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1.1    Catalysis

The term ‘catalysis’ was introduced by the Swedish chemist Jöns Jakob Berzelius 
in 1835 to characterize phenomena observed by a variety of chemists in the 18th 
and 19th century.[1, 2] These included the enhanced conversion of starch into sugars 
in acidic environment and the observation that combustion of certain gasses is 
facilitated by metallic platinum. However, mankind has used catalytic processes 
for many millennia before the term ‘catalysis’ was introduced. Examples of catalytic 
processes that have been used for several thousand years include the conversion of 
wine into acetic acid by fermentation and the manufacturing of soap from fats and 
bases. Berzelius postulated that a ‘catalytic force’ is active during certain reactions. 
At that time, the theory of atoms and molecules had not yet been formulated and 
hence no molecular understanding of reaction rates was possible. The formulation of 
the theory of chemical equilibria by Jacobus Henricus van ‘t Hoff was instrumental 
in the development of a framework for catalyst development. This ultimately lead 
to the modern day defi nition of a catalyst: A catalyst is a substance that is added to a 
reaction mixture to increase the rate of a chemical reaction without being consumed 
by the overall reaction. 

Catalytic processes have a tremendous effect on modern day life. Nearly all 
transportation fuels and around 80% of all chemical products (e.g. plastics, fertilizers, 
etc.) that are manufactured today are produced in catalytic processes.[3] Catalysts 
may be gasses, liquids or solids and can be classifi ed according to their physical 
state or by the nature of the reactions that they catalyze. In homogeneous catalysis, 
the catalyst is molecularly dispersed in the same phase as the reactants, usually in 
the gas- or liquid-phase. In contrast, in heterogeneous catalysis, the catalyst and the 
reactants are in different phases. Usually the catalyst is a solid while the reactants 
are in the gas- or liquid-phase. Many heterogeneous catalysts consist of fi nely 
dispersed transition metal (oxide) nanoparticles on or in an inert support material. 
A schematic representation of such a catalyst is shown in Figure 1.1. 

Figure 1.1. Schemati c overview of a heterogeneously catalyzed reacti on. The catalyti cally acti ve 
parti cles are shown in pink, the support in blue and a promoter in ochre. Numbers indicate possible 
elementary reacti on steps (see text). 
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 1.1    Catalysis

The performance of a catalyst is greatly influenced by its composition. Not only the 
elemental composition, but also the size and shape of the nanoparticles determines 
how well a catalyst performs. Because of the small size of the nanoparticles, a 
significant fraction of the constituent atoms are located on the surface of the particles 
and many atoms are located on edges, rims, and step sites. Despite the small size, 
a variety of crystallographic facets might be present on a single particle. In many 
cases, different atomic coordination will result in different catalytic performance. 
Next to the metal particles, also the support material itself can influence the activity 
and/or the selectivity of the catalyst. The catalytic performance can often be greatly 
improved by adding other elements in small quantities. These so-called promoter 
materials can influence the structure and/or the electron density of the catalytically 
active particles. In fact, the charge state/electron density of a catalyst often plays a 
key role in determining the catalytic activity, as illustrated by the catalytic reactions 
in Table 1.1. 

Table 1.1. Some catalytic reactions that demonstrate the importance of the charge state/electron 
density on catalytic performance. The δ- and δ+ indicate partially negatively and positively charged 
particles, respectively.

Catalytic Process Catalyst Proposed Active Site Reference

Oxidation of CO Au on metal oxides Auδ-/ Au0/ Auδ+ [4-8]

Pt / zeolite Y Ptδ- [9]

Rh / Ce0.7Zr0.3O2 Rhδ+ [10]

Hydrogenation of CO Co / Mn / TiO2 Coδ+ [11, 12]

Cu / K Cuδ+ [13]

Pd / SiO2 Pdδ+ [14]

Water gas shift reaction Au / CeO2 Auδ+ [15, 16]

Ammonia synthesis Fe / K Feδ- [17]

Hydrogenation of α,β unsaturated 
aldehydes

Cu / S / Al2O3 Cu+ [18, 19]

Au / S / ZnO Au+ [19, 20]

For many catalyzed reactions, the overall reaction actually consists of many 
elementary reaction steps. A typical sequence is shown in Figure 1.1. First, the 
reactants have to diffuse to the catalyst and subsequently adsorb. They can either 
adsorb directly onto the catalytically active particle (1) or on the support material 
(2) and diffuse toward the metal particle. Of course, species adsorbed on the surface 
can also desorb (3). When molecules bind to the catalyst, they can either bind 
molecularly (1) or they can dissociate upon adsorption (4). The reactants then have 
to find a site where the actual reaction occurs, possibly followed by other reactions 
(5), diffuse away (6) and the product(s) should finally desorb from the surface to 
regenerate the catalyst (7). Hence, many different variables influence the overall 
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catalytic reaction, making it complex to obtain detailed insight into, e.g. the sites 
where the actual reactions occur, and the precise sequence of the many possible 
elementary reaction steps.

To systematically improve existing catalysts and to develop new catalysts, 
fundamental knowledge about the elementary reaction steps that take place in 
catalyzed reactions is required. Such information can be obtained in several ways. 
One approach is to apply (advanced) analysis techniques on the catalytic process 
under investigation. The main advantage of this approach is that information on 
the actual catalytic mechanism is obtained. Despite the ever-increasing number of 
(spectroscopic) tools available to study catalysts under reaction conditions, the main 
difficulty remains the complexity of many heterogeneously catalyzed systems. In 
1922 the American chemist Irving Langmuir phrased an alternative approach as 
follows[21]:

‘Most finely divided catalysts, such as platinum black or activated charcoal, etc, 
must have structures of great complexity, and it is probable that the atoms are attached 

to each other in the form of branching chains so that there are hardly any groups of as little 
as three or four atoms, which are as closely packed as they would be in the crystalline solid. 
In order to simplify our theoretical consideration of reactions at surfaces, let us confine our 
attention to reactions on plane surfaces. If the principles in this case are well understood, it 

should then be possible to extend the theory to the case of porous bodies.’

Hence, catalytic systems have been modeled by the interaction of molecules with 
well-defined single crystal surfaces in ultra high vacuum. This opens up the use of 
analysis techniques that cannot be used to study industrial catalysts under reaction 
conditions. These techniques can provide information that is otherwise inaccessible. 
Indeed, surface science studies have been instrumental for the elucidation of several 
catalytic reaction mechanisms, including the ammonia synthesis process over iron 
based catalysts and the conversion of CO and NOx species in automotive exhaust gas 
catalysts.[22] The importance of surface science studies has also been recognized by 
the awarding of Nobel prizes in Chemistry to Irving Langmuir (1932) and Gerhard 
Ertl (2007). 

The simplicity of single crystal surfaces allows for in-depth studies of reaction 
mechanisms. However, it also implies that single crystal surfaces cannot account 
for all the distinct sites present in real catalysts, all of which may have different 
reactivity. Examples of such sites include certain coordinatively unsaturated atoms 
and atoms located on the particle-support interface. Hence, there exists a materials 
gap with on the one hand the complexity of a heterogeneous catalyst and on the 
other hand the simplicity of single crystal surfaces. Another limitation stems from 
the fact that many surface science studies are performed at low pressures, whereas 
the pressures used in actual catalytic reactions are often quite high. Since reaction 
mechanisms can depend on pressure, it is not a-priori clear whether or not a reaction 
mechanism derived from surface-science studies is also taking place on the actual 
catalyst. This is often referred to as the pressure gap. As should be clear from the 
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above, both surface science studies and catalytic studies have their advantages and 
disadvantages. Hence, they should be regarded as complementary approaches to 
obtain the desired information.

1.2    Cluster Science
In the early 1980’s, the field of transition metal cluster science emerged with the 
development of molecular beams of clusters consisting of tens up to hundreds of 
metal atoms. Inherent of the small size, a significant fraction of the constituent 
atoms are located on the surface of the cluster, i.e. these atoms are coordinatively 
unsaturated. Heterogeneously catalyzed reactions often take place on such atoms. 
A good example is the oxidation of CO over a single coordinatively unsaturated 
ruthenium atom on a RuO2 (1,1,0) surface.[23] Furthermore, the atomic arrangements 
in clusters can be different compared to those in bulk materials, potentially 
resulting in a different coordination. Atomic coordination different from that of 
the bulk material is also found at surface defects (e.g. steps and kinks). Hence, next 
to single crystal surfaces, metal clusters in the gas-phase provide a complementary 
system to obtain fundamental insight into the reactions of molecules with solids. 
One of the main advantages of cluster studies is that experiments can be performed 
on well-defined systems. As a result, cluster studies are ideally suited to provide 
size dependent information on a variety of important phenomena, including 
adsorbate binding geometries, co-adsorption effects, and electron density/charge 
state dependent binding of adsorbates. Furthermore, by comparing clusters in the 
gas-phase with supported clusters of the same size, information on the effect of 
the support material can be obtained. Hence, cluster studies can provide useful 
information about phenomena relevant for heterogeneous catalysis although they 
suffer from the same materials and pressure gap as surface science studies.

Clusters, consisting of tens up to hundreds of atoms are intermediate between 
atoms/molecules and bulk. Clearly atoms/molecules and bulk materials have 
different properties and it can therefore be expected that interesting (and useful) 
phenomena might be observed for clusters. For particles larger than ~100 nm, the 
material properties are independent of particle size and such particles can therefore 
be regarded as small pieces of bulk material. Upon decreasing the particle size to 
the ~1-100 nm range, several properties of materials scale as a function of size (see 
Figure 1.2). However, this does not necessarily apply to all properties. For example, 
it has been shown that the optimal Co particle size in Co based Fischer-Tropsch 
catalysts is 6-8 nm.[24] Increasing or decreasing the particle size lowers the catalytic 
activity. When particles become even smaller, one enters the regime where quantum 
effects are dominant and properties like reactivity, magnetic moment and ionization 
potential do not smoothly scale with size anymore but critically depend on particle 
size. In this size range, dramatic changes can occur by adding or removing just 
a single atom (see Figure 1.2). Examples include the unique capability of Fe4

+ to 
convert small hydrocarbons into benzene[25, 26] and the large changes in reactivity 
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of cationic iron, cobalt and nickel clusters toward hydrogen as a function of cluster 
size.[27] Another example is the size dependent hydrogenation of toluene by iridium 
clusters.[28]

One of the central questions in cluster science is therefore ‘How large must a 
cluster be before its properties resemble those of the bulk material?’ It has become 
clear that the approach to bulk behavior critically depends on the property and 
on elemental composition. For example, binding energies rapidly converge as a 
function of size, while ionization potentials and electron affinities do not. This is 
consistent with the idea that chemical bonds are mainly local phenomena, whereas 
ionization potentials and electron affinities are not.
Another advantage of cluster studies is that due to their small size, cluster complexes 

can be modeled directly by both electronic structure methods and dynamical 
calculations. Hence, there has been an intimate interplay between experimental and 
theoretical investigations since the early days of cluster science.  On the one hand, 
experimental studies have benefited enormously from the advances in theoretical 
chemistry and on the other hand qualitative experimental results, e.g. thermo-
chemistry, photoelectron and vibrational spectroscopy, provide benchmark data 
for theoretical models. 
A comparison between catalytic, surface science and cluster science with respect 

to several different properties is given in Table 1.2. Cluster- and surface science 
studies should be regarded as complementary approaches to obtain information 
about phenomena relevant for heterogeneous catalysis.

Figure 1.2. The value of an observable depends on the size of the particle. The solid line indicates the 
quantum regime, the dashed line the scalable size range and the dotted line represents the value of 
the observable for bulk material.
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Table 1.2. Comparison between catalytic, surface science and cluster science studies.

Property Supported Nanoparticles Surface Science Cluster Science

Structural control medium large large

Electronic control medium medium large

Temperature range1 4 K – ~1000 K 4 K – ~1000 K 0.4 K - ~500 K

Pressure range1 vacuum – ~30 bar vacuum – ~1 bar vacuum

Matrix support, reactants none none or support

Number of experimental 
techniques2

medium large small

DFT Calculations still difficult possible possible

other: ‘real’ system model system model system,
quantum size effects

1 Pressure and temperature might place restrictions on the number of experimental techniques that are available.
2 Note that this does not imply that the same techniques can be applied in the study of supported nanoparticles and single 
crystal surfaces.

1.3    Adsorption of H2 and CO on Transition Metals
Adsorption of diatomic molecules like H2 and CO on transition metals is of 
tremendous importance for several processes and materials, including various 
catalytic reactions, hydrogen storage materials and metallurgy. In addition, co-
adsorption of H2 and CO is of significant interest due to its relevance to the Fischer-
Tropsch process, which is a process to convert mixtures of these two molecules 
to long chain hydrocarbons.[29, 30] Co-adsorption of these molecules is furthermore 
relevant in PrOx (Preferential Oxidation) catalysis. There, the main goal is to 
selectively oxidize CO in H2-rich streams to obtain sufficiently pure H2 streams 
for fuel cell applications.[31, 32] As a consequence, adsorption of these molecules on 
extended metal surfaces and on metal nanoparticles has been studied extensively.
[33-37] Here only a brief introduction is given, more elaborate discussions can be found 
in the corresponding chapters. 
A molecule or atom adsorbed on a metal can be bound in different sites. Possible 

binding sites are schematically depicted in Figure 1.3. In general, atomic adsorbates 
(with the exception of the noble gases) have a preference for high coordination 
sites, while molecularly bound species can also be bound in atop or bridging sites. 
For instance, molecularly bound CO has been observed in atop, bridge, face, and 
hollow sites, while atomic carbon, oxygen, and hydrogen atoms are nearly always 
threefold (or higher) coordinated. Atop bound hydrogen atoms are rarely observed. 
Adsorbate binding sites can vary with coverage, temperature, pressure, and from 
one crystallographic plane to another. Examples of element specific adsorption sites 
for molecularly bound CO and atomic hydrogen are given in Figure 1.4. [33, 36, 38-54]

The model that is most widely invoked to describe the binding of carbon monoxide 
on transition metals, is that of Dewar, Chatt, and Duncanson.[55, 56] In this model, only 
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the frontier-orbitals of the CO molecule and the metal are considered.§ A schematic 
picture of the bonding of CO and H2 is shown in Figure 1.5. As a CO molecule 
approaches a metal, a σ bond can be formed by the partial donation of a pair of 
electrons from the 5σ orbital of the CO, which is largely localized on the carbon 
atom, to an orbital of appropriate symmetry on the metal atom. The M−CO bond is 
stabilized by π-back bonding from filled metal d-orbitals into an empty 2π* orbital 
of the CO ligand. This back-donation leads to an increased occupation of the 2π* 
orbital, which is anti-bonding with respect to the C−O bond. The adsorption of CO 
on a transition metal will therefore result in a significant weakening of the C−O 
bond. If this back-donation is sufficiently large, the CO molecule can dissociate. 

§ It has recently been shown that next to the frontier orbitals, additional orbitals are required 
to correctly describe the binding of CO on transition metals.[57, 58]

Figure 1.3. Schematic representation of different adsorbate binding sites. The top panel shows a top 
view, while the bottom panel gives the corresponding side view. There exist several names for the 
same adsorbate binding site that can be used interchangeably: (A) atop or linearly bound, (B) two-
fold coordinated, µ2-coordinated, or bridge bound, (C) three-fold coordinated, µ3-coordinated, or 
face bound and (D) four-fold coordinated or µ4-coordinated.

Figure 1.4. d-block of the periodic table. Possible adsorption sites of carbon monoxide and atomic 
hydrogen on several elements are indicated. At room temperature, carbon monoxide binds 
dissociatively to all elements on the left of the red line, whereas it binds molecularly to the elements 
on the right of the red line. 
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Experimentally it has been determined that CO dissociates on all transition metals 
to the left of the diagonal cobalt-ruthenium-rhenium at room temperature and that 
it binds molecularly to all metals to the right of this diagonal (see Figure 1.4). At 
elevated temperatures CO also dissociates on cobalt, nickel and ruthenium and for 
example, supported metal particles of these elements can be used as catalysts in CO 
hydrogenation reactions. 

