxide clusters

molecular O2 from Al3O
+

9 . Unfortunately, as there are both multiple
clusters exhibiting loss and clusters exhibiting gain, it is impossible
to draw conclusions sole on the basis of the mass spectra. To this
purpose we compare in the following mass spectrometric data with
IR spectroscopic data as shown in Figure 6.2.

IR depletion spectra are presented for each cluster size by the de-
pletion intensity I/I0, expressed as the ratio of the number of ions I
of a specific cluster size after irradiation by FELIX to the number of
ions I0 in the reference mass spectra. As a consequence, if no frag-
mentation occurs, I/I0 = 1. If IR-induced dissociation occurs, the
number of cluster ions will reduce and I/I0 <1. I/I0 >1 for a certain
cluster size indicates that a larger cluster has dissociated with the ob-
served cluster as a product. Inspection of the spectra shows that all
spectra display several clearly distinct bands in the 500–1000 cm−1

spectral range, the region characteristic for Al-O bond vibrations.
Interestingly, bands are also found around 1500 cm−1. Vibrational
resonances in this spectral region are indicative for molecular oxy-
gen physisorbed on the cluster as it lies close to the experimental
vibrational frequency of free oxygen at 1580 cm−1[144]. While IR ex-
citation of the O2 stretching vibration is strictly symmetry forbidden,
the presence of the cluster breaks symmetry and makes this band
visible. Although at first glance all spectra might appear rather sim-
ilar, a closer inspection reveals that spectra of clusters with the same
number of aluminum atoms exhibit significant differences for differ-
ent numbers of oxygen atoms. Interestingly, however, we also observe
that spectra of clusters with an odd number of oxygen atoms show
some kind of similarity, and in the same way spectra of clusters with
an even number of oxygen atoms.

As a consequence, depletion spectra can be grouped in mass series
with a m/z difference of 16, revealing strong similarities in their
frequency-dependent depletions (I/I0 <1) or gain (I/I0 >1). In or-
der to discriminate depletion from gain, a horizontal line at I/I0 =1
is drawn in Figure 6.2, where the spectra of Al3O

+
4+2n (n=0-3) are dis-

played. Each spectrum shows two dominant bands around 700 and
850 cm−1, plus a number of weaker bands.
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6.3 Results and discussion

Al3O
+

4

Let us consider the individual spectra in detail. The largest aluminum
oxide cluster with an IR-induced dissociation in this group is Al3O

+
10 .

The IR spectrum of this species shows four distinct depletion bands,
two sharp ones at 1510 and 610 cm−1 and two broader, more intense
bands around 850 and 713 cm−1 with widths of 44 and 77 cm−1,
respectively. The band at 713 cm−1 is structured, and seems to con-
sist of at least three resonances. The depletion maxima observed for
Al3O

+
10 are mirrored by a slight increase in the signal for Al3O

+
8 , su-

perimposed on strong depletions, such as at 855, 610, and, possibly,
725 cm−1. Since the two main depletions in Al3O

+
8 are centered at

the same frequency as for Al3O
+

10 probably no significant change in
the cluster geometry takes place. The spectra for Al3O

+
8 and Al3O

+
6

are similar to that for Al3O
+

10 , in that they exhibit mostly depletion.
The only growth observed coincides with strong Al3O

+
10 depletions.

In contrast, for Al3O
+

4 , we only observe gain signals, which all coin-
cide with spectra measured previously for the Al3O

+
4 cluster.

The IR spectrum of Al3O
+

4 was previously recorded via helium
tagged IR-PD spectroscopy[214]. The resonances that were observed
in these experiments are indicated by the red vertical dashed lines in
Figure 6.2. One can readily see that they correspond to the currently
observed bands in Al3O

+
6 cluster. Even the slight gain observed

around 1000 cm−1 agrees quite well with a small band observed previ-
ously at 960 cm−1. Of course, the positive band at 1510 cm−1, which
we attribute to the oxygen stretch vibration in Al3O

+
6 leading to the

loss of molecular oxygen is not reported in the previous work. Obser-
vation of this band and the coincidence of the gain bands in Al3O

+
4

and the depletion bands in Al3O
+

6 make us conclude that Al3O
+

6

consists of the same Al3O
+

4 cluster studied by Asmis et al.[214], with
molecular O2 bound to it. Given the further similarities between the
spectra for Al3O

+
10 , Al3O

+
8 , and Al3O

+
6 we propose that these too

consist of the same Al3O
+

4 core complexed with (O2)n. It is, however,
difficult to establish with certainty that each larger species fragments
by O2 loss. This is illustrated, for instance, by the absence of the
1500 cm−1 band in the Al3O

+
8 and Al3O

+
6 channels. On the other

hand, if each species contains an intact O2, the growth due to frag-
mentation of a larger cluster can be concealed by the depletion of the
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Figure 6.2: Gas phase IR spectra of Al3O+
4+2n (n=0, 1, 2, 3) clusters labeled a, b,

c,and d, respectively in the spectral range of 500-1600 cm−1. The red dashed lines
indicate the band positions extracted from Ref.[214]. The bottom panel e) shows
the linear absorption spectrum of Al3O +

4 computed using different experimental
functionals. Panel f) is the linear absorption spectrum of Al3O +

4 with molecular
oxygen attached

initial population. Only for the ends of the ”fragmentation chain” a
net depletion or growth can be established.

In Figure 6.2 we compare the experimental spectrum of the Al3O
+

4 ·O2

series with predicted spectra of Al3O
+

4 cluster calculated at various
levels of theory using the Q4ZP basis set. Each functional shows four
bands between 550 and 900 cm−1. The spectrum calculated with the
PBE0 functional and to a slightly lesser extent with the B3LYP func-
tional appears to be in best agreement with previous work of Asmis
et al.[214] on this species. At the OPBE and PBE level of theory, the
band positions are underestimated with respect to experiment. The
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6.3 Results and discussion

global minimum structure that we find in our calculations closely re-
sembles that reported in ref. [214]. It has C3v symmetry and consists
of a six-membered ring with alternating Al and twofold coordinated
oxygen atoms with a threefold coordinated oxygen sitting on top of
the ring.

The predicted spectrum of the Al3O
+

4 cluster shows two intense
bands at 873 and 721 cm−1 observed experimentally at 855 and 713
cm−1. These bands are assigned to the antisymmetric stretching of the
twofold coordinated oxygen atoms in the six-membered ring. Two less
intense bands are predicted at 755 and 593 cm−1, and nicely coincide
with the bands observed at 750 and 596 cm−1 in the experimental
spectrum. The band at 755 cm−1 is assigned to the bending mode
vibration involving the twofold coordinated oxygen atoms. Modes
involving the threefold coordinated oxygen atoms are predicted to lie
below 750 cm−1. Therefore, we assigned the band at 593 cm−1 to
the bending mode vibration of the the threefold coordinated oxygen
atom.

Comparing the calculated IR spectra of Al3O
+

4 and Al3O
+

4 ·O2

show that binding of O2 to bare aluminum oxide introduces perturba-
tions in the predicted IR spectra. The doubly degenerate band at 873
cm−1 is predicted as a doublet centered at 850 and 873 cm−1 in the
Al3O

+
4 ·O2 spectrum. The modes at 750 and 721 cm−1 are both red-

shifted by 11 and 9 cm−1, respectively. We tentatively conclude that
the shift in the 750 and 721 cm−1 bands is due to a large perturbation
of the twofold coordinated oxygen atoms that link one Al atom to an-
other. The mode at 596 cm−1 does not appear to be affected by the
O2 tagging. This is most likely due to the fact that modes in this fre-
quency range involve the threefold coordinated oxygen atoms, which
are stable and are less perturbed. The splitting of the mode around
873 cm−1 is an indication of an O2-induced symmetry breaking in
the geometric structure of the cluster. The redshift can be explained
by the strong binding energy of oxygen to aluminum oxide clusters,
which we calculate to be 0.8 eV for Al3O

+
4 and between 0.4–1 eV

for larger aluminum oxide clusters. The large binding energy implies
that the absorption of a single photon is not sufficient to dissociate the
molecule. Dissociation thus must occur through absorption of mul-
tiple photons, which relies on rapid intramolecular vibrational energy
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6 IR-MPD spectroscopy of cationic aluminum oxide clusters

redistribution. This is known to induce a distortion and a redshift of
the spectral features in the experimental spectrum[194, 254].

We conclude that our method introduces a redshift but that the
spectra are still very similar to the spectra obtained using He-tagging.
The slight differences in band positions are rationalized by the larger
perturbation induced by the oxygen molecule than by the He atom.
The spectra are nonetheless similar enough to warrant comparison
with theoretically predicted spectra.
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Figure 6.3: Gas phase IR spectra of Al3O+
7+2n, (n=0-2) cluster in the spectra

range of 500-1600 cm−1.

Al3O
+

7

The experimental spectra of Al3O
+

7 , Al3O
+

9 and Al3O
+

11 correspond-
ing to a series of clusters characterized by Al3O

+
7+2n are shown in

Figure 6.3. Although the spectra of Al3O
+

9 and Al3O
+

11 are signi-
ficantly broadened due to saturation, they clearly show strong deple-
tions, while a gain is observed in the spectrum of Al3O

+
7 . For the

interpretation of the bands in this series we will turn to the spectrum
of Al3O

+
7 , which is structured and less broadened.

In the IR spectrum of Al3O
+

7 we identify four sharp bands at 740,
810, 1005 and 1520 cm−1. Another double broad band is observed
near 900 cm−1 with a width of about 145 cm−1. A further depletion
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6.3 Results and discussion

of the Al3O
+

7 nor a growth in the Al3O
+

5 cluster (which we do form)
is not observed. The band at 1520 cm−1 shows up as a depletion in
the Al3O

+
11 spectrum corresponding to the slight gain observed in

the Al3O
+

7 spectrum. This band was also observed in the Al3O
+

10

spectrum and assigned as the O2 stretching mode vibration due to
its vicinity to the free O2 stretching mode. The Al3O

+
9 spectrum

shows no depletion nor gain at this frequency. The similarities in all
the spectra in this series suggest that these clusters have the same
core structure. After irradiation with IR light from FELIX, Al3O

+
7

does not dissociate suggesting that it is stable. We therefore assign
these spectra as being due to species consisting of an Al3O

+
7 core

complexed with molecular oxygen.
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Figure 6.4: Gas phase IR spectra of Al4O+
6+2n (n=0-6) cluster in the spectra range

of 500-1600 cm−1. The binding energy values (Eb) correspond to the amount of
energy needed to remove the molecular physiosorbed O2 unto the bare cluster.
The relative energy are given given with respect to isomer A
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6 IR-MPD spectroscopy of cationic aluminum oxide clusters

In Figure 6.4, we present the IR spectra of a third series, that of
Al4O

+
6+2n clusters. We observed only depletion in all the oxygen-rich

species down to Al4O
+

6 , where a gain is recorded. The depletion
spectrum of Al4O

+
12 shows two intense bands at 800 and 1020 cm−1.

Below 800 cm−1 we observe a congested IR spectrum with multiple
less intense bands. Similar features in band positions and intensities
are recorded in the Al4O

+
10 and Al4O

+
8 channels suggesting that no

significant change in their individual cluster geometry took place upon
addition of oxygen. Due to the similarities in their spectral feature,
we will focus the discussion of these spectra using the gain spectrum
of Al4O

+
6 .

The IR spectrum of Al4O
+

6 is characterized by a less intense band
at 1525 cm−1, a strong broad band at 1020 cm−1 with a width of 60
cm−1 and a series of less intense bands between 600–900 cm−1. The
poor signal-to-noise ratio at 1525 cm−1 makes the band less visible.
The 600–900 cm−1 spectral region is characterized by four less intense
bands at 650, 720, 830 and 880 cm−1. The band at 650 cm−1 is
structured and shows two shoulders on both sides of the band. The
similarity in their spectral features suggest that the spectra in this
series are built on a Al4O

+
6 core structure complexed with molecular

oxygen.

The calculated absorption spectra of the most stable isomers of
the Al4O

+
6+2n series are presented in Figure 6.4. The initial starting

structures of the lowest energy conformers were taken from previous
studies[202]. In Figure 6.4 we depict these isomers with molecular
oxygen attached. Previous calculations of the bare structure of isomer
A in Figure 6.4 show a structure consisting of a six-membered ring
structure with alternating Al and twofold coordinated O atoms with
an Al-O bond distance of 1.74 Å. The second lowest energy isomer in
this series is found 0.4 eV higher in energy (bare structure of isomer
labeled B in Figure 6.4). These calculations are in agreement with
previous studies on the neutral species, where higher-energy isomers
were found consisting of four- and six-membered ring structures lying
0.49 eV higher in energy. In our calculations we attached O2 to these
isomers and reoptimized the structures. Interestingly, we find that
for these complexes isomer B is predicted 0.03 eV higher in energy
than isomer A implying significantly different binding energies (0.43
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eV and 0.81 eV, respectively).
The predicted IR spectrum of isomer A shows three main bands

centered at 816, 860, and 934 cm−1, which correspond to the Al-O
stretching vibrations of the twofold coordinated O atoms. The bands
at 816 and 860 cm−1 are in reasonable agreement with the experiment
while the band at 934 cm−1 is underestimated by 90 cm−1. Below 800
cm−1 are a series of bands with low IR intensities which correspond
to vibrations involving the entire cluster. This region clearly is not
very well reproduced by the calculations. Isomer B is calculated to
lie 0.03 eV higher in energy with an O2 binding energy of 0.81 eV.
The spectrum of isomer B, on the other hand, shows vibrations in
the 800–1020 cm−1 region at 870, 900, and 940 cm−1 corresponding
once again to stretching vibrations of the twofold coordinated oxygen
atoms. In this frequency range, the predicted IR spectrum of isomer B
clearly matches significantly less with the experimental spectrum than
what was observed for isomer A. Below 800 cm−1 a similar mismatch
between experiment and calculations is observed as was previously
concluded for isomer A. In this frequency range (550–800 cm−1) a
much lower intensity than observed experimentally is predicted. We
conclude that the calculations do not correctly predict these intens-
ities, implying that the electronic structure changes occurring during
the vibration are not well described, and do not give rise to as large
changes in the dipole moment as apparently occur in the experiment.

The predicted O2 bending mode vibration in both structures are
overestimated by more than 100 cm−1, indicating that the calcula-
tions do not predict accurately enough the bond strength. Generally,
this band is used as the diagnostic band for the molecular adsorption
of oxygen on the cluster surface as it lies close to the free O2 vibra-
tion. An overestimation of the O2 bending mode vibration has also
been observed for Al3O

+
4 . Based on these comparisons we therefore

conclude that isomer A provides the most reasonable match with the
experiment.

Al4O
+

7

The IR spectra of a series of clusters corresponding to Al4O
+
7+2n are

depicted in Figure 6.5. In the depletion spectra of Al4O
+

11 we identify
seven distinct bands around 560, 640, 705, 815, 880, 1020, and 1515
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Figure 6.5: Gas phase IR spectra of Al4O+
7+2n (n=0,1,2) clusters in the spectral

range of 500-1600cm−1

cm−1. Some of these bands show some level of saturation. Three
of these bands (560, 880 and 1515 cm−1) are sharp while the band
around 1020 cm−1 is broad with two shoulders on both sides of the
band. A Gaussian peak fitting on this band leads to peak values
of 1050, 1017, and 985 cm−1. Bands centered at 640, 705, and 815
cm−1 each have a shoulder to the blue of the peak center. The band
positions do not seem to shift as a function of size even though some
level of broadening is observed for the oxygen-richer species. Upon IR
excitation, clusters in this series lose molecular oxygen down to the
Al4O

+
7 , for which a growth is observed. The assumption of the loss

of molecular oxygen upon IR excitation is supported by the presence
of the diagnostic band around 1515 cm−1 in Al4O

+
11 and Al4O

+
9 ,

which coincides with the gain around the same band position in the
IR spectrum of Al4O

+
7 . We do not observe any further gain in Al4O

+
5

suggesting that Al4O
+

7 is stable and constitutes the core structure in
this series. The similarities between all spectra signify that clusters
in the series are made up of the same Al4O

+
7 core complexed with
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one or more O2 molecules.
In Figure 6.5 the experimental spectra are compared with the cal-

culated absorption spectrum of the Al4O
+

7 cluster. For this cluster
we find that the calculated minimum energy structure is a tetrahedral
Al cage with twofold coordinated oxygen atoms to the vertices form-
ing an eight-membered ring. On the lower right bottom side of the
tetrahedron is a di-oxygen linking the two Al atoms. In the spectral
range of 800–1050 cm−1, the predicted spectrum shows three intense
bands at 876, 911 and 990 cm−1. These bands have relative intensities
similar to those observed experimentally at 815, 880, and 1020 cm−1.
The band at 1020 cm−1 is predicted at 990 cm−1 with a 30 cm−1 red-
shift with respect to experiment. On the other hand, the bands at
815 and 880 cm−1 are blue-shifted by 61 and 11 cm−1, respectively.
Between 550–800 cm−1, three less intense modes predicted at 649,
700, and 744 cm−1 are in good agreement with the experimentally
observed values of 640, 705, and 735 cm−1, respectively. The stretch
associated with di-oxygen is IR less active with an IR intensity of
about 0.03 km/mol centered around 1300 cm−1. Overall, we conclude
that there is a reasonable agreement between experiment and theory.

6.4 Discussion

The vibrational properties of neutral aluminum oxide clusters have
previously been measured using IR Resonance Enhanced Multi-Photon
Ionization spectroscopy (IR-REMPI)[48, 256]. The IR spectra of
these clusters show one band around 11 µm (909 cm−1) for small
clusters. As the cluster size increases another prominent band is ob-
served around 15 µm (667 cm−1), which evolves into a very broad
asymmetric band similar to that of amorphous Al2O3. Some of the
spectral features observed in neutral aluminum oxide clusters are ob-
served in the current work. For instance, the 667 and 909 cm−1 bands
are clearly visible in the IR spectra of Al4O

+
6 and Al3O

+
7 , respect-

ively. A summary of the IR spectra of all the stable cores measured
in this chapter is presented in Figure 6.6.

Comparing the above results with the bulk reveals that the highest
frequency of cationic aluminum oxide clusters observed lies between
990–1050 cm−1. In bulk alumina this value is 822 cm−1 for α-alumina[275]
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Figure 6.6: Comparison of the IR spectra of core structures observed in the present
studies.

and 845 cm−1 for γ-alumina[60]. The difference in frequency is due
to shorter Al-O bond distances in clusters compared to the bulk. We
calculated the Al-O mean bond distance for the Al4O

+
6 as 1.74 Å

compared to 1.76 Å and 1.77 Å for bulk α- and γ-alumina, respect-
ively. The Al4O

+
6 cluster fits quite well in the (Al2O3)n building block

of the stable corundum with similar Al-O bond distances and band
positions.