The principles of donation and back-donation also play a role in the adsorption of 
H2 on transition metals. In contrast to CO, an M–H2 bond can be formed when the 
hydrogen molecule approaches the metal with its intra-molecular axis parallel to 
the surface. A σ bond is formed between the occupied σ molecular orbital of H2 and 
a metal orbital of appropriate symmetry. Back-donation from an occupied d-orbital 
of the metal into the anti-bonding σ* orbital of the H2 molecule weakens the H−H 
bond. On nanoparticles and extended surfaces of transition metals, the amount of 
back-donation is so large that a H2 molecule dissociates upon adsorption. In the fi nal 
state, the hydrogen atoms are nearly always adsorbed in high coordination sites 
(see Figure 1.4). Molecular H2 coordinated to a transition metal have been found in 
certain organometallic complexes,[59] on edges of certain single crystal planes of Ni 
on which all adsorption sites for atomic hydrogen are occupied,[60] and on a Pd (210) 
surface.[61] 

M

C

O

M

C

O

A B

M

H H

M

H H

C D

Figure 1.5. Schemati c of the Fronti er orbital picture of the bonding of CO (A, B) and H2 (C, D) to a 
metal atom. In case of CO, a σ bond is formed by hybridizati on of the occupied 5σ orbital of the CO 
with a metal orbital of appropriate symmetry (A).  The M−CO bond is stabilized by hybridizati on of an 
occupied metal d orbital with the anti -bonding 2π* orbital of the CO molecule (B). In case of H2, a σ 
bond can be formed by hybridizati on of the occupied σ orbital of the H2 molecule and a metal orbital 
of appropriate symmetry (C). Back-donati on from an occupied metal d orbital to the anti -bonding 
σ* orbital of H2 leads to the breaking of the H−H bond over nanoparti cles and extended surfaces of 
transiti on metals.
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1.4    Scope and Outline of this Thesis

A significant number of studies have been performed on H2 and CO adsorption 
on metal clusters. These studies have provided a wealth of information on, e.g., 
cluster reactivity, ionization potentials and adsorbate-cluster bond energies. To 
fully understand the interaction between adsorbates and metal clusters, structural 
information is required. However, direct structural information on adsorbate 
binding geometries is scarce and the effects of co-adsorption of both H2 and CO on 
metal clusters have remained unexplored.

The aim of the research described in this thesis was to obtain fundamental 
knowledge on the interaction of H2 and/or CO with charged transition metal clusters. 
To this end vibrational spectroscopic studies, complemented with quantum chemical 
calculations have been performed. It has been shown that this approach can provide 
direct, size and charge state dependent information on cluster geometries.[62, 63] 

The employed methodology is introduced in chapter 2, together with a description 
of the experimental setup. In the second part of that chapter, an introduction into the 
theoretical methods that are used is presented. The research described in this thesis 
can be divided into three main topics.  Chapters 3 and 4 address the adsorption 
of hydrogen on 3d transition metal clusters. Hydrogen is known to dissociatively 
chemisorb in high coordination sites on extended surfaces of all 3d transition 
metals but it is not clear how hydrogen will bind to small metal clusters. Therefore, 
hydrogen chemisorption on a variety of transition metal clusters was investigated. 
Particular emphasis was given to hydrogen chemisorption on  nickel clusters, as 
this elements plays an important role in hydrogenation catalysis. In chapter 3, the 
binding of multiple hydrogen molecules on scandium, vanadium, iron, cobalt, and 
nickel clusters is studied, while in chapter 4 the adsorption of a single hydrogen 
molecule on nickel clusters is studied.

In the second part of the thesis, the effects of co-adsorption of hydrogen and 
carbon monoxide on transition metal clusters are studied. Simultaneous adsorption 
of these two species occurs for instance in CO hydrogenation reactions. Despite its 
relevance to various catalytic processes, co-adsorption of H2 and CO on transition 
metal clusters has remained unexplored. As a case study, we have investigated the 
effects of co-adsorption on a late (cobalt, chapter 5) and an early (vanadium, chapter 
6) transition metal.

The final research topic regards the influence of charge on the binding of CO 
in saturated carbonyl complexes. Although the charge state/electron density of a 
particle is of paramount importance for its catalytic performance, there exist only 
few studies on the effects of charge on the binding geometries of adsorbates on 
transition metal clusters. In chapter 7, the case of rhodium carbonyl complexes is 
presented, while in chapter 8 the binding of CO in cobalt and nickel carbonyls is 
discussed. The thesis ends with a summary and some concluding remarks.
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2.1    Infrared Multiple Photon Dissociation Spectroscopy

Direct absorption measurements on transition metal cluster complexes in the 
gas-phase are difficult due to the low particle densities. Alternative, indirect mass 
spectrometry based techniques to measure vibrational spectra of such species 
have been developed. IR Multiple Photon Dissociation (IR-MPD) spectroscopy is 
one of these techniques. The basic idea behind IR-MPD is that the IR absorption 
spectrum can be reconstructed by recording the photo induced fragmentation yield 
as a function of photon frequency. For strongly bound complexes like MnHm and 
MnCOm, the amount of energy required to break a covalent bond, and hence induce 
fragmentation, is on the order of 1-6 eV. This implies that for such systems, many 
IR photons need to be absorbed, hence the name IR-multiple photon dissociation 
spectroscopy. Below the principles behind IR-MPD spectroscopy will be briefly 
discussed. More detailed information can be found elsewhere.[64-66]

All vibrational modes have a certain degree of anharmonicity. Therefore, absorption 
of many monochromatic IR photons cannot take place in a single vibrational ladder. 
This is often referred to as the ‘anharmonicity bottleneck’.[67] Anharmonicities 
also provide a coupling mechanism between the different vibrational modes of a 
cluster complex. Because of this coupling, the energy of an absorbed photon can 
be transferred to the heat bath of other vibrational modes. This process is known 
as internal vibrational redistribution (IVR). As a result of the IVR, the vibrational 
lifetime is shortened and consequently the absorption lines are broadened. The 
IVR rate depends on the vibrational density of states and on the internal energy 
of the complex. At low internal energies IVR is slow and photon absorption can be 
limited by anharmonicities. As the internal energy of the complex increases by the 
absorption of photons, the IVR rate increases and rapid sequential absorption of 
multiple photons on the same transition can take place, leading to an ever-increasing 
internal energy. In this regime, typical timescales associated with intramolecular 
relaxation are on the order of 10-11-10-12 s.

In the low-pressure (collision free) environment of the molecular beam, the highly 
excited complexes can cool by emitting photons, electrons or by fragmentation. In 
principle, all three processes are possible and which process dominates depends 
on the internal energy. Radiative cooling is described by the Stefan-Boltzmann 
law, hence the emission of photons scales as the internal energy to the fourth 
power. In contrast, the rate constants for electron emission and fragmentation 
scale exponentially with internal energy. Therefore, at low internal energy 
radiative cooling will be the dominant relaxation process while at high internal 
energy, fragmentation or electron emission will dominate. For most molecules and 
cluster complexes, typical fragmentation barriers are lower than typical ionization 
potentials and consequently most molecules and clusters fragment rather than 
ionize. For the systems described in this Ph.D. thesis, fragmentation was observed 
to be the dominant relaxation process. 
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To perform IR-MPD studies on transition metal complexes in the gas-phase, the 
radiation source has to meet two key requirements. The first is that the source has to 
be tunable over a broad spectral range. In general, this is true for most spectroscopic 
techniques. Second, the source has to produce radiation with a high fluence on the 
microsecond time scale. Cluster complexes in a molecular beam typically travel 
with velocities of several hundred meters per second. With a focal depth on the 
order of several hundred micrometers to millimeters, the interaction time between 
the radiation and the complexes is on the order of microseconds. For IR-MPD 
experiments, where sequential absorption of multiple photons is required, a high 
fluence on the microsecond time scale is therefore crucial. IR-MPD experiments 
on gas-phase species were initially performed using line-tunable CO2 lasers.[68-70] 
However, only a limited spectral range (from ~900-1100 cm-1) can be accessed using 
these lasers. Appropriately designed ‘free electron lasers’ (FELs) can cover a much 
broader spectral range (see below) and are currently the source of choice for IR-
MPD studies.

Note that the above implies that an IR-MPD spectrum of a compound is not 
necessarily directly comparable to the linear absorption spectrum of the same 
compound. In general, absorption peaks in an IR-MPD spectrum are shifted to lower 
frequencies as compared to the linear absorption spectrum due to anharmonicities. 
Furthermore, relative intensities cannot be compared directly as the fragmentation 
yield depends in a highly non-linear way on the laser fluence. Peak intensities can 
therefore only be compared qualitatively. Nevertheless, it has been shown[65, 66] that 
in many cases the differences are quite small and that IR multiple photon absorption 
spectra provide reliable information on the vibrational modes of the investigated 
systems. Using the Free Electron Laser for Infrared eXperiments, FELIX, IR multiple 
photon excitation experiments have been performed on numerous transition metal 
containing species, including pure[62, 63, 71-74] and doped metal clusters, metal-CO 
complexes,[75-79] metal oxide clusters,[80-85] and metal carbides.[86-89]

2.2    Experimental
2.2.1    Free Electron Lasers

All experiments described in this Ph.D. thesis were performed on a molecular 
beam machine coupled to a beam-line of the ‘Free Electron Laser for Infrared 
eXperiments[90], FELIX, which is based at the FOM Institute for Plasma Physics, in 
Nieuwegein, the Netherlands. An excellent book on FEL physics is available[91] and 
only a brief introduction will be given here.
A schematic layout of the central component of an FEL is depicted in Figure 2.1. 

A pulsed beam of electrons traveling at relativistic velocities is injected into a 
periodic magnetic structure, called an undulator, which is placed inside an optical 
cavity. The undulator consists of N pairs of magnets with alternating polarity and 
periodicity lu. The resulting magnetic field is perpendicular to the propagation 
direction of the electrons. The Lorentz force exerted on the electrons causes them 
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to undergo a sinusoidal wiggling motion while traversing the undulator. At each 
change in direction the electron emit radiation with a frequency that is given by the 
ratio of the velocity of the electrons to the length of one period of the path traveled 
by the electrons. As the photons travel in a straight line at the speed of light while 
the electrons travel slower in a sinusoidal path, the electrons initially do not emit 
coherently. The high velocity of the electrons results in a strong Lorentz contraction 
(1/γ) and Doppler shift (1/2γ) of the wavelength of the radiation that is emitted in 
the forward direction. Assuming that the Lorentz factor is large, the wavelength of 
the spontaneous emission is given by:

                                        2.1

The variable K is a dimensionless parameter that depends on the strength of the 
magnetic fi eld in the undulator. It usually has a value close to 1. For FELIX the 
electron energy ranges from ~15 MeV to ~50 MeV, which results in a γ value of 20 

-100. Combined with an undulator periodicity of 65 mm, this brings the wavelength 
of the emitted radiation into the micrometer range. 

The intensity of the spontaneously emitted radiation is normally low. This is a 
consequence of the fact that the length of the electron bunch is much larger than 
the wavelength of the emitted radiation and the electrons therefore do not emit 
coherently. However, the electrons in an undulator can be made to emit coherently. 
The electric fi eld of the moving electrons can couple to the radiation fi eld in the 
optical cavity and cause a net transfer of electron kinetic energy to the radiation 
fi eld or visa versa, depending on the relative phases of the current and fi eld. This 
energy transfer causes a velocity modulation. Electrons that are in phase with 
the radiation fi eld are retarded and electrons that are out of phase are accelerated. 
The relative changes in velocity result in a longitudinal density modulation of the 
electrons, which is referred to as ‘micro-bunching’. With complete micro bunching 
all electrons radiate coherently and the radiated power becomes proportional to N2 
and is thus greatly increased with respect to the spontaneously emitted radiation. 
Typically the output power resulting from stimulated emission is 107-108 times 
higher than that from spontaneous emission. 

Figure 2.1. Schemati c layout of an FEL undulator and opti cal cavity.
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The temporal structure of the emitted radiation is determined by the characteristics 
of the electron beam. The linear radio frequency accelerators is use at the FELIX 
facility typically generate 7 µs long macro pulses with a repetition rate of up to 10 
Hz. Each macro pulse consists of a train of micro pulses, whose duration can be 
varied from ~300 fs to several ps, with a repetition rate of either 25 MHz or 1 GHz. 
The bandwidth of the micro pulses is near-transform limited. Typical values range 
from <0.5% to several percent full width at half maximum of the central wavelength. 
Macro pulse energies in the 1 GHz mode of operation are 30-100 mJ. The wavelength 
of the output radiation can be changed by changing the electron kinetic energy or 
the magnetic field strength in the undulator. FELIX covers the spectral range from 
2300 cm-1 to 40 cm-1 on the fundamental. It is also possible to extend the tuning range 
to 3700 cm-1 by optimizing FELIX to lase on the third harmonic of the radiation. 

The temporal structure and fluence of the radiation produced combined with the 
spectral characteristics, make FELIX a uniquely suitable light source to perform 
IR-MPD studies on a large variety of (transition) metal clusters, including transition 
metal hydride and transition metal carbonyl complexes. Typical vibrational 
frequencies associated with metal hydride and metal carbonyl complexes are 
shown in Figure 2.2. Two- and three-fold coordinated hydrogen atoms give rise to 
vibrational modes in the 500-1500 cm-1 range. Metal-dihydrogen stretch vibrations 
associated with molecularly bound H2 are located in the narrow range around 700 
cm-1, while the corresponding internal H–H stretch vibration lies around 3400 cm-1. 
The characteristic C=O stretch vibration of CO bound to transition metal compounds 
is found between 1700 cm-1 and 2150 cm-1, depending on binding geometry and the 
charge state of the metal cluster. The corresponding M–CO vibrational modes lie 
below 650 cm-1. 

Figure 2.2. Overview of the spectral ranges of fundamental vibrational modes associated with 
transition metal containing hydride and carbonyl clusters.
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2.2.2    The Molecular Beam Machine

A schematic of the molecular beam machine that was used for the experiments 
described in this Ph.D. thesis is shown in Figure 2.3.[66, 75] The 2nd harmonic output 
of an Nd:YAG laser is focused onto a metal target rod, creating a plasma above the 
surface of the rod. The rod is continuously rotated and translated to expose a fresh 
spot on the surface. The plasma is quenched by a pulse of He gas delivered by a 
pulsed valve, resulting in clustering and thermalization of the species in the plasma. 
Neutral, anionic and cationic clusters are produced in this process. Downstream 
of the cluster source the clusters enter a flow reactor channel where they can react 
with a gas of interest that is injected by a second pulsed valve. The extent of complex 
formation can be controlled by adjusting the gas flow through the second pulsed 
valve. Upon increasing the partial pressure in the reactor channel, sequential 
molecules are adsorbed on the clusters. At one point, the complexes do not bind 
additional molecules when the reactant content is increased further. At this point 
saturation coverage has been reached. After the reactor channel, the molecular beam 
is expanded into vacuum and shaped by a skimmer and an aperture. A counter-
propagating pulsed IR beam delivered by FELIX is focused on the aperture to ensure 
that the full cross-section of the molecular beam is exposed to the IR radiation. The 
FELIX beam is timed in such a way that the cluster beam is irradiated when it is 
near the focus. When the radiation is resonant with an IR-allowed transition of the 
cluster complex, sequential absorption of single photons can take place, leading to 
fragmentation of the complex as described in section 2.1. After passing the aperture, 
the molecular beam enters the extraction region of a reflectron time-of-flight mass 
spectrometer. The extraction pulse is timed such that spectra are recorded of a part 
of the cluster distribution that is exposed to a macro-pulse of IR radiation (lower 
trace Figure 2.4). The entire setup runs at a frequency of 10 Hz. FELIX runs with a 
macro pulse repetition rate of 5 Hz. Mass spectra of a reference distribution that is 
not exposed to IR radiation are recorded on alternate shots (upper trace Figure 2.4) 
to compensate for long-term fluctuations in cluster intensity. IR-depletion spectra 
are measured by recording the ratio of the ion intensities as a function of photon 
frequency. Because detection is mass selective, the vibrational spectra of different 
cluster complexes can be measured simultaneously.
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Figure 2.3. Schemati c of the molecular beam setup used to perform IR-MPD studies of cluster 
complexes.