We now compare the IR spectra of our stable core structures with
the IR spectrum of the bulk to check for similarities in their spec-
tral features. The simulated IR spectrum of crystalline bulk α-Al2O3

shows two bands centered around 13 µm (770 cm−1) and 20.7 µm

112



6.5 Astrophysical implications

(483 cm−1)[250]. These bands unfortunately have not been observed
in any of the IR spectra of the stable cores presented here. How-
ever, infrared spectroscopy and high-resolution electron-energy-loss
spectroscopy (HREELS) studies on γ-Al2O3 bulk thin film[70] show
a strong band at 870 cm−1and two weak bands at 625 and 606 cm−1.
The bands at 870 and 625 cm−1 are observed in all the IR spectra
of all the stable cores presented here. From this findings, we spec-
ulate that most of the stable cores adopt structures similar to the
γ-Al2O3 bulk structures. This conclusion is similar to that found by
van Heijnsbergen et al. based on gas-phase IR spectroscopy of neutral
Al2O3 clusters [250].

6.5 Astrophysical implications

In red giant stars, gas-phase Al2O3 clusters are expected to form close
to the star, where temperatures and pressures are favorable for gas-
phase condensation (e.g. Robrecht et al. [81]). Such clusters can
grow into larger particles whose optical properties are of bulk Al2O3.
Depending on the conditions of formation of the larger particles, in
particular the temperature and grain formation timescale, their lattice
structure can be crystalline or amorphous. At the highest formation
temperatures, and under thermodynamic equilibrium, crystalline α-
alumina is expected to form. Below 1300 K, γ-alumina may form,
while amorphous Al2O3 can exist below 1000 K (e.g. [159, 160])

We can compare the observed thermal infrared emission spectra
of dust near red giants to the spectral signature of both gas phase
clusters (neutral and cationic) and larger Al2O3 particles. We use the
interferometric data of the well studied red giant W Hya obtained
by Zhao-Gisler et al.[283]. They find a clear indication of a broad
band near 11 µm (910 cm−1) which is usually attributed to amorph-
ous alumina particles. This band is also observed using spectra of
lower spatial resolution, in which the thermal infrared emission of the
more extended parts of the dust envelope of W Hya is detected[135].
The emission arises from within 2 stellar radii from the surface of
the star, where the observed brightness temperature (which should
be a good indicator of the kinetic temperature of the gas/grain mix-
ture) is between 1500 and 1950 K. Radiative transfer calculations of
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the temperature of alumina grains at the observed distance from the
surface of W Hya indicate a temperature of 1300-1500 K [135]. At
such temperatures, and under the assumption of thermodynamic equi-
librium, alumina grains must be crystalline and have an α-alumina
lattice structure. This is not compatible with the observed broad 11
µm band shape, attributed to amorphous alumina. We also note that
the observed thermal infrared spectral signature of the dust grains
near W Hya is not compatible the presence of Al2O3 grains with a
crystalline gamma-Al2O3 lattice structure.

However, van Heijnsbergen et al show that large neutral gas-phase
Al2O3 clusters have a spectral signature similar to that of bulk amorph-
ous alumina, and a physical structure similar to γ-alumina[250]. One
possible way to reconcile the observed spectral properties of the particles
near the surface of W Hya with laboratory data would be to assume
that these are in fact large gas-phase clusters of Al2O3. Such clusters
are dynamically well coupled to the gas, and because of their small
size and low opacity do not experience a significant radiation pressure
exerted by stellar photons.

Interestingly, other interferometric and high contrast imaging data
of W Hya and other red giant stars indicate the presence of solid
particles at distances of 1-2 times the stellar radius, whose size is
in the sub-micrometer regime[188]. This is clearly much larger than
the gas-phase Al2O3 clusters discussed here. Such grains may either
be crystalline alumina, or have a different chemical composition. In-
deed, some pre-solar grains recovered from unequilibrated meteorites
are alumina grains ejected by red giant stars [187]. In a recent ana-
lysis, Takigawa et al. [236] find evidence that some of these presolar
alumina grains have an α-alumina lattice structure, consistent with
gas-phase formation very close to the star.

6.6 Conclusions

The current study aimed at giving an overview on alternative stable
building blocks of aluminum oxides. The formation route of stable
Al2O3 (corundum) could be through the formation of clusters, which
once identified will help in understanding how dust grains are formed
in interstellar medium. The availability of laboratory spectra of AlO
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building blocks are crucial for their identification in space and for a
proper understanding of their formation routes in space.

We have studied the formation of aluminum oxide clusters in the
laboratory using laser ablation of a solid aluminum precursor in the
presence of gaseous O2 combined with mass-spectrometry and IR-
multiple photon dissociation (IR-MPD) spectroscopy to investigate
their stability and structure. Our results suggest that there are sev-
eral more stable forms of aluminum oxide clusters present which
might constitute the building block of aluminum oxide present around
evolved stars.

All oxygen-rich species in most of the series studied show the oxy-
gen stretching vibration around 1500 cm−1 indicating intact adsorp-
tion of molecular oxygen. The loss of molecular oxygen upon excit-
ation with IR light indicates that it is loosely bound to the cluster
surface. Similarity in the IR spectra of many clusters with same
number of aluminum atoms suggest that these clusters belong to the
same series containing a main core structure with multiple oxygen
molecules attached.

The present study suggests that molecular oxygen can be used as a
messenger to study the structure of aluminum oxide clusters in the gas
phase. The results obtained with our approach agree quite well with
ion trap measurements on similar systems and validate the use of this
technique. The IR spectra of Al3O

+
4 , Al4O

+
8 , and Al4O

+
7 clusters

are compared with their computed absorption spectra. In general it
has been found that the lowest minimum structures of the computed
clusters consist of an alternating Al atom and a twofold coordinated
oxygen atom. These clusters show a preference for a four-, six- and
eigth-membered ring in their lowest energy form.

Finally, IR spectra of the stable cores have been compared with
IR spectra of bulk alumina. Similarities in their spectral features
with those of γ-Al2O3 bulk suggest that these clusters possess char-
acteristics close to those of bulk γ-Al2O3. These clusters are of key
astronomical importance as they can form the first nucleation seeds
in dust forming regions.
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7
Production of cationic FeS clusters and IR-MPD

studies of Fe4S
+

4 −H2O

Although the importance of solid FeS in the Interstellar medium as for
instance the main source of sulfur in our solar system is recognized, its
formation mechanism is not well understood. We aim to understand
the sulfur cycle in the ISM by studying FeS clusters in the gas phase
by means of IR action spectroscopy using infrared light from FELIX.
The experiments using FELIX provide information about the physical
and chemical properties of FeS clusters and their complexes. At the
same time, the infrared resonances these experiments may yield could
help to identify such clusters found in interstellar and circumstellar
environments. In this chapter we demonstrate the production of such
clusters (FeS) in the laboratory using laser ablation of a naturally
occurring mineral pyrite stone. Clusters with sufficient intensities for
IR spectroscopy are generated. As proof of principle, we measure the
first IR depletion spectrum of the gas phase Fe4S +

4 −H2O complex

using IR-MPD spectroscopy. 1

1The work described in this chapter was carried out as a joint project with Dr. Sandra M.
Lang from the University of Ulm, Germany.
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7.1 Introduction

At the end of their life, stars eject much of their mass into the In-
terstellar medium (ISM). Conditions are often favorable for the con-
densation of (refractory) elements to small solid particles, referred to
as dust. Typically one per cent of the stellar ejecta are in the form
of dust, and mostly the highly refractory elements are their building
blocks (e.g. Ca, Fe, Al). The ISM therefore consists of a mixture of
gas and solid particles, which finds its way to high density molecu-
lar clouds where new generations of stars and planetary systems are
formed.

The cycle of sulfur in the interstellar medium (ISM) of our Galaxy
is not well understood. Being a moderately volatile element, It mani-
fests itself predominantly in atomic form in the low density diffuse
ISM. A modest fraction of sulfur may be locked up in dust, probably
in the form of small FeS grains. Interestingly, evidence for the pres-
ence of FeS in one of the seven dust particles of interstellar origin
collected by the stardust spacecraft was found [265]. The detection of
solid FeS in the mid-infrared emission spectra of two protoplanetary
disks[131] is questionable and requires a better understanding of the
infrared properties of small FeS model systems. Studying interplan-
etary dust particles of cometary origin, Bradley and coworkers found
glasses with embedded metals and sulphides (GEMS) that may be
similar in composition and physical properties to interstellar dust[28]
metals and sulfides. These materials, which range from a few nano-
meter to hundreds of nanometer in size consist traces of iron and
nickel sulfide. Primitive meteorites that show no evidence for parent
body processing contain abundant solid FeS, in fact accounting for the
solar abundance of sulfur. The questions astronomers seek to answer
is how, and where does the conversion from atomic or molecular forms
of sulfur to solid FeS takes place in the ISM. And in what form was
sulfur delivered to the primitive earth: was it in the form of solid FeS
contained in planetesimals, as the composition of primitive meteorites
suggest? Was it delivered by comets that are also suspected to have
delivered water to earth? Was it mostly in the gas phase? A possible
hypothesis on the formation mechanism of solid FeS in the protosolar
nebula is through reactions of metallic iron with H2S. The question
whether this local process could account for the mass conversion of
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gas phase sulfur into solid FeS, and if this is also possible in a low
temperature environment remains open.