Figure 2.4. Mass spectra of fully hydrogen saturated VnHm
+ complexes with mass/charge rati os 

between 300 and 600 a.m.u. The top spectrum shows part of the mass distributi on of cluster 
complexes in the molecular beam where 7,10 indicates the V7H10

+ complex, etc. The lower mass 
spectrum shows the changed mass distributi on upon overlap of the molecular beam with a beam of 
IR photons with a frequency of 1440 cm-1. The arrows indicate photo-induced fragmentati on.
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2.3    Theoretical methods

To aid in the interpretation of the results from the spectroscopic studies, the 
experimental work is complemented by quantum chemical calculations. Primarily 
cluster complex geometries and the corresponding vibrational spectra are calculated. 
By comparing the calculated spectra of several isomers with the experimentally 
measured spectrum, information on complex geometries is obtained. To better 
understand the theoretical results described in the following chapters, the 
fundamental principles of electronic structure theory, density functional theory, 
geometry optimizations and harmonic frequency calculations are briefly discussed.
[92-94] All of the calculation described in this Ph.D. thesis have been performed using 
the commercially available TURBOMOLE package, except where noted otherwise.
[95] 

2.3.1    Basic Principles of Electronic Structure Theory

The basis of quantum mechanics is equation 2.2, which was introduced in 1926 and 
is known as the time-dependent Schrödinger equation[96]:

    2.2

In this equation  is the Hamilton, or energy operator, which depends on 
the nuclear and electron coordinates (R  and r, respectively) and on the time,  is the 
wavefunction that describes the system of interest. The symbol  is Plank’s constant 
divided by 2π. By solving equation 2.2, in principle all information on the system can 
be obtained. However, no analytic solutions to equation 2.2 are known for systems 
containing two or more interacting electrons. Hence, for all practical calculations on 
molecules and clusters, approximate solutions have to be generated. 

For many systems of interest, the Hamilton operator does not depend on time. In 
these cases, equation 2.2 simplifies to the time-independent Schrödinger equation 
(equation 2.3).  

      2.3

where E represents the energy of the system. The non-relativistic Hamiltonian 
operator for a many body system, like a molecule or cluster, is given by: 

     
    

   2.4
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where A and B are nuclear indices, i and j electron indices, and ma and me are 
the nuclear and electron mass, respectively. The symbols e, Z, and r, respectively 
denote the elementary charge, the nuclear-charge, and the inter-particle distances. 
The first two terms on the right hand side of equation 2.4 describe the kinetic energy 
contributions to the total energy due to the nuclei and electrons, respectively. The 
attractive Coulomb interaction between nuclei and electrons gives rise to the third 
term. The last two terms account for the repulsive Coulomb interactions between 
electrons and nuclei, respectively. In equation 2.4 relativistic effects are ignored, i.e. 
this Hamilton operator does not account for the velocity dependence of the mass of 
the particles, retardation effects, and spin-orbit coupling.

Solutions of the time-independent Schrödinger equation (equation 2.3) almost 
always make use of the Born-Oppenheimer approximation.[97, 98] The justification of 
this approximation stems from the fact that nuclei move much slower than electrons 
and hence in first order, the electron motion only depends on the nuclear positions 
and not their movement. In turn, the nuclei ‘see’ only a smeared out potential due to 
the much faster moving electrons. Applying this approximation leads to a separate 
treatment of the electrons and nuclei:  

    2.5 a
 2.5 b

In the Born-Oppenheimer picture, the nuclei move on a potential energy surface 
(PES), Ee(R), which is a solution of the electronic Schrödinger equation (equation 
2.5a). Solving the nuclear Schrödinger equation (equation 2.5b), leads to energy 
levels for molecular vibrations (see section 2.3.4). Although the Born-Oppenheimer 
approximation leads to approximate energies, the errors that are introduced are 
typically of the order of the electron/nucleus mass ratio (≈10-3). Hence, as long as 
the electron wavefunction, yn(R,r), does change significantly with respect to small 
distortions of the nuclear coordinates, the Born-Oppenheimer approximation is a 
good approximation.  

As already outlined above, no analytic solutions of the Schrödinger equation exist 
for molecules and clusters. However, approximate solutions can be generated using 
the variational principle, which states that an approximate wave function gives rise 
to an energy higher than, or equal to the exact energy. By minimizing the energy, a 
good approximation of the ground state of a system can be obtained. 

To be acceptable, the wavefunction has to fulfill certain criteria. One of these is that 
for protons, neutrons and electrons, which are all fermions, the total electronic wave 
function must be antisymmetric with respect to the interchange of two electron 
coordinates. The Pauli exclusion principle[99], which states that no two particles can 
be in the exact same state, is a direct consequence of this anti-symmetry requirement. 
The anti-symmetry requirement can be fulfilled by writing the wave function in 
the form of a Slater determinant.[100] In such a determinant the columns are single 
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electron wave functions, orbitals, and the electron coordinates are given along the 
rows. For the general case of an N electron system, the Slater determinant is given 
by:

2.6

The combination of a single determinant wave function and the variational 
principle leads to the Hartree-Fock model.[101-103] In Hartee-Fock (HF) theory, the 
electron – electron interactions are treated in an average manner and it is therefore 
also referred to as a mean field method. In a self-consistent field HF calculation, the 
energy of the system at hand can be calculated using the Hartee-Fock equations. 
Starting from a trial wavefunction, the energy can be computed. This wavefunction 
is then used to obtain a new wavefunction, which is again used to evaluate the 
energy, etc. This iterative procedure continues until a self-consistent solution is 
obtained. 

By definition, single determinant methods like HF do not account for electron 
correlation. Improving upon HF by expressing the wavefunction in multiple 
determinants leads to methods like Configuration Interaction and Coupled Cluster.
[104] However, whereas these methods can provide more accurate results, they are 
computationally so demanding that they become prohibitively expensive for 
systems containing multiple transition metal atoms. 

In practical calculations, the molecular orbitals are described by a predefined set 
of functions, the so-called basis set. Any type of function can be used, including 
plane-waves, exponential functions and Gaussian functions. Plane-wave basis sets 
are used for systems where periodic boundary conditions can be applied, while 
Gaussian basis sets are ubiquitous in calculations on finite systems like molecules 
and clusters. All calculations described in this Ph.D. thesis were performed using 
Gaussian type basis sets and hence the discussion below applies to this type of 
basis set. In the limit of an infinite number of basis functions, the molecular orbitals 
are described exactly. However, the computational cost formally scales as the fourth 
power of the number of basis functions. In practical calculations, the number of 
basis functions therefore has to be limited. The smallest set of functions required 
to contain all the electrons, is referred to as the minimum basis set. For example, 
a minimum bases set for C consists of two s-functions (1s and 2s) and one set of 
p-functions (2px, 2py, and 2pz). A basis set with double the number of functions is 
called a Double Zeta (DZ) basis. Equivalently, the Triple Zeta (TZ) and Quadruple 
Zeta (QZ) basis sets have three and four times the minimum number of function 
sets required. Because the core electrons do not significantly influence the chemical 
bonding, only the number of valence orbitals is increased in practical calculations. 
Such basis sets are called split valence basis sets. In addition to increasing the number 
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of basis functions of the same type, also polarization functions (P) can be added to a 
basis set. In general, polarization functions are higher angular momentum functions, 
required for describing charge polarization effects and electron-electron correlation 
effects. As an example, s-functions can be polarized by adding p-functions, which 
in turn can be polarized by d-functions, etc. 

2.3.2    Density Functional Theory

As was shown in a landmark paper by Hohenberg and Kohn,[105] the ground-state 
electronic energy is determined by the electron density, r(r) and that the energy 
can be expressed as a functional of the electron density. Hence, by knowing r(r) all 
properties of interest can be computed. This forms the basis of a complementary 
approach to electronic structure theory: Density Functional Theory (DFT). Instead 
of the many-particle wavefunction, the electron density distribution function is the 
fundamental variable in DFT. Shortly after the first paper, Kohn and Sham introduced 
a variational method to minimize the density dependent energy, E(r(r))),[106] which 
can be expressed as:

   
2.7

In this equation T0[r] is the kinetic energy of a non-interacting electron gas with 
the same density as the real system, Vext is an external potential, Vee represents 
the Coulomb repulsion of the electrons and Exc denotes all terms not accounted 
for by the other terms. These include electron exchange, electron correlation, and 
corrections to the kinetic energy and Coulomb interaction.  

The ‘only’ problem in DFT is that the exact functional describing the exchange-
correlation term is unknown. Many different approximate functionals, of different 
type, exist. The simplest, so-called ‘local’ functionals, which are based on the free 
electron gas, only depend on the electron density r(r). An example is the PWLDA 
functional.[107] Of course, the electron distribution in molecules and clusters is 
spatially inhomogeneous. Generalized gradient corrected functionals account for 
this effect by making the functional not only dependent on the electron density, 
r(r), but also on the gradient of the electron density, ∇r(r), PBE[108] and BP86[109, 110] are 
examples of gradient corrected functionals. A third class of functionals is the so-
called hybrid functionals, which combine generalized gradient functionals with a 
certain percentage of exact exchange. The widely used B3LYP functional is a hybrid 
functional.[111, 112]Unfortunately, there is no guarantee that the accuracy of results 
obtained from DFT calculations can be increased by using more sophisticated 
functionals.
All the quantum chemical calculations described in this Ph.D. thesis were performed 

using density functional theory and either the BP86 or B3LYP parameterization of 
the exchange-correlation functional. 
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2.3.3    Geometry Optimization

For molecules and clusters, many different possibilities exist to arrange the 
constituent atoms. In many cases, especially for clusters, the precise molecular 
structure is not known from experimental studies. In these cases geometry 
optimizations can be performed to find minima on the potential energy surface, i.e., 
stable molecular conformations. The change in the total energy of a system when 
the constituent atoms are displaced from their equilibrium positions Ri,0 by Ri  can 
be expressed by a Taylor expansion: 

2.8

where Nvib is the number of vibrational degrees of freedom. It is convenient to 
change from the coordinates Ri to normal coordinates, Qi. There are exactly 3N-6 
normal coordinates for a non-linear polyatomic molecule.  Upon applying this 
transformation, equation 2.8 becomes:

 
2.9

During a geometry optimization step, the potential energy surface is sampled 
with respect to changes in the intermolecular distances. The gradient of the total 
energy (second term on the right hand side of equation 2.9) can be used to evaluate 
how the atomic arrangement should change in order to lower the total energy. This 
procedure is repeated until the gradient vanishes and all second derivatives (third 
term on the right hand side of equation 2.9) are positive, signifying that an (local) 
energetic minimum structure has been found. The above algorithm implies that 
the system under investigation will always relax to the nearest energetic minimum 
structure. The strength of inter atomic bonds in metal clusters is not strongly 
dependent on directionality; therefore many geometrical isomers are close in energy. 
The potential energy surface of metal clusters is rather flat and many different 
minima exist, all of which can have a different energy. To find the global minimum 
structure of a complex that consists of several metal atoms, many different geometry 
optimization runs have to be performed, each starting from different initial starting 
geometries. However, there is no guarantee that the true ground state structure has 
been identified after a finite number of calculations.[113] 
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2.3.4    Vibrational Frequency Calculations

When a stable structure has been found, the nuclear Schrödinger equation (eq. 
2.5b) can be used to calculate the frequencies of all 3N-6 vibrational modes. For the 
calculations described in this Ph.D. thesis, it is assumed that the potential energy 
surface around the energetic minimum is harmonic. The curvature of the PES with 
respect to the normal modes, ∂2E/ ∂Qi

2 , the Hessian matrix, provides bond force 
constants, which can be used to calculate harmonic vibrational frequencies using 
the equation for a harmonic oscillator:

     2.10

where µi, ki, and µi are the vibrational frequency, bond force constant, and reduced 
mass associated with normal mode i, respectively.

For a stable structure, i.e. a structure corresponding to an energetic minimum on 
the PES, all distortions of the structure lead to an increase of the total energy. In this 
case, by definition, the gradient of the energy vanishes and all second derivatives, 
and hence all calculated vibrational frequencies, are positive. For an unstable 
structure, i.e. a structure that does not correspond to an (local) energetic minimum 
on the PES, distortions are possible that lead to a decrease in energy. The gradient 
of the energy with respect to these distortions is negative. When performing 
a vibrational frequency calculation, this gives rise to imaginary frequencies. A 
vibrational frequency calculation can therefore be used to verify if a stable structure 
has been identified.

The IR intensity of a vibrational absorption mode, depends on the change in dipole 
moment induced by the displacement of the atoms associated with that vibration. 
The single photon absorption cross-section corresponding to a certain transition 
can be calculated from Fermi’s golden rule:

2.11

In this equation, µ(Q) represents the dipole moment operator and the integral runs 
over all normal coordinates. The delta function shows that a transition can only take 
place if the energy of the absorbed photon is equal to the energy difference between 
the initial- and final- state. By expressing the dipole moment operator as a Taylor 
expansion and assuming that the PES is harmonic around the energetic minimum, 
it can than be shown that the single photon absorption cross-section corresponding 
to the jth normal mode can be written as:

 2.12

Therefore, cross-sections corresponding to vibrational modes are, in first order, 
proportional to the derivative of the dipole moment with respect to the normal 
modes. 

σ i f
i

dμ
dQ→ ∝

2
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As outlined in section 2.1, IR-MPD spectroscopy is a multiple photon technique, 
based on recording the depletion of the ion signal as a function of photon frequency. 
Therefore, the calculated single photon cross-sections cannot be compared to the 
experimental spectrum directly. A complicating factor in the conversion of single 
photon cross-sections to depletion spectra is that the number of absorbed photons 
required to induce fragmentation is unknown. For visual comparison, the single 
photon absorption cross-sections calculated by the procedure outlined above can 
be converted to a fraction of undissociated complexes by assuming that absorption 
of the first photon is rate determining in the IR-MPD process. This assumption is 
reasonable considering that internal vibrational redistribution of the photon energy 
becomes much faster with increasing internal energy (see section 2.1). Under this 
assumption, the calculated single photon cross sections can be converted into a 
depletion spectrum according to:

2.13

where σ(n) is the calculated single photon cross-section at frequency n, PFEL(n) the 
output power of the free electron laser at frequency n. The constant c is introduced 
to obtain the best possible agreement with experiment.
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Chapter 3

Adsorption of Multiple H2 Molecules on 3d 
Transition Metal Clusters § 

Abstract

The adsorption of H2 on a series of gas-phase transition metal (scandium, vanadium, 
iron, cobalt, and nickel) clusters containing up to 20 metal atoms is studied using IR-
multiple photon dissociation spectroscopy complemented with density functional 
theory based calculations. Comparison of the experimental and calculated 
spectra gives information on hydrogen bonding geometries. The adsorption of 
H2 is exclusively dissociative on ScnO+, Vn

+, Fen
+, and Con

+, while both atomic and 
molecularly chemisorbed hydrogen is present in NinHm

+ complexes. It is shown 
that hydrogen adsorption geometries depend on the elemental composition as 
well as on the cluster size and that the adsorption sites are different for clusters 
and extended surfaces. In contrast to what is observed for extended metal surfaces, 
where hydrogen has a preference for high coordination sites, hydrogen can be both 
two- or three-fold coordinated to cationic metal clusters.

§ Adapted from: I. Swart, F.M.F. de Groot, B.M. Weckhuysen, P. Gruene, G. Meijer, and A. 
Fielicke, H2 Adsorption on 3d Transition Metal Clusters: a Combined Infrared Spectroscopy and 
Density Functional Study,  J. Phys. Chem. A, 112, 1139 (2008)
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3.1    Introduction

The interaction of H2 with transition metals is of fundamental interest to the fields 
of hydrogen storage, catalysis, and metallurgy. The adsorption of hydrogen on 
nickel, cobalt and iron is of considerable importance as these metals are active 
hydrogenation (nickel), ammonia synthesis (iron), or Fischer-Tropsch (cobalt and 
iron) catalysts. Under reaction conditions, the surface of catalytically active metals 
is often covered with hydrogen. By studying H2 adsorption on small transition 
metal clusters, fundamental insight can be obtained into elementary steps that take 
place on catalytically active surfaces.  

Hydrogen adsorption on transition metal clusters has been studied extensively and 
has been summarized in two reviews.[114, 115] However, structural information on the 
hydrogen binding sites is relatively scarce. On extended metal surfaces, hydrogen 
atoms are known to have a preference for high coordination sites. However, it is 
not at all clear if this is also the case for hydrogen adsorption on transition metal 
clusters that contain only a few metal atoms. To date, only indirect information 
on bonding geometries is available from hydrogen uptake measurements. It is 
generally accepted that H2 dissociates upon adsorption on transition metal clusters. 
Experimental evidence in support of this mechanism includes the observation that 
the ionization potential of metal clusters increases upon adsorption of hydrogen,[116] 
the strength of the cluster – hydrogen bond[117-121] and that the reaction between 
hydrogen and metal clusters is irreversible at room temperature.[122] From these and 
other experiments it has been concluded that hydrogen can be two-, three- or four- 
fold coordinated to metal clusters, but not linearly. 

Upon exposure of the transition metal clusters to H2, the clusters bind H2  molecules 
and form metal hydride complexes. Reactivity studies have demonstrated that the 
reactivity of different transition metals toward H2 shows large variations with 
cluster size. The reactivity of a cluster is found to correlate with the electronic 
properties, as expressed, for instance, by the HOMO to LUMO excitation energy 
or by an (effective) ionization potential of the cluster. It has been argued, therefore, 
that the chemisorption probability depends on the energy barrier caused by Pauli 
repulsion between H2 and the metal cluster. For the reaction of niobium clusters 
with H2, it has been found that the entrance channel barrier is determined by an 
avoided crossing with ionic potential surfaces. More generally, the requirement for 
a charge transfer in the activation of H2 could account for the dependence of the 
reaction rate on the ionization potential.[27, 123, 124] At sufficiently high H2 concentration, 
the cluster usually saturates with a well-defined number of H2 molecules. So far, 
this element specific saturation behavior for the reaction with hydrogen has been 
studied, e.g., for vanadium, iron, and cobalt clusters.[125-127] These saturated complexes 
can be considered as ideal model systems for the above mentioned highly covered 
surfaces in hydrogenation reactions. To date, there are no conclusive explanations 
for the observed saturation stoichiometries, e.g., in terms of cluster structure or H 
adsorption geometry. A systematic study on hydrogen saturated transition metal 
clusters that allows for an understanding of the interaction between metal and 
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hydrogen ligands is thus highly desirable. By performing this study on a series 
of 3d-transition metals, one can gain insight into the effect of increasing d-orbital 
occupation. 

Few studies on scandium clusters containing more than 3 metal atoms have been 
reported in the literature. The ionization potentials of scandium monoxide clusters, 
ScnO+, have been measured[128] and the magnetic moments of neutral scandium 
clusters containing between 5 and 20 metal atoms have been determined.[129] The 
structures of bare scandium clusters have been calculated using density functional 
theory (DFT).[130] However, to the best of our knowledge, no studies on H2 or D2 
chemisorption on scandium clusters have been performed.

In contrast to this, vanadium clusters have received considerable research 
interest. The adsorption of H2 and D2 has been studied using flow tube and ion 
trap techniques[117, 125, 131-134] and the reactivity of vanadium clusters toward H2 and 
D2 has been measured.[117, 125, 133, 134] The Vn

+–D bond energies have been measured 
by studying the kinetic energy dependence of the reaction of cationic vanadium 
clusters with D2. These bond energies have been determined to be between 2 and 
3 eV, depending on cluster size. From these and other studies it has been proposed 
that H2 and D2 bind dissociatively to vanadium clusters, which has been confirmed 
by a combined vibrational spectroscopy and DFT study on hydrogen saturated 
cationic vanadium clusters.

The reaction of H2/D2 with iron clusters has been the subject of several studies as 
well. The reactivity of iron clusters toward H2 has been found to depend strongly 
on the size of the cluster and to correlate with the difference between ionization 
potential and electron affinity of the clusters.[135] The Fen

+–D bond energies have 
been measured for clusters with n = 2–15, and vary from 1.4 eV to 2.8 eV.[119] From 
magnetic deflection experiments it has been found that the magnetic moment of 
iron clusters increases upon hydrogen chemisorption.[136] For Fen clusters, it has also 
been shown that the ionization potential increases upon hydrogen adsorption.[116] 
Vibrational spectra of neutral iron hydride complexes have been measured using a 
tunable CO2 laser covering the spectral range from 885-1090 cm-1. Several absorption 
features, ascribed to Fe–H modes, have been observed in this spectral range.[137] DFT 
calculations on Fe13H14 (Td symmetry) indicate that two- and three-fold coordinated 
hydrogen atoms result in vibrations in the 820–1500 cm-1 range. The vibrational 
spectrum of FeH2 in the gas-phase[138] shows that the anti-symmetric stretch mode 
has a frequency of 1674 cm-1. 

The reaction of H2/D2 with cobalt clusters is among the most intensively studied 
reactions in the field of cluster science. As for iron clusters, the reactivity of cobalt 
clusters toward H2/D2 is strongly size dependent.[27, 139] The reactivity does not 
strongly depend on temperature,[140] indicating that the adsorption of hydrogen 
on cobalt clusters is a non-activated process. The experimentally determined 
Con

+–D bond energies do not strongly depend on size (for clusters with n = 2–16) 
and generally increase with increasing cluster size from 2 eV to 2.6 eV. Indirect 
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information on deuterium binding sites is available from D2 uptake measurements.
[141] Hydrogen is believed to be two-, three- or four-fold coordinated to cobalt, but 
never linearly.
As nickel is an effective hydrogenation catalyst, the reaction of H2/D2 with nickel 

clusters has also received considerable interest. Again, the reaction of small nickel 
clusters with hydrogen depends on the size of the cluster.[121] Nickel clusters have 
been found to bind more H2 molecules than other transition metal clusters,[142] 
suggesting that part of the adsorbed hydrogen is bound in a different way to nickel 
than to other transition metals. The Nin

+–D bond energies[121] have been found to be 
similar to the Vn

+–D, Fen
+–D, and Con

+–D bond energies. The bond strength increases 
from 2 eV for the trimer to 2.6 eV for a cluster containing 16 nickel atoms. The values 
for the larger clusters are close to the values obtained for hydrogen adsorption on 
extended surfaces. The similarity in bond strengths for the different transition 
metals suggests that the metal d-orbitals do not play an important role in the M–H 
bond. One can therefore expect that the metal hydrogen vibrations have similar 
frequencies. 
Vibrational spectroscopy, combined with quantum chemical calculations, can 

provide detailed information on adsorption geometries for cluster complexes.[75] 
In this chapter the determination of the size dependent hydrogen adsorption sites, 
at high (saturation) hydrogen coverage, on ScnO+, Vn

+, Fen
+, Con

+, and Nin
+ clusters 

with n = 3–20 is discussed. Vibrational spectra of the transition metal hydride 
complexes have been obtained using infrared multiple photon dissociation (IR-
MPD) spectroscopy. Vibrational spectra have been measured in the range from 500 
cm-1 to 1600 cm-1, covering both the M–H stretch, n(M–H), and deformation mode, 
δ(M–H), regions. Vibrations of the metal cluster core are expected to be below 500 
cm-1 (see section 2.2.1).[62, 63] For the nickel deuteride complexes, the spectral region 
in which the D-D stretch, n(D–D), vibration is expected, has been scanned as well. 
The high H/Ni ratios reported in the literature would indicate partly molecularly 
bound H2 and vibrational spectroscopy can unambiguously resolve how H2/D2 
is bound to nickel clusters. The experimental work is complemented with density 
functional theory calculations for complexes containing 4, 5, and 6 metal atoms. 
Comparison of the experimental and calculated spectra provides information on 
hydrogen adsorption geometries and bond strengths. 

3.2    Experimental 
InfraRed Multiple Photon Dissociation (IR-MPD) spectroscopy was used to measure 
the IR spectra of metal hydride complexes in the range of the M–H stretch and 
deformation modes (500 – 1500 cm-1). Details of the IR-MPD mechanism and the 
experimental setup can be found in chapter 2. For the experiments described in this 
chapter, the H2 content in the flow reactor channel was chosen such that increasing 
the H2 content further did not lead to adsorption of more H2 molecules, i.e. the 
clusters described in this chapter are saturated with H2. 
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For scandium, vanadium, iron, and cobalt commercially available metal rods have 
been used as ablation targets. The study of H2 chemisorption on nickel clusters 
using mass spectrometry is complicated by the natural isotopic distribution of 
nickel. Therefore, an isotopically enriched nickel target was used. This target was 
prepared by electroplating 58Ni (>99.8%) onto an Au substrate. An electroplating 
solution was prepared by dissolving 2.00 g 58Ni (Cambridge Isotope Laboratories) 
in 1.2 mL concentrated HCl, 2.2 mL concentrated H2SO4 and 12.0 mL 30% H2O2. 
Subsequently 3 g H3BO3 was added and the pH was adjusted to pH = 2 using KOH 
pellets. The solution was heated to 60 ˚C under continues stirring to decompose any 
excess H2O2. After cooling to room temperature, demineralized water was added 
until the total volume was 60 mL. 
A three-electrode setup was used for the plating process, coupled to a potentiostat. 

An Au cylinder with a length of 2.7 cm and a diameter of 0.57 cm (Schöne Edelmetaal) 
was used as the working electrode. Custom-made stainless steel extensions could 
be screwed onto both ends of the Au cylinder (see Figure A1). All stainless steel 
areas in contact with the plating solution, as well as the bottom of the Au rod, were 
passivated using Teflon tape. To ensure that the Ni layer grew cylindrically, the 
Au rod was placed in the middle of a cylindrical Pt mesh with a length of 3.5 cm 
that was used as the counter electrode. Finally, a Radiometer Analytical red rod 
reference electrode (ref 201) was used to measure the potential. 
Applying a constant current of -1A for 10 s nucleated the growth. Subsequently 

the current was set to -20 mA to allow the Ni layer to grow. The electroplating 
was conducted under continuously stirring at a temperature of 60˚C. Throughout 
the deposition demineralized water was added to keep the volume constant. The 
deposition was stopped after a total of -2000 C had passed through the cell.

3.3    Theoretical Method
The experimental spectra of several metal hydride complexes are complemented 
with DFT based calculations to obtain structural information. The calculations 
employ the BP86 parameterization of the exchange correlation functional and a 
triple zeta valence plus polarization (TZVP) basis set for all atoms.[143] 
The number of structural isomers dramatically increases with increasing cluster size. 
Because structural information on both bare and hydrogenated metal clusters is 
scarce, calculations have only been performed on selected metal hydride complexes. 
The following computational procedure has been applied. First, the geometries 
of several cluster complexes were optimized for each cluster size. Different metal 
cluster geometries were used and hydrogen atoms were placed both in two and 
three fold coordination sites. For every geometric isomer, optimizations have 
been performed using different spin states. The optimization procedure has been 
conducted without any symmetry restrictions. After the optimization procedure, 
the vibrational spectrum was calculated within the harmonic approximation. The 
calculated single photon absorption cross sections were convoluted with Gaussians 
with a width of 20 cm-1 and converted into depletion spectra using equation 2.12.
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3.4    Results and Discussion

First, the saturation compositions of the metal hydride complexes will be treated. 
Subsequently the experimental and simulated depletion spectra, as well as the 
determined metal hydride complex geometries, will be discussed element by 
element. Finally, a comparison between hydrogen adsorption on clusters of different 
elements is made. 

3.4.1    Complex Composition

Nearly all clusters in the size range under investigation react at room temperature 
with H2. Only Fe3

+ and Co3
+ do not bind any hydrogen. Upon increasing the H2 

pressure in the reactor channel, the metal clusters sequentially bind H2 molecules 
until a size specific saturation coverage is reached. For some of the Nin

+ clusters a 
product distribution is observed in the mass spectrum even at the highest H2 content 
used, indicating that saturation has not yet been reached. For cobalt, a saturation 
behavior has been observed but upon increasing the H2 content further, the cluster 
added additional weaker bound H2 molecules. Physisorption of molecular hydrogen 
at temperatures below 150 K has been observed before on neutral iron clusters.[137] 
The maximum number of H2 molecules that could bind under our experimental 
conditions as a function of element and cluster size, is given in Figure 3.1. As 
expected, the number of hydrogen molecules depends on the metal and on the 
size of the cluster; it increases as the clusters become larger and it decreases from 
scandium to vanadium to iron to cobalt, but then sharply increases for nickel. All 
metal clusters bind an even number of hydrogen atoms, except for Co9

+ that binds 
9 hydrogen atoms. In view of the strong (4.52 eV) H–H bond, one would expect to 
observe only species containing an even number of hydrogen atoms. The Co9

+–D 
bond energy has been reported to be ~2.3 ± 0.3 eV and chemisorption is therefore 
not expected to be exothermic enough to permit the ejection of one hydrogen atom. 
A possibility could be that this complex is formed via fragmentation of a larger 
cluster via, e.g., CoH loss.

The scandium clusters produced in our setup always contain one or two oxygen 
atoms. It has not been possible to produce bare metal clusters. Both ScnO+ and 
ScnO2

+ readily reacted with H2. In many cases, ScnO2
+ clusters bind one H2 molecule 

less than ScnO+ clusters. Clearly, the number of hydrogen atoms that can bind to a 
certain cluster is larger than the number of identical adsorption sites. Hydrogen 
must therefore be bound in different adsorption sites. DFT calculations on scandium 
complexes with 4, 5, and 6 metal atoms, see below, indicate that structures with 
internal hydrogen atoms are not formed and that all hydrogen atoms are located on 
the surface of the cluster. 

The far-infrared spectra of bare Vn
+ clusters compared to calculated vibrational 

spectra, led to the determination of the structures for small vanadium clusters.[63] 
For many of the smaller clusters, there is a direct relation between the number of 
triangular facets on the bare clusters and the observed hydrogen saturation number. 
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This strongly suggests that the hydrogen atoms mainly occupy threefold-hollow 
sites (µ3 coordination) on the cluster surface. The exceptions are the V4

+ and V5
+ 

clusters, which have a hydrogen saturation stoichiometry of 6 and 8, respectively, 
but the metal clusters have only 4 and 6 triangular facets, respectively. Therefore, at 
least some hydrogen has to be linear (µ1) or two-fold (µ2) coordinated to these metal 
clusters. In section 3.4.3, it will be shown that hydrogen is indeed predominantly 
threefold coordinated to cationic vanadium clusters but a minor number of bridge 
bound hydrogen atoms can be present.

The composition of the saturated cationic iron-hydride complexes agrees in most 
cases with previously reported values for neutral iron-hydride complexes.[135, 137] For 
Fe11

+, Fe14
+, and Fe15

+ the maximum number of H2 molecules that is found to bind to 
the cationic cluster is lower than to the corresponding neutral cluster.[135, 137]

Cationic cobalt clusters containing between 6 and 9 metal atoms are particularly 
unreactive toward molecular hydrogen.[27, 120, 122] Only at relatively high H2 
concentrations, H2 could be adsorbed onto these clusters. Co9

+ presents a special 
case, as it is the only metal complex that binds an odd number of hydrogen atoms.  
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Figure 3.1. Largest number of hydrogen atoms present in ScnHmO+, ScnHmO2
+, VnHm

+, FenHm
+, ConHm

+, and 
NinHm

+ complexes as a function of cluster size (n = 3–20). For several NinHm
+ complexes a distribution 

was observed but also in this case, the largest value of m is given.
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Nickel clusters can bind significantly more H2 molecules than the other transition 
metal clusters. The large hydrogen uptake by small Nin

+ clusters has been reported 
before,[142] although the values we report here are even slightly higher. The reason 
why cationic nickel clusters are so much more reactive than the other transition 
metal clusters remains an open question. A Ni4

+ cluster is predicted to have a 
(distorted) tetragonal shape,[144-146] while the Ni5

+ cluster is expected to have a trigonal 
bipyramid structure.[145-147] These clusters bind 6 and 8 H2 molecules, respectively. 
The number of adsorbed hydrogen atoms corresponds to the number of facets 
plus two times the number of Ni atoms, suggesting that all facets are covered by 
one hydrogen atom and that additionally each Ni atom binds one H2 molecule. 
Quantum chemical calculations support this assignment and will be discussed in 
section 3.4.6. In addition, the other nickel clusters bind more H atoms than their 
number of facets and bridge sites. This strongly suggests that also on the larger 
nickel clusters part of the H2 is molecularly chemisorbed. It has been shown that 
hydrogen can be molecularly bound on a hydrogen saturated Ni [510] surface.[60] 
For this system, an absorption band due to a D–D stretch vibration was observed at 
2306 cm-1. The vibrational spectra of cationic nickel deuteride complexes have been 
measured in the 2100 cm-1 - 2700 cm-1 range to obtain more information about the 
hydrogen adsorption geometries.