In order to accurately understand reactions occurring in the ISM,
and to find infrared spectral resonances of small FeS particles that
can be used to identify FeS in interstellar clouds, we study gas phase
clusters. Previous studies have reported the presence of titanium
carbide, titanium oxide and aluminum oxide nano-clusters in the
ISM[193, 255]. One important question which needs to be answered is
the relationship between clusters and small dust grains of FeS present
in the ISM. Even though these dust grains are slightly larger than
the clusters investigated, clusters still provide the best model systems
since they can easily be produced in the laboratory and can easily be
theoretically modeled.

The study of FeS clusters has equally been motivated by its im-
portance in many biological processes. Iron sulfide clusters have been
identified to be the active catalytic centers in nitrogen fixing bacteri-
als and in enzymes such as hydrogenase[15, 16]. In most forms of life
this cluster is present in the form of [2Fe2S], [3Fe4S], [4Fe4S] and rep-
resent the main component in many naturally occurring iron sulphide
proteins, making them very essential in most living organisms. They
have been identified as active centers involved in electrontransfer reac-
tions occurring in photosynthesis and respiration[32, 224] where there
FeS clusters are electron donors. Inspired by their biological function,
FeS clusters have been used to provide catalytic active surfaces that
are capable of activating molecular hydrogen[38, 54]. FeS clusters
have previously been produced in the laboratory using various exper-
imental techniques. Lang and coworkers[103] produced iron sulfide
clusters of various sizes using a pressed sputtering target composed
of a mixture of iron and sulfur powder, as well as with a mineral
target from a pyrite stone. Other groups have equally reported the
production of iron sulfide through a) laser ablation of iron rod in the
presence of H2S, COS or CS2 gas seeded in the carrier gas[142], b)
electrospray ionization of ligated iron sulfide anions[262] and c) laser
ablation using binary targets [281].

In this study we demonstrate the production of iron sulfide clusters
through laser ablation of an iron sulfide sample obtained from a nat-
urally occurring mineral pyrite stone (FeS2) and we measure the IR
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spectrum of an iron sulfide complexed with water molecules.

7.1.1 Experimental

The experiments described in this Chapter are performed using a
molecular beam instrument that is coupled to the Free Electron Laser
for Infrared eXperiments (FELIX)[189]. For a detailed explanation of
the functionality of this molecular beam setup, the reader is referred
to Chapter 2 is this thesis. Cationic iron sulfide clusters are created
by pulsed laser ablation of a naturally occurring pyrite stone using
the second harmonic of a Nd:YAG laser. The sample (∅ 6 mm) was
sawn out of a pyrite stone and glued to a stainless steel rod using
epoxy to provide a target of sufficient length to be mounted in the
source (see Figure 7.1).

Figure 7.1: A sample of a naturally occurring
pyrite sample used in the production of FeS
clusters.

Ablation takes place in
a ∅ 4 mm flow tube type
cluster growth channel in
the presence of helium
carrier gas that is intro-
duced through a pulsed
valve (General Valve, Series
9). The plasma generated
and the carrier gas un-
dergo multiple collisions
leading to the formation
of clusters. In order to
form cluster-water com-
plexes, a mixture of 1%
water vapor in helium is
introduced 60 mm down-
stream into the flow tube

channel before it is expanded into vacuum forming a molecular beam.
The addition of water here has two main goals: a) as a ligand to study
the interaction of water with cationic FeS clusters due to its biological
importance and b) as a messenger.
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Figure 7.2: Mass spectrum of FemS +
n clusters, m=1–7, n=0–8 (panel a) produced

in a laser ablation source using a naturally occurring pyrite as the target mater-
ial. Panel (b) shows the mass spectrum of iron sulfide clusters when 1% water
vapor is added. Panel (c) an enlarged portion of panel (b) showing complexes of
Fe4S4−(H2O) +

n . The FemS +
n cluster compositions are labeled by m,n.

Figure 7.2a shows a typical mass spectrum of iron sulfide clusters
produced through laser ablation of pyrite at room temperature. Cluster
sizes ranging from Fe+ to Fe7S

+
7 are observed. Peaks assigned to

specific FemS +
n stoichiometries are labeled by their composition m,n.

While for each number m of Fe atoms several compositions n are
observed, the most intense mass peak for each is that where n=m.
Panel (b) displays the mass spectrum obtained when a mixture of 1
% water vapor in helium is pulsed into the cluster channel. In the
lower Panel (c) an enlarged portion of panel (b) showing complexes of
Fe4S4−(H2O) +

n . Since the sulfur uptake during formation could not
be varied, the amount of water update was controlled so as to reduce
the formation of complexes with multiple water molecules.
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Figure 7.3: Depletion spectrum of Fe4−S +
4 −H2O cluster. The dotted lines are

the average spectra while the bold line is obtained from a smooth of three-point
adjacent-average.

Complementary to the mass spectrometric data presented above,
we recorded the preliminary IR depletion spectrum of an iron sulfide
cluster presented by the depletion intensity I/I0, expressed as the ra-
tio of the number of ions I of a specific cluster size after irradiation
by FELIX to the number of ions I0 in the reference mass spectra. As
a consequence, if no depletion occurs, I/I0 = 1. If IR-induced dis-
sociation occurs, cluster ions will reduce and I/I0 <1. I/I0 >1 for a
certain cluster size signals that a larger cluster has dissociated with
the current cluster as product formed. The IR depletion spectrum
shown in Figure 7.3 has one broad band centered at 350 cm−1 with
a width of 75 cm−1. This spectrum is mirrored by a slight growth
in the Fe4S

+
4 channel (not shown). This leads us to conclude that

Fe4S
+

4 −H2O clusters dissociate through the loss of molecular water.
Resonant IR irradiation of cobalt and iron clusters complexed with
water molecules also showed loss of water as the favored dissociation
channel[136, 137]. The band observed here is centered at 350 cm−1

assigned to water wagging mode vibrations when adsorbed intact to
these clusters. In contrast to the experiments with iron and cobalt
clusters, spectral evidence for the presence of partial dissociation of
water was found by the presence of a band at 530 cm−1. In our
preliminary data for the Fe4S

+
4 −H2O complex, no such band is eas-

ily discerned. This suggests that the partial dissociation of water is
energetically unfavorable with FeS systems.
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7.3 Conclusion

In this Chapter we try to understand the importance of FeS in in-
terstellar clouds by looking at their interactions with simple ligands
such as water. The addition of water here has two main goals: a) as a
ligand to study the interaction of water with cationic FeS clusters due
to its biological importance and b) as a messenger. Knowledge about
the structure and interaction of FeS with simple ligands is scarce.
In astronomical environments, water can be dissociated or destroyed
either by radiation or chemical reactions. These are usually taken into
account in chemical models of planet forming disks. Our laboratory
data show evidence for partial dissociation of water when adsorbed
onto bare iron clusters. It is therefore interesting to study the adsorp-
tion of water on closely related systems such as FeS.

Furthermore, we aim to understand the sulfur cycle in the ISM by
studying FeS clusters in the gas phase by means of IR action spectro-
scopy using infrared light from FELIX. On the basis of the present
data the sulfur cycle cannot be fully comprehended. Nevertheless, gas
phase experiments using FELIX may provide information about the
physical and chemical properties of FeS clusters and their complexes.
At the same time, the infrared resonances these clusters may show,
can help to identify such clusters found in interstellar and circumstel-
lar environments. This is because our knowledge of the composition of
dust in space mostly comes from infrared spectroscopy, which can be
compared with laboratory spectra of clusters of astronomical interest.

Finally, we have demonstrated the production of cationic FeS clusters
through laser ablation of a pyrite rock sample with sufficient sig-
nal intensities for spectroscopic measurements. Complementary to
the mass spectrometric data presented, we present preliminary res-
ults showing the depletion spectrum of cationic Fe4S

+
4 −H2O cluster.

Preliminary suggest that partial dissociation of water is energetic-
ally unfavorable. These preliminary result opens up the possibility to
further study the IR and UV properties of FeS systems (neutral or
cationic) to establish their structure and the infrared spectral prop-
erties. Knowledge from such laboratory studies can be implemented
in astronomical modeling.
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The present era is one of decreasing dimensions. Imaging using light
has gone beyond the diffraction limit leading to the replacement of
microscopy by nanoscopy, laser technology is now able to probe elec-
tronic motion by the development of attosecond technology, and at
a technological level devices have passed from macroscopic to micro-
scopic and are now being tailored at a molecular level. An important
consequence of decreasing spatial dimensions is that we have reached
a regime where properties can no longer be related or derived from
the properties of the bulk. Also, spatial structure at these -often
molecular- dimensions is of dominant influence on physical and chem-
ical properties. A case in point are metal-based nanoclusters. We al-
ways think of gold as one the most superior inert materials, but when
we pass from the bulk to nanoclusters it turns out to have astound-
ing catalytic activities. Detailed studies of metal nanoclusters are
therefore of increasing relevance in many research areas, astronomy
and catalysis being two of them that are of particular interest in the
present thesis.

The work presented in this thesis aims at: a) providing funda-
mental knowledge on the interactions of simple ligands with metal
clusters relevant to astronomical and (bio-) catalytical processes, b)
providing a benchmark that can be used to test current and future
DFT methods developed to study these or related systems. We are
particularly interested in interactions of water molecules with these
nanoclusters to gain an insight into their binding mechanisms and to
understand to what extent such clusters can be employed to dissociate
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water at ambient temperature. To this purpose, we studied astronom-
ically relevant metal clusters (Fe, FeS, AlO) as well as metal clusters
that are catalytically important (MnO and Co) with techniques that
allow us to determine the spatial structure of the cluster, but also
possible dissociation processes that may occur on these clusters.