3.4.2    Scandium

The experimental IR-MPD spectra of ScnHmO+ (n = 3–20) and ScnHmO2
+ (n = 3–18) 

are given in Figure 3.2. Several absorption features are identified in the 800–1250 
cm-1 range. The spectra show complicated band patterns, indicating that these 
complexes do not have a high degree of symmetry. The most intense absorption 
band shifts to lower frequency with increasing cluster size. Vibrational spectra of 
bare cationic vanadium[62, 63] and cobalt[148] clusters only show bands below 450 cm-1 
and we therefore assign the absorption bands in the 800–1250 cm-1 range to Sc–H 
vibrations. The spectra of ScnHmO+ do not change dramatically with cluster size and 
the spectra of ScnHmO+ and ScnHmO2

+
 complexes are similar. This suggests that the 

Sc–H bonds are not significantly influenced by the presence of an additional oxygen 
atom. 

DFT calculations have been performed for hydrogen saturated scandium mono-
oxide complexes containing 3-6 metal atoms. The isomers and the corresponding 
vibrational spectra that are in best agreement with experiment are shown in Figure 
3.2. Structures and vibrational spectra of other isomers can be found in appendix 
A. The spectra of the Sc3H4O+, Sc4H6O+, Sc5H8O+, and Sc6H10O+ complexes are 
dominated by an intense band centered at ~1100 cm-1. For Sc5H8O+ and Sc6H10O+, 
this band has structure, implying the presence of multiple closely spaced bands. 
The vibrational spectra of Sc3H4O+ and Sc4H6O+ exhibit a narrow absorption band 
at 640 cm-1 that is absent in the spectra of Sc5H8O+ and Sc6H10O+. For the Sc5H8O+ 
and Sc6H10O+, complexes the vibrational spectrum of the lowest energy isomers are 
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Figure 3.2. IR-MPD spectra (black) of ScnHmO+ (left panel) for n = 3–20 and ScnHmO2
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n = 3–18 (bottom to top). The values (n,m) correspond with the number of scandium and hydrogen 
atoms in the complex respectively. Simulated depletion spectra that are in best agreement with 
experiment are shown in red together with the corresponding cluster geometries. 
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found to be in best agreement with the experimentally observed spectra. These 
complexes have the lowest possible spin state (doublet for Sc6H10O+

 and singlet for 
Sc5H8O+). In the case of Sc4H6O+, the experimental spectrum is in best agreement 
with an isomer that is 0.03 eV higher in energy than the lowest energy isomer. This 
complex, has the lowest possible spin state (doublet). This is within the expected 
accuracy of the calculations. In contrast to the complexes with 4, 5, and 6 metal 
atoms, no single isomer of Sc3H4O+ identified in the calculations provides good 
agreement between the experimental and simulated depletion spectrum. The 
vibrational spectrum of the lowest energy isomer identified in the calculations 
(Figure 3.2) reproduces the intense absorption bands at ~650 cm-1 and ~ 1180 cm-1, 
but this isomer cannot account for the absorption band at ~1070 cm-1. A possible 
explanation for this discrepancy is that there is more than one isomer present in 
the molecular beam. An absorption band at ~1070 cm-1 is present in the vibrational 
spectrum of the isomer shown in Figure 3.2 with a triplet spin state, which is +0.43 
eV higher in energy. The simulated spectrum of Sc3H4O+ shown in Figure 3.2 is a 
linear combination of the vibrational spectra of the singlet and triplet complexes. 
Structures and vibrational spectra of other isomers can be found in Appendix A. 
The optimized cluster structures of Sc3H4O+

 and Sc4H6O+ shown in Figure 3.2 have 
C2v symmetry, while the Sc5H8O+ and Sc6H10O+ complexes have C1 symmetry. All 
hydrogen is bridge (µ2) bound in Sc3H4O+ while for the other three complexes a 
combination of bridge (µ2) bound and face (µ3) bound hydrogen atoms is predicted. 
The three metal atoms of the Sc3H4O+ complex form a triangle. The oxygen atom is 
bridge bound in the same plane, while the four hydrogen atoms are bridge bound 
along the edges of the triangle. The structure of the Sc4H6O+ complex can be described 
as a tetrahedron spanned by the scandium atoms with four bridge (µ2) bound 
and two face (µ3) bound hydrogen atoms. The oxygen atom is bridge (µ2) bonded. 
The five metal atoms in the Sc5H8O+ complex span a distorted trigonal bipyramid 
while the oxygen atom is face (µ3) bound to the metal cluster. The structure of the 
Sc6H10O+ complex can be described in similar terms. The six metal atoms form a 
distorted octahedron to which the oxygen atom is face (µ3) bound. Isomers with 
hydrogen atoms inside the metal cage are found to be at least 0.5 eV higher in energy 
than isomers with only surface bound hydrogen. The vibrational spectrum of 
tetrahedrally coordinated hydrogen in α-ScH0.34

 has been measured using neutron 
scattering. The frequencies of two modes associated with tetrahedrally coordinated 
hydrogen atoms were reported to be 834 cm-1 and 1189 cm-1, respectively.[149] None of 
the complexes in the size range that was investigated shows an absorption band at 

~1200 cm-1. This provides another indication that these scandium complexes do not 
contain any internal hydrogen atoms.  Isomers with an internal oxygen atom are 
even less favorable, being at least 0.7 eV higher in energy than isomers with a surface 
bound O atom. Such species are therefore not expected to be present in the molecular 
beam. The calculations indicate that there are many closely spaced vibrations in the 
900–1250 cm-1 range. The vibrations are not localized, i.e., they involve the collective 
motion of several hydrogen atoms and it is not straightforward to assign absorption 
bands to local modes. The most intense absorption band at ~1100 cm-1 is assigned to 
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collective stretch vibrations of bridge (µ2) bonded hydrogen atoms. The absorption 
band at 640 cm-1 observed for Sc3H4O+, Sc4H6O+, and Sc4H4O2

+ is narrow compared 
to the other bands, suggesting that this band is not due to a Sc–H vibration. The 
frequency of bridge (µ2) bonded oxygen to scandium has been reported to be 615 
cm-1.[150] The calculations for Sc3H4O+ and Sc4H6O+ indeed show that the oxygen atom 
in isomers, whose vibrational spectrum is in best agreement with the experimental 
spectrum, is bridge (µ2) bound. Because of the relatively good agreement between 
experimental and calculated spectra, the band at 640 cm-1 is tentatively assigned to 
an Sc–O stretch vibration of a bridge (µ2) bound oxygen atom. The absence of this 
band in the spectra of Sc5H8O+ and Sc6H10O+ then suggests that the oxygen atom is 
threefold coordinated to scandium in these two complexes. Indeed, the calculations 
show that for these complexes the lowest energy isomers have a face (µ3) bound 
oxygen atom. A relatively narrow absorption band around 640 cm-1 is only observed 
for Sc4H6O+, Sc4H4O2

+, and Sc3H4O+, implying that in these complexes the oxygen 
atom is bridge bound, while it is threefold, or higher, coordinated to the other 
scandium complexes. As pointed out above, the lowest energy isomers of Sc5H8O+ 
and Sc6H10O+ contain a face (µ3) bound oxygen atom. 

3.4.3    Vanadium

The spectra of the hydrogen saturated vanadium clusters are given in Figure 3.3 
for complexes containing between 4 and 20 metal atoms. Several cluster size specific 
absorption bands associated with V−H vibrations are observed in the 550–1450 cm-1 
range. The spectra of most species show complicated band patterns, indicating 
that the vanadium hydride complexes do not have a high degree of symmetry. The 
only exception is V6H8

+ for which two well-resolved absorption bands are observed, 
indicating that this complex might have a higher degree of symmetry. 
As outlined in section 3.4.1, there is in many cases a correspondence between the 

number of triangular facets of a cluster and the hydrogen saturation stoichiometry. 
This strongly suggests that the hydrogen atoms are primarily face bound to the 
cationic clusters. To test this hypothesis, DFT calculations were performed for 
hydrogen-saturated clusters with 4-9 vanadium atoms. The isomers and the 
corresponding vibrational spectra that are in best agreement with experiment 
are shown in Figure 3.3. Structures and vibrational spectra of other isomers can 
be found in appendix A. For V6H8

+ the lowest energy structure has octahedral 
symmetry and therefore a relatively simple IR spectrum, in agreement with 
experiment. The hydrogen atoms bind on top of the facets of the octahedron 
formed by the vanadium atoms. The band centered at 1275 cm-1 can be assigned 
to a collective anti-symmetric stretch mode of face bound (µ3) hydrogen atoms. 
The band observed experimentally at 800 cm-1 corresponds to a collective bending 
mode of threefold coordinated (µ3) hydrogen atoms. The calculated structures 
of the other complexes are less symmetric. The vibrations in the 700 - 1400 cm-1 
regime involve collective motion of many different atoms, i.e. the vibrations are 
not localized and it is not straightforward to assign modes to absorption bands. 
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Experimentally, many of the cluster complexes show an absorption band around 
1450 cm-1. This absorption feature can only be reproduced in the calculations by 
assuming that some of the hydrogen atoms bind in bridging (µ2) sites. The calculated 
structures of V5H8

+, V7H10
+, V8H12

+ and V9H12
+ shown in Figure 3.3 contain at least 

one hydrogen atom in a bridging site. The vibrational spectra of clusters containing 
12, 14, 16–18 vanadium atoms also show an absorption band at ~1400 cm-1 and 
these complexes therefore likely contain some bridge (µ2) bound hydrogen atoms.

It can therefore be concluded that hydrogen predominantly binds in three 
fold hollow sites of cationic vanadium clusters, but a minor number of two-fold 
coordinated hydrogen atoms can be present. 

3.4.4    Iron

The experimental IR-MPD spectra of FenHm
+ complexes with n = 4–15 are shown 

in Figure 3.4. Several cluster size dependent absorption bands are observed in the 
700-1500 cm-1 range. The vibrational spectra of Fe4H4

+, Fe5H6
+, Fe6H4

+ and Fe8H8
+ in 

the 700–1500 cm-1 range are similar and consist of two well-resolved bands (~1200 
cm-1 and ~1400 cm-1). The exact positions and spacing of these bands depend on the 
particular complex.  The similar spectra imply that hydrogen is similarly bound 
in these four complexes and that these complexes have a relatively high degree of 
symmetry. The bands observed for the cationic iron hydride complexes are found 
at higher frequencies than reported earlier for neutral iron-hydride complexes.[137] 
Calculations on Fe13H14 reported in the literature assign these bands to bridge (µ2) 
bound hydrogen atoms.[137] We have performed DFT calculations for Fe4H4

+, Fe5H6
+, 

and Fe6H4
+. The isomers and the corresponding vibrational spectra that are in best 

agreement with experiment are shown in Figure 3.4. Structures and vibrational 
spectra of other isomers can be found in appendix A. Indeed, the optimized 
complexes, whose vibrational spectra are in best agreement with the experimental 
spectra, contain only bridge (µ2) bound hydrogen atoms. The isomers shown are 
0.15 eV, 0.14 eV and 0.08 eV higher in energy, respectively than the lowest energy 
isomer. This is within the expected accuracy of such calculations, especially when 
considering different spin states. It is known that neutral iron hydride complexes 
have large magnetic moments.[136] Our calculations indicate that the cationic iron 
hydride complexes have a large number of unpaired electrons, 13 for Fe4H4

+, 17 for 
Fe5H6

+ and 19 for Fe6H4
+. In the Fe4H4

+ complex, the four iron atoms are arranged 
in a slightly bend rhombic shape with a hydrogen atom bound to each of the sides 
of the rhombus. It is interesting to note that for Fe4H4

+ and Co4H2
+ the calculations 

indicate that the four metal atoms are arranged in a distorted rhombus, whereas for 
Sc4H6O+ and V4H6

+ the metal atoms span a distorted tetrahedron. As observed for 
the scandium and vanadium complexes with five metal atoms, the five iron atoms 
of Fe5H6

+ span a trigonal bipyramid. The Fe6H4
+ complex has D4h symmetry. The six 

iron atoms are arranged to form an octahedron with the four hydrogen atoms all 
bridge (µ2) bound in one plane. The band with the lowest frequency (1200 cm-1 for 
Fe4H4

+, 1210 cm-1 for Fe5H6
+, 1130 cm-1 for Fe6H4

+) is assigned to the collective anti-
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symmetric bending vibration of the bridge (µ2) bound hydrogen atoms. The highest 
frequency band (1400 cm-1 for Fe4H4

+, 1360 cm-1 for Fe5H6
+, 1370 cm-1 for Fe6H4

+) is 
caused by the collective anti-symmetric stretch vibration of the bridge (µ2) bound 
hydrogen atoms. Absorption bands at ~1400 cm-1, indicative of bridge (µ2) bound 
hydrogen atoms, are also present in the vibrational spectra of Fe7H6

+, Fe8H8
+, and 

Fe15H12
+. Calculations on isomers of Fe4H4

+, Fe5H6
+, and Fe6H4

+ containing face (µ3) 
bound hydrogen atoms, see Appendix A, show that the collective stretch vibration 
of threefold coordinated hydrogen atoms lies in the 1200–1300 cm-1 frequency range. 
Absorption bands at higher frequencies are thus clear indications for bridge (µ2) 
bound hydrogen atoms. Part of the hydrogen is therefore expected to be bridge 
(µ2) bound in Fe7H6

+, Fe8H8
+, Fe14H12

+, and Fe15H12
+. The presence of face (µ3) bound 

hydrogen atoms cannot be excluded. Additional quantum chemical calculations are 
required to verify how hydrogen is bound in the larger complexes. It is interesting 
to note the difference between the spectra of Fe12H12

+ and Fe13H12
+. Both Fe12

+ and 
Fe13

+ bind 12 hydrogen atoms but the spectra of the hydride complexes are different. 
Therefore, part of the hydrogen atoms have to be differently bound, which in turn 
implies that the metal cluster structure is different. DFT calculations have indeed 
predicted that the Fe13 cluster does has icosahedral symmetry, whereas the Fe12 
cluster does not.[151] 

It is known from low energy electron diffraction (LEED) studies that H atoms 
adsorbed on a Fe(110) surface are bound in quasi threefold hollow sites.[152] As 
outlined above, at least several of the hydrogen atoms are bridge (µ2) bonded to 
cationic iron clusters in the size range under investigation. Apparently the bulk 
adsorption behavior has not yet been reached for iron clusters containing 15 atoms. 

3.4.5    Cobalt

The experimental IR-MPD spectra of H2 saturated cobalt complexes containing 
between 4 and 20 cobalt atoms are shown in Figure 3.5. The vibrational spectra 
of the cobalt hydride complexes change considerably as a function of cluster size. 
In the vibrational spectra of most complexes, at least two bands are present in the 
1050–1450 cm-1 range. The absolute and relative spectral positions depend on the 
number of metal atoms in the cluster. Vibrational spectra of bare cationic cobalt 
clusters[148] only show bands below 450 cm-1 and we therefore assign the absorption 
bands in the 600–1500 cm-1 range to Co-H vibrations. 