We observed in these studies that water associated with different
kinds of clusters may dissociate at ambient temperature. The levels
to which this dissociation occurs is of great importance to catalytic
and astrochemical models. On the catalytic side, an impressive ex-
ample of the influence of cluster size is found for iron clusters where
we conclude that activation of water is very much dependent on the
size of the cluster. This is important as it tells us how to design
optimum catalysts for water dissociation. Water is shown to dissoci-
ate as well on manganese oxide clusters, which is a prerequisite for
water splitting by such clusters. In the astronomical context, this
means that metal particles may create an environment that catalyses
particular reactions, which in turn can lead to the formation of more
complex molecules even on the surface of the clusters. More generally,
the data obtained from these studies are important when comparing
laboratory IR data to astronomical spectra. A general summary of
the scientific work described in this thesis is given here below.

Chapter 2 focuses on the production of clusters using a laser ab-
lation source, which was constructed and characterized at the initial
stage of the research. Particular attention is given to the factors that
are of critical influence on the performance of this source and how
these translate in cluster characteristics. This chapter furthermore
provides a detailed description of the spectrometer and laser equip-
ment that has been employed for the study of the produced clusters.
The second part of the chapter addresses the experimental tech-
nique (Infrared Multiphoton Dissociation (IR-MPD) Spectroscopy)
that was used to record the vibrational fingerprint spectra of these
clusters.

In Chapter 3 we study the interactions of cationic cobalt clusters
with water molecules in the gas phase in the size range of Co +

n −H2O
(n=6-20). Here, we aim to elucidate how theory deals with this type
of interactions. In particular, we test whether water is dissociatively
or molecularly bound to the clusters and how the water-ligand bond
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is described with the current level of theory. We address the vi-
brations of the water-cluster bond down into the far-infrared region
of the spectra (200–600 cm−1) where clear resonances are observed
which evolve quite regularly with cluster size. Compared with DFT
calculations at different levels of theory, we observe that the calcu-
lated spectra are accurate for the localized water bending mode near
1600 cm−1, but appear to fail in the low-frequency range irrespect-
ive of the employed computational method. This suggests that the
coupling strength between water-cluster motions and internal cluster
vibrations is likely to be overestimated in the calculation or that the
shape of the potential well of the Co–H2O bond is very anharmonic
for these systems.

Using the same methodology, we study the nature of water ad-
sorption on free iron clusters in Chapter 4. Water is believed to
dissociate upon adsorption on bulk iron surfaces, but it is not clear
whether this also happens on the surface of clusters. Our studies
find evidence for molecular binding of water to iron clusters by the
presence of a band at frequencies characteristic for the water bend-
ing vibration. At the far-IR region of the spectra (200–650 cm−1),
however, our results show strong indications as well that at the same
time partial dissociation of water can also occur . This is evidenced
by the presence of a band at 530 cm−1 which cannot be assigned to
any of the modes predicted for molecularly bound water, but which
very well agrees with a band predicted for partially dissociated water.
Secondly, calculating the first and second transition states involving
the transition from molecular to a partially and to a fully dissoci-
ated water yielded a barrier of 0.32 eV and 0.73 eV with respect to
the reactant, respectively. With such barriers and considering the
ambient conditions at which such reactions are carried out, partial
dissociation is indeed likely to occur, while a full dissociation will be
inhibited. The results obtained for the iron clusters also shed further
light on the results obtained for the cobalt clusters, and indicate that
also for these clusters a partial water dissociation is likely to occur.

The oxygen evolving complex of the biological photosystem II,
present in green plants, algae and cyano bacteriae, is formed by in-
organic CaMn4O5 clusters. In Chapter 5, we mimic this process by
studying two model systems (Mn2O2(H2O) +

n and Mn4O4(H2O) +
n ).
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The combination of IR spectroscopy and DFT calculations provides
evidence for the dissociation of the O-H bond of water through hy-
droxylation of Mn-O-Mn µ-oxo bridges. Dissociation of water occurs
in all systems studied starting from the first adsorbed water molecule
and continues until all available µ-oxo-bridges are hydroxylated. The
subsequent addition of water leads to water bound molecularly on the
surface of the clusters forming hydrogen-bridge-bound H3O2 units in-
volving the hydroxylated µ-oxo-bridges. In the case of Mn4O4(H2O) +

n

we further find evidence that the adsorption of water molecules in-
duces significant structural and dimensionality transformations of the
cluster core changing from an open-cuboidal-like cluster structure for
n ≥ 3 to a closed cuboidal structure for n ≥ 6.

In Chapter 6, we investigate cationic aluminum oxide clusters
of different sizes and stoichiometries. One of the primary aims of
these studies is to determine what the smallest stable aluminum oxide
building blocks are. The current production technique of cationic alu-
minum oxide clusters favors species containing a substantially higher
number of O than Al atoms. Irradiation by IR light is shown to lead
to wavelength-dependent fragmentation of O-rich clusters into lower
O-containing clusters. Strong similarities in the spectral dependence
of the fragmentation of each cluster size allows us to identify several
families of formed species. From the spectral signatures, and espe-
cially the presence of bands close to the molecular oxygen stretching
vibration near 1500 cm−1, we conclude that the species consist of
a relatively stable AlmO +

n core which is complexed with molecular
oxygen. We further evaluate whether the IR spectra of systems with
oxygen as a ligand are comparable with the same systems with helium
as a ligand. We find that both tagging methods provide similar res-
ults with a redshift observed for oxygen-tagged systems, which arises
from the relatively larger perturbation by the oxygen molecule. The
IR spectra of Al3O

+
4 , Al4O

+
8 , and Al4O

+
7 clusters are compared with

computed linear absorption spectra of structures found in the liter-
ature. In general it is found that the lowest energy structures of the
computed clusters consist of alternating Al and O atoms and a two-
fold coordinated oxygen atoms. These clusters show preference for a
four-, six- and eight-membered ring in their lowest energy form.

In an astronomical context, gas-phase Al2O3 clusters are expected
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to be formed close to stars such as red giants, where temperatures and
pressures are favorable for gas-phase condensation. Such clusters can
grow into larger particles whose optical properties are of bulk Al2O3.
Depending on the conditions of formation of the larger particles, in
particular the temperature and grain formation timescale, their lattice
structure can be crystalline (κ-, α- or γ-alumina) or amorphous. The
infrared data obtained from the red giant star W Hya show clear
indication of a broad band near 11 µm (910 cm−1) which is attributed
to amorphous alumina particles. However, the Al2O3 is observed
under conditions that imply a crystalline lattice structure of the bulk
material. A solution to this problem is that the emission band that
is observed at 11 µm could be due to clusters rather than larger
grains. Previous studies show that large neutral gas-phase Al2O3

clusters have a spectral signature similar to that of bulk amorphous
alumina, and a physical structure similar to γ-alumina. One possible
way to reconcile the observed spectral properties of the particles near
the surface of W Hya with laboratory data would be to assume that
these are in fact large gas-phase clusters of Al2O3. Such clusters are
dynamically well coupled to the gas, and because of their small size
and low opacity do not experience a significant radiation pressure
exerted by stellar photons.

In Chapter 7 we try to address the the formation mechanism
of solid iron sulfide (FeS) in the interstellar medium (ISM) through
gasphase laboratory studies. Solid FeS is important in the ISM be-
cause it constitutes the main source of sulfur in our solar system.
The percentage of sulfur in the gas phase in diffuse clouds is sub-
stantially higher than that found in molecular clouds, suggesting an
efficient chemical pathway capable of converting most of the sulfur
from the gas phase to other S containing compounds, such as solid
FeS. Evidence for the presence of solid FeS in interstellar dust was
recently found by Westphal and coworkers, who analyzed a sample
of seven dust particles that are probably of interstellar origin, cap-
tured by the Stardust mission. In three of these dust grains, FeS was
detected. Although little can be said about the abundance of solid
FeS in interstellar space, it does show that our understanding of the
cycle of sulfur in interstellar space is still incomplete. In Chapter 7,
we produce and study FeS clusters in a laser ablation source using a
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target sample made from pyrite. Clusters with sufficient intensities
for spectroscopic experiments are generated. In the second part of
this chapter, we show preliminary results of spectroscopic IR studies
on cationic Fe4S

+
4 −H2O clusters.
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Samenvatting

Onze tijd is er een van krimpende afmetingen. Het maken van beelden
met licht is tot onder de diffractielimiet ontwikkeld waardoor micro-
scopie door nanoscopie wordt vervangen, lasertechnologie is in staat
de elektronische bewegingen tot op de attoseconde nauwkeurig te
volgen en devices zijn tot op het moleculaire niveau te construeren.
Een belangrijke consequentie van deze verkleining is dat een schaal
is bereikt waarop materiaaleigenschappen niet langer dezelfde zijn
als die van de vastestof. De ruimtelijke structuur van devices van
dergelijke - vaak moleculaire - afmetingen is van beslissende invloed
op hun fysische en chemische eigenschappen. Een goed voorbeeld
hiervoor vormen metalen nanoclusters. Goud wordt altijd gezien als
het meest inerte materiaal verkrijgbaar, maar in de vorm van nano-
clusters blijkt het over een verbluffend hoge katalytische activiteit
te beschikken. Gedetailleerde studies van metalen nanoclusters zijn
derhalve van toenemend belang in vele takken van onderzoek; in dit
proefschrift ligt de nadruk op hun relevantie voor de astronomie en
katalyse.