To determine the hydrogen binding geometries, DFT calculations were performed 
for Co4H2

+, Co5H6
+, and Co6H4

+. The isomers and the corresponding vibrational 
spectra that are in best agreement with experiment are shown in Figure 3.5. 
Structures and vibrational spectra of other isomers can be found in appendix A. 
The vibrational spectra of the lowest energy isomers of Co4H2

+ and Co6H4
+ are in 

good agreement with the experimental spectra of these species. The Co5H6
+ isomer, 

whose vibrational spectrum is in best agreement with experiment, is 0.23 eV higher 
in energy than the lowest energy isomer identified in the calculations. In case of 
Co5H6

+, two hydrogen atoms are threefold coordinated to the cobalt cluster, while the
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Figure 3.5. IR-MPD spectra of ConHm
+ complexes for n = 4–20 (bottom to top). The values (n,m) 

correspond to the number of cobalt and hydrogen atoms in the complex respectively.
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other four atoms are bridge (µ2) bonded. The agreement between the experimental 
and simulated spectrum of Co5H6

+ is not very good and it might be that several 
isomers are present and/or that the actual structure is different from the one 
shown in Figure 3.5. The calculations indicate that the Co6H4

+ complex consists of 
an octahedral arrangement of cobalt atoms with all four hydrogen atoms bridge 
bound in a single plane. The complex is predicted to have 13 unpaired electrons. 
In the optimized Co4H2

+ complex, the metal atoms form a slightly bend elongated 
rhombus with the two hydrogen atoms bridge (µ2) bound symmetrically with 
respect to the long axis of the rhombus. Three bands (1390 cm-1, 1060 cm-1 and 1000 
cm-1) are observed in the vibrational spectrum of Co4H2

+ that are reproduced by the 
calculations. They can be assigned to collective anti-symmetric stretch, symmetric 
bending and anti-symmetric bending vibrations of the bridge (µ2) bound hydrogen 
atoms, respectively. The optimized geometry of Co4H2

+ is similar to the structure of 
the neutral complex reported in the literature.[153]

An absorption band with a frequency of ~1400 cm-1, indicative of bridge bound 
hydrogen atoms, is present in the spectra of several of the larger cobalt hydride 
complexes, implying that part of the hydrogen atoms are bridge (µ2) bonded in those 
complexes. On extended cobalt surfaces, hydrogen is known to adsorb in threefold 
hollow (µ3) sites.[154] Vibrational spectra of face bound hydrogen atoms adsorbed on a 
crystalline cobalt surface[154] show absorption features around 1150 cm-1. Calculations 
on isomers of Co4H2

+, Co5H4
+, and Co6H4

+ that contain face (µ3) bound hydrogen atoms 
show that the stretch vibration of threefold coordinated hydrogen atoms lies in the 
1200–1320 cm-1 range for cationic cobalt hydride complexes. Absorption bands in the 
1100–1300 cm-1 range are present in the spectra of most cobalt hydride complexes. 
This strongly suggests that part of the hydrogen atoms are face (µ3) bound in cobalt 
hydride complexes that have an absorption band in this range. 

Interestingly, the vibrational spectra of Co16H16
+ and Co17H16

+ are rather different, 
suggesting that bulk adsorption behavior is not yet been reached for cobalt clusters 
with 17 metal atoms. For several complexes (Co5H6

+, Co8H8
+, Co9H9

+, Co10H10
+, Co11H10

+, 
and Co18H16

+), a broad band is observed at lower frequency. Such a broad band 
is not present in the vibrational spectra of the hydrogen complexes of the earlier 
transition metals. Due to the rather poor agreement between the experimental and 
the calculated spectra of Co5H6

+, no definite assignment of this band can be made. 

3.4.6    Nickel

The IR-MPD spectra of NinHm
+ / NinDm

+ complexes with n = 4–15 are shown in 
Figure 3.6. The spectra of the nickel hydride/deuteride complexes are quite different 
from the spectra of the earlier transition metal hydride complexes. As for the other 
transition metal hydrides, absorption bands in the 1000–1500 cm-1 range, indicative 
of dissociatively bound hydrogen, are observed for the NinHm

+ complexes. Hence, 
several of the adsorbed hydrogen atoms are bridge and/or face bound to the nickel 
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clusters. This assignment is supported by DFT calculations (see below). However, 
absorption bands located in the 2300 cm-1 - 2500 cm-1 range are observed for nickel 
deuteride complexes up to Ni9D20

+ , proving that at least part of the D2 is molecularly 
bound in these complexes. This is consistent with the value of the D–D stretch 
(n(D–D)) band observed for molecularly bound D2 on a deuterium saturated Ni 
[510] surface (2306 cm-1).[60] The D–D stretch band, n(D–D), is shifted considerably 
to lower frequency compared to the frequency of free D2 (2941 cm-1). This implies 
that the D2 molecules must be chemisorbed to the nickel cluster since physisorbed 
species only show small frequency shifts.[155] For Ni5D16

+ two relatively narrow 
bands are observed in the high-frequency range, whereas in the spectra of the other 
complexes only a single broad absorption is observed. For molecularly bound D2 on 
a deuterium saturated Ni [510] surface, the absorption bands were also relatively 
broad. The spectra of the nickel hydride complexes also exhibit distinctly different 
features in the low frequency range compared to the other transition metal hydride 
complexes. A strong absorption band is observed for all nickel hydride complexes at 
frequencies below 900 cm-1. The presence of these bands provides further evidence 
that (part of the) hydrogen is differently bound in nickel hydride complexes. They 
are assigned to the Ni–H2 stretch (n(Ni–H2)) vibration. DFT calculations support 
this assignment (see below). The metal–dihydrogen bond can be described by 
similar concepts used to describe the metal – olefin bond[59] (see section 1.3). 
To determine the hydrogen binding geometries and bond energies, DFT 

calculations were performed for Ni4H10
+, Ni4H12

+, Ni5H14
+, Ni5H16

+, Ni6H16
+, and Ni6H18

+. 
The hydrogen binding energy is calculated from . One finds 
values of +0.54 eV, +0.56 eV, and +0.46 eV for Ni4H12

+, Ni5H16
+, and Ni6H18

+, respectively. 
These binding energies for molecular chemisorbed H2 are in agreement with the 
experimental data. 

The isomers and the corresponding vibrational spectra that are in best agreement 
with experiment are shown in Figure 3.6. Structures and vibrational spectra of 
other isomers can be found in appendix A. For the NinHm

+ and NinDm
+ complexes, 

the agreement between the experimental and simulated spectra is reasonable. All 
the experimentally observed features are reproduced by the calculations. Upon 
substitution of the hydrogen atoms by deuterium, all modes, except for the Ni – 
Ni modes, scale down in frequency by a factor close to √2 (±1.2 %). The calculated 
frequencies of the n(D–D) bands are too low while the calculated frequencies of 
the n(Ni–H2) vibrations are too high. This demonstrates that the calculations 
overestimate the Ni–H2 bond strength. All nickel complexes have the lowest 
possible (doublet) spin state. The quenching of the magnetic moment of nickel 
clusters upon adsorption of hydrogen has also been observed experimentally.[156] 
The Ni4H12

+ complex can be described as a cluster with a tetrahedral core spanned 
by the Ni atoms with one hydrogen atom bound to each facet of the tetrahedron 
and one H2 molecule bound to each nickel atom. The structures of the Ni5H16

+ and 
Ni6H18

+ complex can be described in similar terms where the five nickel atoms in 
Ni5H16

+ span a trigonal bipyramid and the 6 Ni atoms in Ni6H18
+ span a tetragonal 

bipyramid. 
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As outlined above, the DFT calculations assign the strong absorption band at ~750 
cm-1 to a n(Ni–H2) vibration. Such an absorption band is observed for all NinHm

+ 
complexes with n = 4-14. However, the disappearance of the other tell-tale feature 
of molecularly chemisorbed H2, the n(D–D) band, for clusters with 10 or more nickel 
atoms could indicate that only atomically bound hydrogen is present for the bigger 
complexes. Other possible reasons for this discrepancy include a shift of the D–D 
stretch vibration to higher/lower frequency or that the D–D stretch vibrations have 
only little IR intensity. If the intramolecular axis of H2 molecularly chemisorbed on 
an extended surface is parallel to that surface, the H–H stretch vibration will only 
have little intensity due to the induced dipole in the metal. Because a Ni–H2 stretch 
vibration band is present in the spectra of all nickel hydride complexes (except for 
Ni15H20

+), it is most likely that part of the hydrogen is molecularly bound in these 
complexes. The absence of bands due to D–D stretch vibrations than implies that 
part of the electrons in the nickel hydride complexes with more than 10 nickel atoms 
are delocalized. It has indeed been shown that the cluster charge is delocalized 
over the surface of the cluster.[76] However, a combination of a theoretical and more 
detailed spectroscopic study is needed to identify the reason for the absence of a 
D–D stretch absorption band for the nickel hydride complexes with more than 10 
nickel atoms.

3.4.7    Comparison of Hydrogen Binding Geometries

It is instructive to compare the vibrational spectra of different metal hydride 
complexes and the hydrogen bonding geometries on different metals. The IR-MPD 
spectra of metal hydride (MnHm

+) complexes with n = 4–6 (for which computational 
results are available) are shown in Figure 3.7 (black) along with simulated depletion 
spectra of isomers (red) that are in best agreement with the experimental spectra. 
The corresponding cluster geometries are shown in Figure 3.8. 

There are significant differences between complexes of a different element but of 
the same size. It is interesting to note that the stretch vibration of hydrogen atoms 
bridge (µ2) bound to vanadium, iron, and cobalt clusters gives rise to an absorption 
band around ~1400 cm-1. However, the vibrational frequency of bridge (µ2) bound 
hydrogen to scandium is significantly lower than that of hydrogen bridge (µ2) bound 
to vanadium, iron or cobalt. This indicates that the ScnO+–H bond is significantly 
different from the Vn

+–H, Fen
+–H, and Con

+–H bonds. In addition, the vibrational 
frequencies of face (µ3) bound hydrogen to vanadium, cobalt, and nickel clusters 
are rather similar, suggesting that the bond strengths are rather similar. Indeed, 
the Vn

+–D, Fen
+–D, Con

+–D, and Ni n+–D bond dissociation energies are remarkably 
similar.[117, 119-121] Unfortunately, no quantitative information is available on ScnO+–D 
bond dissociation energies.

Interestingly, the vibrational spectrum of Fe6H4
+ is similar to the spectrum of 

Co6H4
+ suggesting that the hydrogen is similarly bound in these two complexes. The 

bands observed for Co6H4
+ (1110 cm-1 and 1400 cm-1) are shifted slightly compared 

to Fe6H4
+ (1130 cm-1 and 1370 cm-1). The spectrum of Co4H2

+ also resembles the 
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Figure 3.8. Opti mized cluster geometries of ScnHmO+, VnHm
+, FenHm
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+, and NinHm
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complexes for n = 4–6 selected based on the comparison of experimental and calculated IR spectra.
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spectrum of Fe4H4
+ except for the clear shoulder observed at 1000 cm-1 for Co4H2

+. 
These complexes indeed have similar geometries, as shown in Figure 3.8. The metal 
atoms in Fe4H4

+ and Co4H2
+ are arranged in a distorted rhombus (quasi planar) 

while the metal atoms in Sc4H6O+, V4H6
+ and Ni4H12

+ form a distorted tetragon.  
A compilation of the vibrational frequencies for similarly bound hydrogen species 

bound to the different metals investigated in this study is given in Table 3.1.

Table 3.1. Experimental vibrational frequencies (cm-1) and their assignments for the ScnHmO+, VnHm
+, 

FenHm
+, ConHm

+, and NinHm
+ complexes.

Mode Sc V Fe Co Ni

n(M-H2) 650 – 760

n(D-D) 2420 – 2515

n(M-µ2H) 1100 - 1110 1420 - 1430 1350 - 1400 1385 - 1400

n(M-µ3H) * 1270 - 1280 1150 - 1230 1210 - 1270

δ(M-µ2H) * * 1130 - 1220 1030 – 1110

δ(M-µ3H) * 810 * *

 * No clearly resolved band in the experimental spectra.

3.5    Conclusions
The vibrational spectra of a series of transition metal hydride complexes reported 
here represent a direct probe of atomic and molecular hydrogen binding to cationic 
metal clusters. Several element and size dependent absorption features are identified. 
Nickel clusters show distinctly different behavior compared to the other transition 
metals that were studied. Nickel clusters bind much more hydrogen and a significant 
part of the adsorbed hydrogen is molecularly chemisorbed. Density functional theory 
calculations on hydrogen saturated ScnHmO+, VnHm

+, FenHm
+, ConHm

+, and NinHm
+ 

complexes generally provide good agreement with experimental measurements. In 
contrast to what is observed for extended metal surfaces, where hydrogen has a 
preference for high coordination sites, hydrogen bound to transition metal clusters 
of scandium, vanadium, iron, and cobalt can be bound in both bridge and face sites. 
For hydrogen-saturated nickel clusters, no indications for bridge bound hydrogen 
atoms were found. All hydrogen atoms are bound to the surface of the metal cluster, 
structures with hydrogen located inside the metal cluster are found to be much 
higher in energy. A clear transition from molecular to bulk like behavior has not 
been observed in the size range that was studied.
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Chapter 4

Adsorption of a Single H2
 Molecule on 

Nickel Clusters § 

Abstract

The reaction of a single H2 molecule with small cationic nickel clusters in the gas-
phase was investigated. The vibrational spectra indicate that the first H2 molecule 
that binds to the highly reactive Ni5

+ and Ni6
+ clusters dissociates upon adsorption. 

In contrast, it is found that a H2 molecule can bind molecularly on the relatively 
unreactive Ni4

+ cluster. This complex with molecularly bound H2 can be considered 
a structural model for a precursor state to H2 dissociation.

§ Adapted from: I. Swart, P. Gruene, A. Fielicke, G. Meijer, B.M. Weckhuysen, and F.M.F. de 
Groot, Molecular Adsorption of H2 on Small Cationic Nickel Clusters, Phys. Chem. Chem. Phys. 
in press (2008)
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4.1    Introduction

Adsorption of H2 on extended transition metal surfaces is nearly always dissociative, 
i.e. the H–H bond is broken and two individual H atoms are present on the surface 
or in the bulk of the material. This is also the case for H2 adsorption on Ni surfaces.
[33, 157, 158] The dissociation of H2 on Ni is direct, i.e. it does not proceed via a molecular 
precursor state.[33, 159] H2 molecules can only bind molecularly on the step sites of a 
Ni(510) surface if this surface is fully saturated with H atoms.[60, 160] Small Ni particles 
do not necessarily exhibit the same behavior as extended surfaces. Consequently, 
the reaction of gas-phase Ni clusters with H2 has been the subject of many studies.[121, 

141, 147, 156, 161-163] However, detailed information on H binding sites on small Ni particles 
is scarce. In agreement with what is observed for extended Ni surfaces, H2 can bind 
molecularly on hydrogen saturated Ni clusters (see chapter 3).[164] It is not clear if 
H2 molecules bind molecularly to nickel clusters only once all sites for dissociative 
adsorption are blocked, or if already the first H2 molecule can bind molecularly.

In this chapter, the reaction of a single H2 molecule with Nin
+ clusters (n=4-6) is 

studied. It will be shown that the first H2 molecule can bind molecularly on the 
relatively unreactive Ni4

+ cluster, but that it binds exclusively dissociatively on the 
highly reactive Ni5

+ and Ni6
+ clusters.

4.2    Experimental
InfraRed Multiple Photon Dissociation (IR-MPD) spectroscopy was used to measure 
the IR spectra of metal hydride complexes in the range of the M–H stretch and 
deformation modes, as well as in the range of the H–H stretch region. Deuterium 
was used to probe the high-frequency range because the D−D stretch vibration is 
located in a spectral range that is easier accessible with FELIX. Details of the IR-
MPD mechanism and the experimental setup can be found in chapter 2. For the 
experiments described in this chapter, the H2 content in the flow reactor channel 
was chosen such that only complexes with a single H2 molecule were present in 
the molecular beam. Because Ni4

+ is much less reactive than Ni5
+ and Ni6

+, different 
conditions had to be used to measure the vibrational spectra of these three 
complexes.

To prevent congestion of the mass-spectra due to the isotopic distribution of 
Ni, an isotopically enriched nickel target was used. This target was prepared by 
electroplating 58Ni (>99.8%) onto an Au substrate. An electroplating solution was 
prepared by dissolving 2.00 g 58Ni (Cambridge Isotope Laboratories) in 1.2 mL 
concentrated HCl, 2.2 mL concentrated H2SO4 and 12.0 mL 30% H2O2. Subsequently 
3 g H3BO3 was added and the pH was adjusted to pH = 2 using KOH pellets. The 
solution was heated to 60 ˚C under continues stirring to decompose any excess 
H2O2. After cooling to room temperature, demineralized water was added until the 
total volume was 60 mL. A three-electrode setup was used for the plating process, 
coupled to a potentiostat. An Au cylinder with a length of 2.7 cm and a diameter 
of 0.57 cm (Schöne Edelmetaal) was used as the working electrode. Custom-made 
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stainless steel extensions could be screwed onto both ends of the Au cylinder (see 
Figure A1). All stainless steel areas in contact with the plating solution, as well as 
the bottom of the Au rod, were passivated using Teflon tape. To ensure that the 
Ni layer grew cylindrically, the Au rod was placed in the middle of a cylindrical 
Pt mesh with a length of 3.5 cm that was used as the counter electrode.  Finally, a 
Radiometer Analytical red rod reference electrode (ref 201) was used to measure 
the potential. 
Applying a constant current of -1A for 10 s nucleated the growth. Subsequently 

the current was set to -20 mA to allow the Ni layer to grow. The electroplating 
was conducted under continuously stirring at a temperature of 60˚C. Throughout 
the deposition demineralized water was added to keep the volume constant. The 
deposition was stopped after a total of -2000 C had passed through the cell.