Het werk dat in dit proefschrift wordt beschreven heeft de vol-
gende doelstellingen: a) het vergroten van fundamentele kennis over
de interacties tussen simpele liganden en metaalclusters die relev-
ant zijn voor astronomische of (bio-)katalytische processen, b) het
opzetten van een set referentiedata waartegen dichtheidsfunctionaal-
theorie (DFT) methoden gecalibreerd kunnen worden. We zijn in het
bijzonder gëınteresseerd in de wisselwerking tussen watermoleculen en
deze clusters om een beter begrip te krijgen van hun bindingsmech-
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anismen en om het potentieel van de clusters als katalysator in de
watersplitsingsreactie bij kamertemperatuur te doorgronden. Om dit
te doen bestudeerden wij clusters van zowel astronomisch (Fe, FeS en
AlO) als katalytisch (MnO en Co) relevante materialen met spectro-
scopische technieken die inzicht geven in hun ruimtelijke structuren,
maar ook in mogelijke dissocietiereacties die kunnen plaatsvinden.

In dit onderzoek vonden wij dat watermoleculen gebonden aan
clusters van verschillende materialen dissociëren bij kamertemper-
atuur. De mate waarin dit gebeurt is van groot belang voor kata-
lytische en astronomische modellen. Voor ijzerclusters vonden we een
duidelijk voorbeeld voor de invloed van clustergrootte op de mate
van activatie van watermoleculen. Dit is van belang omdat het een
aanwijzing geeft voor het optimale ontwerp van katalysatoren voor
de watersplitsingsreactie. Ook op mangaanoxideclusters dissocieert
water, een belangrijke stap in de watersplitsingsreactie. Vanuit het
astronomische gezichtspunt betekenen deze observaties dat metalen
deeltjes een omgeving kunnen vormen waarin bepaalde reacties gekata-
lyseerd worden, wat tot de vorming van complexe(re) moleculen op
hun oppervlak kan leiden. Meer algemeen leveren de beschreven spec-
troscopische experimenten referentiedata voor astronomische waarnem-
ingen. Een samenvatting van het werk in dit proefschrift wordt hier
gegeven.

In Hoofdstuk 2 worden productie van clusters in een laserver-
dampingsbron, die in de beginfase van het onderzoek is geconstrueerd
en gekarakteriseerd beschreven. Speciale aandacht is er voor de factoren
die een doorslaggevende invloed hebben op de goede werking van de
bron en hoe die zich vertalen in eigenschappen van de geproduceerde
clusterdistributies. Daarnaast bevat dit hoofdstuk een gedetailleerde
beschrijving van de massaspectrometrische en laserinstrumentatie die
zijn gebruikt voor de karakterisatie van de geproduceerde clusters.
Het tweede gedeelte van het hoofdstuk behandelt de spectroscopis-
che techniek IR multiple photon dissociatie spectroscopie, waarmee
de vibrationele spectra van de clusters zijn opgenomen.

In Hoofdstuk 3 bestuderen we de interactie tussen kationische co-
balt clusters met water moleculen Co +

n −H2O in de gasfase variërend
in grootte van n=6-20. Ons doel hierbij is te bepalen hoe accur-
aat de theoretische methoden dit type interactie beschrijven, waarbij
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we specifiek testen of water dissociatief of moleculair bindt aan de
clusters. Hiertoe beschouwen we de vibraties waarin de cobalt-water
binding een rol speelt tot in het ver-infrarood spectrale gebied (200-
600 cm−1), waar de waargenomen resonanties een geleidelijke, maar
duidelijke evolutie met clustergrootte laten zien. Als we de experi-
mentele data vergelijken met theoretische voorspellingen zien we dat
deze laatste zeer accuraat zijn voor de sterk gelokaliseerde buigings-
vibratie van water, maar dat ze bij lage frequenties - ongeacht de
gebruikte methode - niet goed werken. Dit suggereert dat de ster-
kte van de koppeling tussen relatieve bewegingen van het water ten
opzichte van het cluster en de vibraties binnen het cluster wordt over-
schat in de theoretische beschrijving. Een alternatieve verklaring is
dat het potentiaaloppervlak van de Co–H2O binding sterk anharmon-
isch is voor deze systemen.

Dezelfde methoden worden in Hoofdstuk 4 gebruikt om de ad-
sorptie van watermoleculen op ijzerclusters te bestuderen. Bij adsorp-
tie van water op uitgestrekte ijzeroppervlakken wordt algeheel aan-
genomen dat het watermolecuul dissocieert, maar het is niet duidelijk
of dit ook voor clusteroppervlakken geldt. In onze studies vinden
we overtuigend bewijs voor moleculaire adsorptie in de vorm van een
resonantie op de voor water karakteristieke frequenties van de buigvi-
braties. In het ver-infrarode spectrale gebied (200–650 cm−1) vinden
we tegelijkertijd sterke aanwijzingen dat dissociatie soms ook plaats-
vindt. Deze aanwijzingen bestaan uit een sterke absorptieband bij
530 cm−1 die niet kan worden toegekend aan een vibratie van mo-
leculair geadsorbeerde structuren, maar juist wel aan een structuur
met gedissocieerd water. Een berekening van het potentiaaloppervlak
van de adsorptie- en dissociatiereactie van water op een clusters levert
energiebarrièrres van 0.32 eV en 0.73 eV voor respectievelijk partiële
en gehele dissociatie van water. Dergelijke barrires maken een partiële
dissociatie bij kamertemperatuur, waarbij de experimenten zijn uit-
gevoerd mogelijk, terwijl gehele dissociatie niet erg waarschijnlijk is.
Deze resultaten duiden er tevens op dat een partiële dissociatie ook
in beschouwing zal moeten worden genomen.

Het oxygen-evolving complex, het hart van het biologische fotosys-
teem II waar in groene planten, algen en cyano bacterieën de splitsin-
greactie van water onder invloed van zonlicht plaatsvindt, wordt ge-
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vormd door een inorganisch CaMn4O5 cluster. In Hoofdstuk 5
bootsen we deze reactie na door water te laten adsorberen op twee
modelsystemen (Mn2O

+
2 en Mn4O

+
4 ). De combinatie van infrarood-

spectroscopie en berekeningen met DFT geven aan dat dissociatie
van water gebeurt door middel van hydroxylatie van Mn-O-Mn µ-oxo
bruggen in het cluster. Dissociatie vindt plaats in elk bestudeerd
systeem vanaf het eerste geadsorbeerde watermolecuul totdat elke
beschikbare Mn-O-Mn µ-oxo brug is gehydroxyleerd. Verdere water-
moleculen die adsorberen blijven intact en vormen H3O2 groepen met
de eerder gehydroxyleerde µ-oxo bruggen. Voor het specifieke geval
van Mn4O4(H2O) +

n vinden we dat de adsorpties van watermoleculen
structuurveranderingen in het voorheen tweedimensionale cluster in-
duceren waarbij het verandert in een open kubusstructuur voor n ≥
3 tot een gesloten kubusstructuur voor n ≥ 6.

In Hoofdstuk 6 bestuderen we de aluminiumoxideclusters van
verschillende groottes en composities. Een belangrijk doel van deze
studie is uit te vinden wat de kleinste stabiele bouwstenen voor bulk
aluminiumoxide zijn. Met de gebruikte productietechniek worden
vooral clusters bestaand uit meer zuurstof- dan aluminiumatomen
gevormd. Bestraling met infraroodlicht leidt tot een fragmentatie
van zuurstofrijke in zuurstofarme clusters die golflengteafhankelijk is.
Sterke overeenkomsten tussen verschillende clustergroottes in de spec-
trale afhankelijkheid van de fragmentatie duiden op het bestaan van
’families’ van clusters. Uit de spectrale karakteristieken, met name de
aanwezigheid van banden in de buurt van 1500 cm−1, de frequentie
van de strekvibratie van moleculair zuurstof, concluderen we dat de
clusters bestaan uit een relatief stabiele clusterkern waarop zuurstof-
moleculen zijn geadsorbeerd. Als we de spectra van aluminiumoxide-
clusters gemeten in dit experiment, waar verlies van een zuurstofmole-
cuul de ’boodschapper’ van een resonantie is, vergelijken met eerder
gemeten spectra waar een helium atoom deze boodschapperfunctie
heeft constateren we dat de spectra sterk op elkaar lijken, met een
kleine roodverschuiving voor de met zuurstof als boodschapper ge-
meten spectra. Deze roodverschuiving wordt toegekend aan de iets
grotere verstoring van het cluster door de binding met het zuurstof-
molecuul. De hier gemeten spectra voor Al3O

+
4 , Al4O

+
8 , en Al4O

+
7

clusters worden vergeleken met berekende absorptiespectra voor eer-
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der gepubliceerde structuren. De structuren met de laagst berekende
energie bestaan allemaal uit een vier- zes- of achtvoudige ringstruc-
tuur met alternerend aluminium- en zuurstofatomen.

Deze clusters zijn astronomisch van belang omdat verwacht wordt
dat ze worden gevormd in de omgeving van bijvoorbeeld rode re-
uzen, waar temperaturen en drukken dusdanig zijn dat condensa-
tie vanuit de gasfase voor kan komen. Deze clusters kunnen uit-
groeien tot grotere deeltjes waarvan de optische eigenschappen die
van bulk Al2O3 zijn. Afhankelijk van de omstandigheden waaron-
der deze grotere deeltjes gevormd zijn, met name de temperatuur en
de typische aggregatietijd, kunnen de deeltjes kristallijn (κ-, α- of
γ-alumina) of amorf zijn. Infraroodwaarnemingen van de rode reus
W Hya geven duidelijke aanwijzingen voor een brede band vlakbij
11 µm (910 cm−1) die wordt toegekend aan amorfe aluminadeeltjes,
terwijl de omstandigheden rond deze ster de vorming van kristallijne
deeltjes juist zouden bevoordelen. Een mogelijke verklaring voor deze
discrepantie zou eruit kunnen bestaan dat de emissie afkomstig is van
clusters in plaats van de grotere deeltjes. Eerdere studies hebben aan-
getoond dat Al2O3 clusters spectrale eigenschappen hebben die sterk
lijken op die van amorfe aluminadeeltjes, maar met een structuur die
meer weg heeft van γ-alumina. Om de waarnemingen in overeenstem-
ming te brengen met laboratoriumdata zou de emissie kunnen worden
toegekend aan grote Al2O3 clusters. Zulke clusters zijn dynamisch
goed met het aanwezige gas gekoppeld, terwijl ze door hun geringe
afmetingen en hun hoge transparantie maar een geringe stralingsdruk
door stellaire fotonen ondervinden.

Tenslotte bestuderen we in Hoofdstuk 7 de vorming van ijzersulf-
ide (FeS) deeltjes in het interstellaire medium (ISM) door middel van
gasfase laboratoriumexperimenten. Vast FeS is een belangrijke stof
in het ISM omdat het de belangrijkste bron van zwavel is in ons zon-
nestelsel. De relatieve abundantie van atomair zwavel in de gasfase is
substantieel hoger in diffuse wolken dan in moleculaire wolken in het
ISM, wat duidt op een efficiënte chemisch route voor de opslag van
atomair zwavel in zwavelhoudende stoffen, zoals vast FeS. Onlangs
zijn sterke aanwijzingen gevonden voor de aanwezigheid van FeS in
interstellair stof door Westphal en zijn medewerkers: in drie op de
zeven stofdeeltjes verkregen uit de Stardustmissie en waarschijnlijk
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afkomstig van buiten ons zonnestelsel, vonden zij sporen van FeS. In
de experimenten vormen we FeS clusters door laserverdamping van
een pyrietstaaf. De hoeveelheid gevormde clusters is voldoende voor
een spectrale karakterisatie en een eerste IR spectrum van kationische
Fe4S

+
4 clusters gecomplexeerd met een watermolecuul wordt gepres-

enteerd.
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[74] G. Ganzenmüller, N. Berkäıne, A. Fouqueau, M. E. Casida, and M. Reiher. Com-
parison of Density Functionals for Differences Between the High- (5T2g) and Low-
(1A1g) Spin States of Iron(II) Compounds. IV. Results for the Ferrous Complexes
[Fe–(’NHS4’)]. J. Chem. Phys., 122:234321, 2005.

[75] R. Gehrke, P. Gruene, A. Fielicke, G. Meijer, and K. Reuter. Nature of Ar Bonding
to Small Co +

n Clusters and its Effect on the Structure Determination by Far-
Infrared Absorption Spectroscopy. J. Chem. Phys., 130:034306, 2009.

[76] D. Gerlich. Inhomogeneous RF Fields - A Versatile Tool for the Study of Processes
with Slow Ions,. Adv. Chem. Phys., 82:1, 1992.

[77] J. E. Germain. Catalysis by Metals. Catalysis conversion of hydrocarbons, Aca-
demic press, New York, 1969.

[78] A. Ghysels, D. van Neck, V. van Speybroeck, T. Verstraelen, and M. Waroquier.
Vibrational modes in partially optimized molecular systems. J. Chem. Phys., 126:
224102, 2007.

[79] A. Ghysels, D. van Neck, and M. Waroquier. Cartesian formulation of the mobile
block hessian approach to vibrational analysis in partially optimized systems. J.
Chem. Phys., 127:164108, 2007.

[80] A. K. Gianotto, J. W. Rawlinson, K. C. Cossel, J. E. Olson, A. D. Appelhans,
and G. S. Groenewold. Hydration of Alumina Cluster Anions in the Gas Phase.
J. Am. Chem. Soc., 126:8275–83, 2004.

[81] D. Gobrecht, I. Cherchneff, A. Sarangi, J. M. C. Plane, and S. T. Bromley. Dust
Formation in the Oxygen-rich AGB Star IK Tauri. Astron. Astrophys., 585:A6–15,
2015.

[82] G. Gregoire, J. Velasquez, and M. Duncan. Infrared Photodissociation Spectro-
scopy of Small Fe+–(CO2)n and Fe+–(CO2)nAr Clusters. Chem. Phys. Lett., 349:
451–457, 2001.

[83] F. Grellner, B. Klingenberg, D. Borgmann, and G. Wedler. Interaction of H2O
with Co(1120): a Photoelectron Spectroscopic Study. Surf. Sci., 312:143–150,
1994.

[84] S. Grimme. Accurate Description of Van der Waals Complexes by Density Func-
tional Theory Including Empirical Corrections. J. Comp. Chem., 25:1463–73,
2004.

[85] S. Grimme, J. Antony, S. Ehrlich, and H. Krieg. A Consistent and Accurate Ab
Initio Parametrization of Density Functional Dispersion Correction (DFT-D) for
the 94 Elements H-Pu. J. Chem. Phys., 132:154104, 2010.

141



BIBLIOGRAPHY

[86] A. P. Grosvenor, B. A. Kobe, and N. S. McIntyre. Studies of the Oxidation of Iron
by Water Vapour using X-ray Photoelectron Spectroscopy and QUASES? Surf.
Sci., 572:217–227, 2004.

[87] P. Gruene, A. Fielicke, and G. Meijer. Experimental Vibrational Spectra of Gas-
Phase Tantalum Cluster Cations. J. Chem. Phys., 127:234307, 2007.

[88] P. Gruene, D. M. Rayner, B. Redlich, A. F. G. van der Meer, J. T. Lyon, G. Meijer,
and A. Fielicke. Structures of Neutral Au7, Au19, and Au20 Clusters in the Gas
Phase. Science, 321:674–6, 2008.

[89] G. Gutsev, M. Mochena, and C. Bauschlicher. Interaction of Water With Small
Fen Clusters. J. Chem. Phys., 314:291–298, 2005.

[90] G. L. Gutsev and C. W. Bauschlicher. Electron Affinities, Ionization Energies, and
Fragmentation Energies of Fen Clusters (n = 26): A Density Functional Theory
Study. J. Phys. Chem. A, 107:7013–7023, 2003.

[91] G. L. Gutsev and C. W. Bauschlicher. Chemical Bonding, Electron Affinity, and
Ionization Energies of the Homonuclear 3d Metal Dimers. J. Phys. Chem. A, 107:
4755–4767, 2003.

[92] G. L. Gutsev, C. A. Weatherford, P. Jena, E. Johnson, and B. R. Ramachandran.
Structure and Properties of Fen, Fe –

n , and Fe +
n + Clusters, n = 7-20. J. Phys.

Chem. A, 116:10218–28, 2012.
[93] M. Haertelt, A. Fielicke, G. Meijer, K. Kwapien, M. Sierka, and J. Sauer. Structure

Determination of Neutral MgO Clusters–Hexagonal Nanotubes and Cages. Phys.
Chem. Chem. Phys., 14:2849–56, 2012.
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[127] T. Kamiński, M. R. Schmidt, and K. M. Menten. Aluminium Oxide in the Optical

Spectrum of VY Canis Majoris. Astron. Astrophys., 549, 2013.
[128] J. S. Kanady, E. Y. Tsui, M. W. Day, and T. Agapie. A synthetic Model of the

Mn3Ca Subsite of the Oxygen-evolving Complex in Photosystem II. Science, 333:
733–6, 2011.

[129] J. S. Kanady, P.-H. Lin, K. M. Carsch, R. J. Nielsen, M. K. Takase, W. A. God-
dard, and T. Agapie. Toward Models for the Full Oxygen-evolving Complex of
Photosystem II by Ligand Coordination to Lower the Symmetry of the Mn3CaO4

Cubane: Demonstration that Electronic Effects Facilitate Binding of a Fifth Metal.
J. Am. Chem. Soc., 136:14373–6, 2014.

[130] E. Kapiloff and K. M. Ervin. Reactions of Cobalt Cluster Anions with Oxygen,
Nitrogen, and Carbon Monoxide. J. Phys. Chem. A, 101:8460–8469, 1997.

[131] L. P. Keller, S. Hony, J. P. Bradley, F. J. Molster, L. B. F. M. Waters, J. Bouwman,
A. De Koter, D. E. Brownlee, G. J. Flynn, T. Henning, and H. J. Mutschke.
Identification of iron sulphide grains in protoplanetary disk. Nature, 417:148–150,
2002.

[132] C. Kerpal, D. J. Harding, A. C. Hermes, G. Meijer, S. R. Mackenzie, and
A. Fielicke. Structures of Platinum Oxide Clusters in the Gas Phase. J. Phys.
Chem. A, 117:1233–1239, 2013.

[133] A. Y. Khodakov, W. Chu, and P. Fongarland. Advances in the Development of
Novel Cobalt Fischer-Tropsch Catalysts for Synthesis of Long-Chain Hydrocarbons
and Clean Fuels. Chem. Rev., 107:1692–1744, 2007.