4.3    Theoretical Method
The experimental spectra of the complexes with 4, 5, and 6 metal atoms are 
complemented with DFT based calculations to obtain structural information. 
The calculations employ the BP86 parameterization of the exchange correlation 
functional and a triple zeta valence plus two sets of polarization (TZVPP) basis set 
for all atoms.[143] 

The following computational procedure has been applied. First, the geometries 
of several cluster complexes were optimized for each cluster size. Initial complex 
geometries were generated based on bare metal structures proposed in the literature.
[145, 147] Geometries of nickel hydride complexes were created with molecularly and 
dissociatively bound hydrogen. In case of isomers with dissociatively coordinated 
hydrogen, the atoms were placed both in two and three fold coordination sites. 
For every geometric isomer, optimizations were performed using different spin 
states. It is known the adsorption of H2 decreases the total magnetic moment of 
Nin clusters.[156] The optimization procedure has been conducted without any 
symmetry restrictions. After the optimization procedure, the vibrational spectrum 
was calculated within the harmonic approximation. The calculated single photon 
absorption cross sections were convoluted with Gaussians with a width of 20 cm-1 
and converted into depletion spectra using equation 2.12.

4.4    Results and Discussion
In Figure 4.1A, three mass spectra, measured at different H2 partial pressures in the 
reactor, are shown. Upon introduction of H2 in the flow tube reactor, the formation 
of metal hydride complexes is observed. Due to the presence of a small amount 
of water in the cluster apparatus, the molecular beam of nickel hydride clusters is 
contaminated with a small amount of nickel–water complexes. A clear dependence 
of the reactivity toward H2 on cluster size is observed. At low hydrogen content, Ni5

+ 
and Ni6

+ already bind H2, but no Ni4H2
+ is found. The Ni4H2

+ complex can only be 
formed by increasing the hydrogen content in the reactor further. At those pressures, 
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Ni5
+ and Ni6

+ already bind multiple H2 molecules. The differences in reactivity can 
be quantified by assuming that the addition of the first H2 molecule is irreversible 
and rate determining in the process of adsorption of multiple H2 molecules.[162] Since 
the molecular H2 in the reactor is present in excess, the depletion of the bare nickel 
clusters should then follow pseudo-first-order kinetics: 

    -ln( f ) = k [H2] τ	 4.1

where f  is the fraction of bare Ni clusters remaining at a certain H2 concentration, 
k the rate constant for the adsorption of the first H2 molecule, [H2] the concentration 
of H2 in the reactor, and τ the interaction time. Assuming that the hydrogen partial 
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Figure 4.1. A) Mass spectra taken at various H2 concentrations in the reactor, using backpressures 
ranging from no H2 (bottom) to 22 mbar (top). Several peaks due to nickel water complexes are 
present in the spectrum. B) Semi-logarithmic plot of the fraction of un-reacted Ni clusters, f, versus 
the H2 backpressure. 
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pressure in the reactor channel is proportional to the backpressure of H2 in the 
pulsed valve, a semi-logarithmic plot of the logarithm of the fraction of bare Ni 
clusters remaining at a certain H2 concentration, f, versus the backpressure should 
give a straight line with a slope proportional to the rate constant. Such a plot is 
shown in Figure 4.1B. The good fit of the experimental data to the pseudo-first-
order model indicates that the simple kinetic scheme outlined above is a reasonable 
approximation. Under the assumption that the reaction time is similar for all cluster 
sizes, the relative reactivity of Ni4

+, Ni5
+, and Ni6

+ toward H2 scales as 1:65:85. This 
differs significantly from the ratio of the rate constants for the formation of Ni5D2

+ 
and Ni6D2

+ measured under single collision conditions (0.15 10-10 cm3s-1 and 2.3 10-10 
cm3s-1, respectively).[121] These differences can be understood by a rapid stabilization 
of the complex via collisional thermalization in the reaction channel, which is 
missing under single collision conditions.

Consistent with the high reactivity of Ni5
+ and Ni6

+, collision induced dissociation 
experiments have found no significant barriers for the formation of Ni5D2

+ and Ni6D2
+. 

Ni4D2
+ is not stable after formation under single collision conditions.[121] Barriers to 

the formation of MnD2 complexes have been found for cobalt and iron clusters of 
certain size.[119, 120, 135, 140] It is possible that these barriers lead to a stabilization of a 
precursor state to dissociation in which the hydrogen is molecularly coordinated. 
However, such a state has never been directly observed experimentally. 

To probe how hydrogen is bound in Ni4H2
+, Ni5H2

+, and Ni6H2
+, the vibrational 

spectra of these complexes were recorded under conditions such that only complexes 
with a single H2 molecule were present in the molecular beam. Because Ni4

+ is much 
less reactive than Ni5

+ and Ni6
+, different conditions had to be used to measure the 

vibrational spectra of these three complexes. The experimental vibrational spectra 
of NinH2

+/NinD2
+ (n = 4-6) complexes are shown in black in Figure 4.2. For the 

complexes with 5 and 6 Ni atoms, intense absorption bands are observed in the 
1000-1500 cm-1 range, implying that the H is predominantly dissociatively bound 
in bridging or face sites.[164] For the Ni4D2

+ complex, a band located at 2460 cm-1 is 
observed, proving that there is at least one isomer present in which the D2 molecule 
is molecularly bound. The frequency of the D–D stretch band is shifted considerably 
to lower frequency compared to the frequency of free D2 (2941 cm-1). This implies 
that the molecularly bound D2 molecules must be chemisorbed since physisorbed 
species only show small frequency shifts.[155] A strong absorption band at 680 cm-1 
is observed in the spectrum of Ni4H2

+, but not in the spectra of Ni5H2
+ and Ni6H2

+, 
which again points to a different binding of the hydrogen in Ni4H2

+ compared to 
Ni5H2

+ and Ni6H2
+. Based on the findings for saturated NinHm

+ complexes (chapter 3), 
this band can be assigned to the Ni−(H2) stretch vibration, n(Ni−(H2)). Comparison 
of the IR-MPD spectrum with simulated spectra supports this assignment. The 
molecular adsorption of H2 on Ni4

+ is remarkable as sites for dissociatively bound H 
atoms are available and that the dissociative chemisorption of H2 on nickel surfaces 
does not proceed via a molecular precursor state.  

To obtain information on adsorption geometries and bond energies, DFT 
calculations were performed. Species with molecular or dissociatively bound H 
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are found to be (local) energetic minima. Upon substitution of H by D, all modes, 
except the Ni−Ni modes, scale down in frequency by a factor close to √2 (±1.2 %). 
The energy differences between isomers are small, typically ∆E < 0.2 eV, which is 
within the expected accuracy of the calculations. Hence, a ground state geometry 
cannot be assigned based on energetic considerations alone. Simulated vibrational 
spectra that provide reasonable agreement with the experimental spectra are shown 
in Figure 4.2 (red) together with the corresponding optimized cluster geometries. 
Note that the actual structures can be different from the ones shown in Figure 
4.2. For Ni4H2

+, two isomers are required to account for all the absorption features 
observed in the experimental spectrum (see below). Relative energies, geometries, 
and vibrational spectra of other isomers of Ni4H2

+, Ni5H2
+, and Ni6H2

+ can be 
found in Figures 4.3, 4.4 and 4.5, respectively. In agreement with experiment, the 
hydrogen atoms are dissociatively bound in the isomers of Ni5H2

+ and Ni6H2
+ whose 

vibrational spectra are in best agreement with the experimental spectra. Complexes 
with molecularly bound H2 are at least 0.4 eV higher in energy. In contrast, for 
Ni4H2

+, the lowest energy isomer identified in the calculations is the complex with 
molecularly bound H2. The binding energy of the H2 molecule is calculated to be 
0.5 eV. The calculated frequency of n(D−D) is too low compared to experiment, 
while the calculated frequency of n(Ni−(H2)) is too high. Both of these observations 
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Figure 4.2. Experimental (black) and simulated (red) spectra of Ni4H2
+, Ni5H2

+ and Ni6H2
+ (bottom to 

top). The corresponding geometries are shown next to the spectra. The simulated spectrum of Ni4H2
+ 

is a linear combination with a ratio of 4:1 of the spectra of the two isomer with molecular H and 
dissociated H respectively. 
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imply that the calculations overestimate the Ni – H2 bond strength. This was also 
observed for the saturated nickel-hydride complexes (see paragraph 3.4.6). In the 
experimental spectrum of Ni4H2

+ there is a weak absorption band at ~1090 cm-1, 
for which the complex with molecular hydrogen cannot account. It is likely that 
this band is due to the presence of a second, less abundant isomer in which the 
hydrogen is dissociatively bound. Indeed, the calculations show that there are at 
least two isomers that have an absorption band around 1090 cm-1 and which are 
iso-energetic (within the accuracy of the calculations, ∆E = 0.1 eV) with the complex 
containing molecularly bound H2. Hence, it is likely that at least two isomers of 
Ni4H2

+, one with molecularly bound and one with dissociatively bound hydrogen, 
coexist in the molecular beam. The structures of the complex with molecularly 
bound hydrogen and of a nearly iso-energetic isomer with dissociatively bound 
hydrogen are shown in Figure 4.2, together with a simulated vibrational spectrum 
that is a linear combination with a 4:1 ratio (isomer with molecular H versus the 
isomer with dissociated H) of the spectra of the two individual isomers (Figure 4.3).
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Figure 4.3. Experimental (black) and simulated (red) vibrational spectra of Ni4H2
+ complexes in the 

450-1750 cm-1 range. Relative energies of the isomers are given in eV. The letter ‘u’ denotes the 
number of unpaired electrons. The corresponding cluster structures are shown next to the spectra.
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Figure 4.4. Experimental (black) and simulated (red) vibrational spectra of Ni5H2
+ complexes in the 

450-1750 cm-1 range. Relative energies of the isomers are given in eV. The letter ‘u’ denotes the 
number of unpaired electrons. The corresponding cluster structures are shown next to the spectra.
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It is interesting to speculate about the reason why two isomers of Ni4H2
+ co-exist in 

the molecular beam. In Figure 4.6, two schematic one-dimensional potential energy 
curves for the interaction of a single H2 molecule with a metal (cluster) are shown. 
In general, (Figure 4.6 A), when a H2 molecule approaches a transition metal, it will 
first experience a weak Van-der-Waals attraction. Typical energies associated with 
these interactions are below 0.1 eV and H2 can be physisorbed at sufficiently low 
temperatures[165] (not indicated). When the H2 molecule moves closer to the metal 
surface, the orbitals of H2 hybridize with metal d-orbitals to reduce the Pauli repulsion 
between the filled molecular orbital of the H2 molecule and the electrons of the 
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Figure 4.5. Experimental (black) and simulated (red) vibrational spectra of Ni6H2
+ complexes in the 

450-1750 cm-1 range. Relative energies of the isomers are given in eV. The letter ‘u’ denotes the 
number of unpaired electrons. The corresponding cluster structures are shown next to the spectra.
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metal. This leads to the formation of a chemical bond between the H2 molecule and 
the metal, i.e. the H2 molecule becomes molecularly bound. Depending on the extent 
of the hybridization, the crossing between the potential wells corresponding to 
dissociative and molecular chemisorption can either be above or below zero energy. 
If the crossing occurs below zero energy (dashed line Figure 4.6 A), the hybridization 
leads to dissociation of the H2 molecule and subsequent atomic adsorption. This is 
the typical behavior of H2 adsorption on extended transition metal surfaces. For 
Ni5

+ and Ni6
+, it has been shown that D2 adsorption is a non-activated process.[121] 

Furthermore, we find that H2 adsorbs dissociatively on Ni5
+ and Ni6

+. This suggests 
that H2 adsorption on these clusters follows the same path as H2 adsorption on 
extended Ni surfaces. If the crossing occurs at positive energies (dotted line Figure 
4.6 A), an activation barrier to dissociation is present and the complex can become 
‘trapped’ in a state where the H2 molecule is molecularly chemisorbed. This might 
be the case for the Ni4H2

+ complex. The presence of two isomers of Ni4H2
+ can be 

explained from the fact that at finite temperatures the clusters will have an internal 
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Figure 4.6. Two schematic one-dimensional potential energy diagrams for the interaction of a 
single H2 molecule with a metal cluster. The solid lines give the potential energy of a metal cluster 
interacting with two single H atoms. The dotted and dashed lines represent the potential energy 
for the interaction between a metal cluster and a H2 molecule. A. Conventional diagram. H2 is 
dissociatively bound in the global minimum structure. The dissociation of H2 can be an activated or a 
non-activated process (crossing of dotted–solid and dashed-solid lines respectively). If an activation 
barrier is present (crossing at positive energy), species with molecularly bound H2 can become 
‘trapped’ in the local energetic minimum. B. Alternative energy diagram for Ni4H 2

+ if the isomer with 
molecularly coordinated H2 is the global minimum structure. Both schemes can account for the two 
isomers of Ni4H2

+.
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energy distribution described by the Boltzmann factor. For some of the clusters, the 
internal energy will be large enough to surmount the activation barrier, leading to 
complexes with dissociatively bound H, whereas others remain trapped in the local 
energetic minimum. 

Up to now it is assumed that species with dissociatively coordinated H correspond 
to the global energetic minimum structure (which is the case for hydrogen adsorbed 
on extended metal surfaces). However, for small metal clusters the complex with 
molecularly chemisorbed H2 could correspond to the global energetic minimum 
(Figure 4.6 B). Complexes with dissociatively bound H than correspond to local 
energetic minima. At 0 K the H2 molecule will be molecularly bound in all complexes. 
At finite temperatures there will be a Boltzmann distribution between complexes 
with dissociatively and molecularly coordinated hydrogen, thus explaining the co-
existence of the two complexes in the molecular beam. 

Both schematic energy diagrams shown in Figure 4.6 can account for the co-
existence of the two isomers of Ni4H2

+. In principle, the potential energy surface for 
the interaction of H2 with Ni4

+ can be calculated using quantum mechanical methods, 
allowing for a decisive assignment of the reaction path. As outlined above, the DFT 
based calculations find that the complex with molecular coordinated H has a lower 
energy than isomers with dissociatively bound H when the BP86 parameterization 
of the exchange-correlation is used. However, the differences in energy are small 
(∆E = 0.1 eV). This implies that for Ni4H2

+ DFT based calculations cannot be used 
to reliably construct a potential energy diagram as given in Figure 4.6. Possibly, 
higher-level computational methods such as multi-reference-configuration-
interaction or coupled-cluster perform significantly better for this complex. From 
the experimental side, temperature dependent vibrational spectroscopy studies 
might be able to provide additional information on the potential energy landscape 
of the Ni4H2

+ complex. 

4.5    Conclusions
It is demonstrated that a H2 molecule can bind molecularly on Ni4

+ but that it binds 
exclusively dissociatively on Ni5

+ and Ni6
+. Furthermore, the adsorption behavior 

correlates with the relative reactivity of the metal clusters toward H2. This correlation 
implies that the dissociative chemisorption of H2 on Ni4

+ is an indirect process; for 
other small nickel clusters low barriers might exist as well. In that case, the rate-
determining step is the conversion of the molecular precursor state to the final state 
where the hydrogen is dissociatively bound. The Ni4H2

+ isomer with molecular 
bound H2 could be considered a model for a precursor state to dissociation.
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Chapter 5

Effects of Co-adsorption of H2 and CO on 
Cobalt Clusters § 

Abstract

The effect of co-adsorption of hydrogen on the binding of carbon monoxide to 
cobalt clusters is studied by recording infrared multiple photon dissociation 
spectra of ConHmCO+ clusters as a function of hydrogen coverage. It is found that co-
adsorption of H2 leads to an increase in the C−O bond strength of adsorbed carbon 
monoxide, as evidenced by an increase of the C−O stretch vibration. Qualitatively, 
the adsorbed hydrogen reduces the electron density of the metal particle that is 
available for back-donation to the carbon monoxide, hence leading to the observed 
increase in the C−O bond strength. To obtain quantitative information, a model 
describing the charge and size dependence of CO adsorbed on late transition metal 
clusters is extended to incorporate the effect of co-adsorption of H2. Each adsorbed 
hydrogen atom is found to reduce the electron density available for back-donation 
by an amount depending on the cluster size. 