[134] T. Khouri. Low-mass-loss rate Oxygen-rich AGB Stars observed with Herschel.
PhD thesis, Universiteit van Amsterdam, 2014.

[135] T. Khouri, L. B. F. M. Waters, A. de Koter, L. Decin, M. Min, B. L. de Vries,
R. Lombaert, and N. L. J. Cox. Dusty Wind of WHydrae. Astron. Astrophys.,
577:A114–14, 2015.

[136] D. M. Kiawi, J. M. Bakker, J. Oomens, W. J. Buma, Z. Jamshidi, L. Visscher,
and L. B. F. M. Waters. Water Adsorption on Free Cobalt Cluster Cations. J.
Phys. Chem. A, 119:10828–10837, 2015.

[137] D. M. Kiawi, J. M. Bakker, V. Chennyy, J. Oomens, W. J. Buma, Z. Jamshidi,
L. Visscher, and L. B. F. M. Waters. Does water dissociate upon adsorption on
iron clusters? J Phys. Lett., in preparation.

144



BIBLIOGRAPHY

[138] F. L. King, B. I. Dunlap, and D. C. Parent. Characterization of Cluster Ions
Produced by the Sputtering or Direct Laser Vaporization of Group 13 Metal (Al,
Ga, and In) Oxides. J. Chem. Phys., 94:2578–2587, 1991.

[139] M. B. Knickelbein. Adsorbate-Induced Enhancement of the Magnetic Moments of
Iron Clusters. Chem. Phys. Lett., 353:221–225, 2002.

[140] A. Kocak, G. Austein-Miller, W. L. Pearson, G. Altinay, and R. B. Metz. Disso-
ciation Energy and Electronic and Vibrational Spectroscopy of Co(+)(H2O) and
its Isotopomers. J. Phys. Chem. A, 117:1254–1264, 2013.
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Spin Coupling and Orbital Angular Momentum Quenching in Free Iron Clusters.
Phys. Rev. Lett., 108:1–5, 2012.

[185] H. Nilsson, F. Rappaport, A. Boussac, and J. Messinger. Substrate-Water Ex-
change in Photosystem II is Arrested before Dioxygen Formation. Nature Com-
mun., 5:4305, 2014.

[186] L. R. Nittler, C. M. O. Alexander, X. Gao, R. M. Walker, and E. K. Zinner.
Interstellar Oxide Grains from the Tieschitz Ordinary Chondrite. Nature, 370:
443, 1994.

[187] L. R. Nittler, C. M. O. Alexander, X. Gao, R. M. Walker, and E. Zinner. Stellar
Sapphires: The Properties and Origins of Presolar Al2O3 in Meteorites. Astrophys.
J., 483:475, 1997.

[188] B. R. M. Norris, P. G. Tuthill, M. J. Ireland, S. Lacour, A. A. Zijlstra, F. Lykou,
T. M. Evans, P. Stewart, and T. R. Bedding. A Close Halo of Large Transparent

147



BIBLIOGRAPHY

Grains around Extreme Red Giant Stars. Nature, 484:220–222, 2012.
[189] D. Oepts, A. van der Meer, and P. van Amersfoort. The Free-Electron-Laser User

Facility FELIX. Infrared Phys. & Techn., 36:297–308, 1995.
[190] H. Ogasawara, B. Brena, D. Nordlund, M. Nyberg, A. Pelmenschikov, L. Pet-

tersson, and A. Nilsson. Structure and Bonding of Water on Pt(111). Phys. Rev.
Lett., 89:276102, 2002.

[191] A. Øiestad, M. Leere, and E. Uggerud. Gas Phase Reactivity of Small Cationic
Cobalt Clusters Towards Methanol. Chem. Phys., 262:169–177, 2000.

[192] M. Oliveira, J. Marçalo, M. Vieira, and M. Ferreiraac. Formation of Some Trans-
ition Metal Oxide Cluster Anions and Reactivity Towards Methanol in the Gas
Phase. Int. J. Mass Spectrom., 185-187:825–835, 1999.

[193] T. Onaka, T. de Jong, and F. J. Willems. A Study of M Mira Variables Based
on IRAS LRS Observations. Dust Formation in the Circumstellar Shell. Astron.
Astrophys., 218:169–179, 1989.

[194] J. Oomens, B. G. Sartakov, G. Meijer, and G. von Helden. Gas-Phase Infrared
Multiple Photon Dissociation Spectroscopy of Mass-Selected Molecular Ions. Int.
J. Mass Spectrom., 254:1–19, 2006.

[195] E. K. Parks, T. D. Klots, B. J. Winter, and S. J. Riley. Reactions of Cobalt
Clusters with Water and Ammonia: Implications for Cluster Structure. J. Chem.
Phys., 99:5831–5839, 1993.

[196] J. P. Perdew, K. Burke, and M. Ernzerhof. Generalized Gradient Approximation
Made Simple [Phys. Rev. Lett. 77, 3865 (1996)]. Phys. Rev. Lett., 78:1396–1396,
1997.

[197] S. Peredkov, M. Neeb, W. Eberhardt, J. Meyer, M. Tombers, H. Kampschulte,
and G. Niedner-Schatteburg. Spin and Orbital Magnetic Moments of Free Nano-
particles. Phys. Rev. Lett., 107:2–6, 2011.

[198] K. Pierloot and S. Vancoillie. Relative Energy of the High-(5T2g) and Low-(1A1g)
Spin States of the Ferrous Complexes [Fe(L)(NHS4)]: CASPT2 Versus Density
Functional Theory. J. Chem. Phys., 128:034104, 2008.

[199] L. Poisson, L. Dukan, O. Sublemontier, F. Lepetit, F. Reau, P. Pradel, J.-
M. Mestdagh, and J. Visticot. Probing several structures of Fe(H2O) +

n and
Co(H2O) +

n (n=1–10) cluster ions. Int. J. Mass Spectrom., 220:111–126, 2002.
[200] T. Posch, F. Kerschbaum, H. Mutschke, D. Fabian, J. Dorschner, and J. Hron.

On the Origin of the 13 µm Feature. A Study of ISO-SWS Spectra of Oxygen-rich
AGB Stars. Astron. Astrophys., 352:609–618, 1999.

[201] S. Pratontep, S. J. Carroll, C. Xirouchaki, M. Streun, and R. E. Palmer. Size-
Selected Cluster Beam Source Based on Radio Frequency Magnetron Plasma Sput-
tering and Gas Condensation. Rev. Sci. Instrum., 76:045103, 2005.

[202] A. B. Rahane, M. D. Deshpande, and V. Kumar. Structural and Electronic Prop-
erties of (Al2O3)n Clusters with n = 1–10 from First Principles Calculations. J.
Phys. Chem. C, 115:18111–18121, 2011.

[203] A. C. Reber, S. N. Khanna, P. J. Roach, W. H. Woodward, and A. Castleman.
Reactivity of Aluminum Cluster Anions With Water: Origins of Reactivity and
Mechanisms for H2 Release. J. Phys. Chem. A, 114:6071–6081, 2010.

[204] A. M. Ricks, J. M. Bakker, G. E. Douberly, and M. A. Duncan. Infrared Spectro-
scopy and Structures of Cobalt Carbonyl Cations, Co(CO)+n (n = 1-9). J. Phys.
Chem. A, 113:4701–4708, 2009.

148



BIBLIOGRAPHY

[205] S. Riley and E. Parks. Photoionization Studies of Transition Metal Clusters:
Ionization Potentials for Fenand Con. Phys. chem. of small Clusters, page 727,
new York 1987.

[206] P. J. Roach, W. H. Woodward, A. W. Castleman Jr., A. C. Reber, and S. N.
Khanna. Complementary Active Sites Cause Size-Selective Reactivity of Alu-
minum Cluster Anions with Water. Science, 323:492–495, 2009.

[207] J. L. Rodriguez-Lopez, F. Aguilera-Granja, K. Michaelian, and A. Vega. Structure
and magnetism of cobalt clusters. Phys. Rev. B, 67:174413, 2003.

[208] G. Rollmann, P. Entel, and S. Sahoo. Competing Structural and Magnetic Effects
in Small Iron Clusters. Comput. Mater. Sci., 35:275–278, 2006.

[209] M. Rosi and C. W. Bauschlicher. The Binding Energies of One and Two Water
Molecules to the First Transition-Row Metal Positive Ions. J. Chem. Phys., 90:
7264, 1989.

[210] S. M. Rossnagel. Metal Ion Deposition from Ionized Mangetron Sputtering Dis-
charge. J. Vac. Sci. Techn. B, 12:449, 1994.

[211] S. A. Ruatta and S. L. Anderson. Reaction of Aluminum Cluster Ions with Oxygen
and Nitrous Oxide: Energetics and Dynamics of Cluster Oxidation. J. Chem.
Phys., 89:273, 1988.

[212] S. A. Ruatta, L. Hanley, and S. L. Anderson. Size-Dependent Barriers for Reaction
of Aluminum Cluster ions with Oxygen. Chem. Phys. Lett., 137:5–9, 1987.

[213] M. Sanekata, F. Misaizu, and K. Fuke. Photodissociation Study on Ca+(H2O)n,
n=16: Electron Structure and Photoinduced Dehydrogenation Reaction. J. Chem.
Phys., 104:9768, 1996.

[214] G. Santambrogio, E. Janssens, S. Li, T. Siebert, G. Meijer, K. R. Asmis, J. Döbler,
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