§ Adapted from: I. Swart, A. Fielicke, D.M. Rayner, G. Meijer, B.M. Weckhuysen, and F.M.F. 
de Groot, Controlling the Bonding of CO on Cobalt Clusters by Coadsorption of H2,
Angew. Chem. Int. Ed., 46, 5317 (2007)
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5.1    Introduction

Reactions of small molecules with transition metal particles have attracted 
considerable interest over the past decades since they can provide a conceptual 
framework for applications such as heterogeneous catalysis and hydrogen storage.
[156, 166-168] Especially the reaction of H2 and CO with supported iron and cobalt 
particles has been widely studied due to its relevance to the Fischer-Tropsch process 
in which a mixture of H2 and CO is converted into long chain hydrocarbons. In this 
process, the breaking of the strong C−O bond is an important step. Upon adsorption 
of CO on a transition metal, the electron density in orbitals that are antibonding 
with respect to the C−O bond is increased by transfer of electron density from the 
metal, ultimately leading to the weakening, or activation, of the C−O bond. This 
activation and therefore the reactivity of CO toward hydrogenation sensitively 
depend on adsorption geometry and on the electron density of the metal particle. 
Consequently, vibrational spectroscopy of CO adsorbed on metal particles can be 
used to characterize binding sites and to probe the electron density of the metal 
particle. 

The reactions of CO and H2 with cobalt clusters in the gas-phase have been studied, 
but no investigations regarding the co-adsorption of both molecules have been 
reported. Furthermore, detailed information on adsorbate binding sites and metal 
cluster electron densities is scarce. This kind of information is essential when trying 
to obtain fundamental insight into the elementary steps of adsorption processes. 
Recently, InfraRed Multiple Photon Dissociation (IR-MPD) spectroscopy was used 
to characterize the size and charge dependence of the C–O stretch vibration, n(CO), 
of cobalt mono-carbonyl complexes in the gas-phase.[76] The main findings are as 
follows. Carbon monoxide binds exclusively to one atom in cobalt clusters (atop 
bound CO) and the C–O bond strength strongly depends on the charge state and 
the size of the cluster to which the CO molecule is bound. The dominating factor 
in the behavior of n(CO) is the availability of electron density for back-donation 
from the metal to the anti-bonding 2π* orbital of CO. Electrostatic effects play a 
significant but minor role. For charged clusters, the evolution of n(CO) as a function 
of size is related to the dilution of charge density at the binding site. For details on 
the hydrogen chemisorption on cobalt clusters, the reader is referred to chapter 3.

In contrast to the adsorption of either H2 or CO, no studies are available on the 
effects of co-adsorption of these two molecules. This is the topic of this chapter. IR-
MPD spectroscopy is used to study the effect of adsorbed hydrogen on the binding 
of CO to cationic cobalt clusters. By combining these results with the available 
information on cobalt mono-carbonyl complexes, and cobalt-hydride clusters, 
fundamental insight into the effects of co-adsorption of H2 and CO is obtained.  
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5.2    Experimental

IR-MPD spectroscopy was used to measure the vibrational spectra of (hydrogenated) 
mono-carbonyl complexes in the range of the C–O stretch vibration (1600 - 2200 cm-1) 
and in the range of the M–H stretch and deformation modes (900 – 1500 cm-1). Details 
of the IR-MPD mechanism and the experimental setup can be found in chapter 
2. Monocarbonyl complexes with varying hydrogen coverages were generated by 
adjusting the H2/CO ratio and the opening time of the second pulsed valve. 

5.3    Results and Discussion
The IR-MPD spectra of Co11HmCO+, with m = 0, 2, 4, 10, and 12 (bottom to top) are 
shown in Figure 5.1.A. No absorption bands were detected in the 1600 - 1950 cm-1

 

region, indicating that CO is exclusively atop (µ1) bound to hydrogen covered Con
+ 

clusters. This has been found earlier for CO adsorption on bare Con
+ clusters.[76] H2 

ν(
CO

) /
 c

m
-1

2130

2120

2110

2100

2090

2080

2070

2060

2050

2040

2030

2020

2010

2000

1990

1210864202200210020001900

100

80

60

BACo11H12CO+

Co11H10CO+

Co11H4CO+

Co11H2CO+

Co11CO+

Wavenumbers / cm-1 Number of Hydrogen atoms (m)

Io
n 

In
te

ns
ity

 /
 %

Figure 5.1. A) IR-MPD spectra of Co11HmCO+ complexes with 0,2,4,10 and 12 co-adsorbed hydrogen 
atoms in the range of the C-O stretch vibration. B) Frequency of the C-O stretch vibration of mono-
carbonyl complexes as a function of the number of co-adsorbed hydrogen atoms for complexes 
containing 4(), 5(), 7(), 9(), and 11() cobalt atoms. The solid lines give fits of the data to 
equation 5.3. The dashed lines indicate trends.
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adsorbs dissociatively on cationic Co clusters.[120] In Figure 5.1.B the value of n(CO) is  
plotted as a function of the number of co-adsorbed hydrogen atoms for complexes 
containing 4, 5, 7, 9, and 11 Co atoms. Upon increasing H2 coverage, the C–O stretch 
frequency shifts to higher energy. This behavior was observed for all cluster sizes 
studied, except for Co7

+, Co8
+ and Co9

+ for which a decrease of n(CO) upon adsorption 
of the first H2 molecule was observed. The C–O stretch vibration of the hydrogen-
saturated complexes (Co7H8CO+, Co8H8CO+ and Co9H8CO+) was again higher than 
the value of the corresponding mono-carbonyl complex. The initial decrease of n(CO) 
correlates with a particular low reactivity of these clusters toward hydrogen.[169] For 
the small clusters, the shift of n(CO) is linear with hydrogen coverage and the slope 
decreases as the clusters become larger. Larger clusters readily react with H2 and it 

n m ConHmCO+ (cm-1)

4 0 2048 ± 5

2 2078 ± 8

4 2122 ± 7

5 0 2044 ± 5

2 2058 ± 2

4 2075 ± 3

6 2094 ± 3

6 0 2030 ± 7

2 2042 ± 3

6 2094 ± 3

7 0 2013 ± 5

2 2001 ± 5

8 2101 ± 3

8 0 2006 ± 5

2 1999 ± 6

8 2099 ± 2

9 0 2007 ± 3

2 2000 ± 3

8 2066 ± 3

10 0 1999 ± 5

2 2006 ± 4

10 2088 ± 2

n m ConHmCO+ (cm-1)

11 0 1992 ± 3

2 1997 ± 3

4 2007 ± 7

10 2070 ± 1

12 2078 ± 2

12 0 1985 ± 4

12 2081 ± 2

13 0 1987 ± 3

14 2079 ± 3

14 0 1978 ± 3

14 2077 ± 2

15 0 1974 ± 3

14 2078 ± 4

16 0 1975 ± 2

16 2015 ± 5

17 0 1974 ± 2

16 2063 ± 2

18 0 1970 ± 3

16 2024 ± 5

19 0 1970 ± 3

14 2028 ± 2

20 0 1967 ± 3

20 2066 ± 4

Table 5.1. Values of n(CO) for cobalt mono-carbonyl (ConCO+) and hydrogen saturated mono-carbonyl 
(ConHmCO+) complexes for n = 4-20. The error bars correspond to two times the standard deviation 
given by the fitting procedure.
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was experimentally not possible to measure n(CO) at intermediate hydrogen coverage 
for these clusters. The experimentally determined values of n(CO) for ConHmCO+ 
complexes with n = 4-20, are given in Table 5.1. These values are determined from a 
least squares fitting procedure of the experimental spectra with a Gaussian function.

In organometallic chemistry the classical picture of bonding between a transition 
metal atom and a CO molecule consists of donation of electron density from the 
5σ orbital of CO to the metal and back-donation of electron density from the metal 
d-orbitals to the 2π* orbital of the CO molecule.[55, 56, 170] This 2π* orbital is anti-bonding 
with respect to the C-O bond. The frequency of the C-O stretching vibration is directly 
related to the strength of the C-O bond and therefore also to the population of the 
2π* orbital. Upon adsorption of CO on a bare transition metal, the C-O bond usually 
becomes weaker due to the increased population of the anti-bonding 2π* orbital, 
which is reflected in a shift of n(CO) to lower frequencies compared to its gas-phase 
value. As can be seen in Figure 5.1.B, the co-adsorption of H2 molecules generally 
leads to an increase in C-O bond strength. 

Qualitatively, upon adsorption of H2 on ConCO+ complexes some electrons of the 
metal cluster become localized in Co-H bonds, making them unavailable for back-
donation to the 2π* orbital of CO.[171, 172] Upon co-adsorption of H2, the population 
of the 2π* orbital will therefore be reduced, which leads to a higher C-O stretching 
frequency. This assumption has been used earlier to explain the shift in n(CO) for CO 
bound to hydrogen covered Ni and Co particles on surfaces.[173, 174]

By using the recently measured charge dependence of n(CO) in cobalt cluster mono-
carbonyl complexes,[76] it is possible to estimate the amount of charge transferred into 
the Co-H bonds. For example, one finds for Co11CO+/0/- values for n(CO) of 1992, 1943 
and 1868 cm-1, respectively, resulting in a shift of ~62 cm-1/z where z·e is the charge 
on the cluster (e the elementary charge).  This can be compared to the dependence 
of n(CO) on the number of co-adsorbed hydrogen atoms (m), as shown in Figure 5.1.b, 
which gives for Co11HmCO+ an average shift of ~8 cm-1 per hydrogen atom. Binding 
of a single hydrogen atom therefore has, on average, the same effect as adding 8/62 = 
0.13 of a single positive charge to the cluster. 

More generally we can extend the quantitative model[76] for the charge dependence 
of n(CO) in late transition metal carbonyl clusters to present a global picture of 
charge transfer in Con(CO)Hm

+ complexes. The model incorporates the electrostatic 
interaction between the charge of the cluster and the CO dipole and the effect of 
donation of electron density from the metal to the 2π* orbital of CO. The cluster size 
plays a role due to delocalization of charge over the cluster surface. The validity of 
this assumption has been shown before.[76][175]

The effect of co-adsorption of H2 can be incorporated in the model by introduction 
of an additional term in the expression that describes the population of the 2π* orbital, 
P(2π) of the CO molecule. The extended equation reads:

    
  

5.1
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The first term on the right hand side of equation 5.1, P(2π)∞, represents the 
population of the 2π* orbital of a CO molecule adsorbed on a cluster of infinite 
size. The second term describes the change in this number due to the charge (z·e) of 
the cluster that is distributed over all surface atoms and is inversely proportional 
to the number of surface atoms, ns, with a proportionality constant γ. Localization 
of electron density in the ith Co-H bond is postulated to have the same effect as 
increasing the charge of the ConCO+ complex by δi.e. We allow δ to depend on i to 
include possible variation in Co-H bonding with coverage. Following through as 
described in ref. 9 one then obtains the following expression for n(CO):

   
5.2

with n(CO)0 = n∞ + ∆nES + γ*z/ns the frequency for the specific cluster size without 
H, and γ* = n∞βγ/(2F∞). Here n∞ is the extrapolated value of n(CO) for CO adsorbed 
on an infinite cluster (with C-O stretch force constant F∞), ∆nES is the shift due to the 
electrostatic effect and β a proportionality constant relating the population of the 
2π* orbital to the C-O stretching force constant.

If the effects of the subsequently added hydrogen ligands on P(2π) are identical, 
δi will have the same value for each co-adsorbed hydrogen atom. This appears to 
be the case for small clusters with n up to 6 where n(CO) shifts linearly with the 
number of co-adsorbed hydrogen atoms. In this case, equation 5.2 can be simplified 
to the form:

5.3

where γ*δ/ns  is the shift induced per adsorbed hydrogen atom and can be evaluated 
from the slope of the plot of n(CO) against nH. The solid lines in Figure 5.1.B indicate 
fits of the data to equation 5.3. For the larger clusters, there are too few points to 
establish with certainty that the linear relationship continues to hold, but one 
can proceed using the shift measured for the saturated complexes to evaluate an 
average value of δ directly from equation 5.3 using the values of n(CO) 0 and γ*/ns as 
reported in the literature.[76] With our measurements the amount of electron transfer 
to co-adsorbed hydrogen can be quantified. The values of δ for clusters with 4-20 
metal atoms are given in Figure 5.2. Values of δ range from 0.09 to 0.25 electrons per 
hydrogen atom depending on cluster size. There is no obvious correlation of this size 
dependence with what is known about the geometric or electronic structure of Con

+ 
clusters. The observed linear relationship of n(CO) with hydrogen atom coverage 
demonstrates that CO is not influencing charge transfer between the cluster and 
hydrogen ligands to any appreciable extent. Therefore, CO can be used as a probe 
for the electron density within the cluster complex, at least for the Con(CO)H2

+ 
complexes.

Equation 5.3 predicts that as long as the ratio nH/ns is significant, a shift in n(CO) 
will be observed. This implies that a shift in n(CO) should be observed even for CO 
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adsorbed on bigger particles if they are sufficiently covered with hydrogen. Indeed, 
a shift of n(CO) to higher frequency was observed for co-adsorption of CO and H2 
on Ru/Al2O3, Co/SiO2 and on Ni surfaces,[174, 176-181] for which it has also been found 
in DFT calculations.[182]

This treatment ignores the observation that for Co7(CO)H2
+, Co8(CO)H2

+ and Co9(CO)
H2

+ an initial red shift in n(CO) is observed. Following the charge localization 
arguments outlined above, this implies that for these complexes more electron 
density is available on the metal compared to the mono-carbonyl complexes for 
donation into the 2π* orbital of CO. The behavior exhibited by most of the complexes 
establishes that hydrogen atoms bound as hydrides increase n(CO), leading to the 
conclusion that hydrogen might be bound differently in the three exceptional cases. 
A possible explanation is that H2 is molecularly bound in Co7(CO)H2

+, Co8(CO)H2
+, and 

Co9(CO)H2
+. As demonstrated in chapter 4, a single H2 molecule can be molecularly 

bound to a bare metal cluster and that this adsorption behavior can correlate with 
a low reactivity toward H2. Furthermore, molecular and dissociatively bound H2 
are known to co-exist on a Pd(210) surface with a hydrogen surface coverage below 
saturation.[61] Non-classical hydrides, where H2 binds molecularly are also known in 
organometallic chemistry.[59] The bonding is characterized as a 3-centre, 2 electron 
σ interaction involving donation of charge from the H2 to the metal centre. Indeed, 
molecularly bound H2 on Pd(210) leads to a decrease of the surface work function.[61] 
H2 binding molecularly in Co7(CO)H2

+, Co8(CO)H2
+ and Co9(CO)H2

+ can therefore be 
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Figure 5.2. Averaged values of δ for Con
+ clusters (n = 4 – 20). Open symbols indicate values obtained 

from a fit of the data to equation 5.3, solid symbols indicate that only values of the mono-carbonyl 
and hydrogen saturated complexes have been used. 
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expected to lower n(CO) as is observed. As shown in chapter 4, a single H2 molecule 
can bind molecularly to a Ni4

+ cluster. However, given the prevailing consensus 
that H2 binds dissociatively to transition metal clusters, this proposal is somewhat 
remarkable and warrants further study. The averaged values of δ	 for Co7

+, Co8
+ and 

Co9
+ obtained from the saturated complexes are similar to the values of the other 

sizes, suggesting that at hydrogen saturation all hydrogen is present in the form of 
hydrides. 

5.4    Conclusions
In summary, it has been shown that the 3d electron density available for back-

donation to an adsorbate can be controlled by co-adsorption of H2 molecules. Each 
co-adsorbed hydrogen atom reduces the amount of electron density available for 
back-donation on average by 0.09 – 0.25 of an electron depending on cluster size. 
From a catalysis point of view, the co-adsorption of H2 and CO on cobalt particles 
leads to a deactivation of CO toward dissociation. If there is to be a reaction of 
H2 with CO on the cluster surface at higher temperatures, it is predicted that low 
H2 coverage clusters will show the highest reactivity. The observed relationship 
between n(CO) with hydrogen atom coverage demonstrates that, at least for Con(CO)
H2

+ complexes, CO is a suitable probe for the electron density. These results point 
to how the concepts of donation and back-donation developed in organic-metallic 
chemistry extrapolate to larger systems like clusters or even extended surfaces.
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Chapter 6

Effects of Co-adsorption of H2 and CO on 
Vanadium Clusters § 

Abstract

Structural information on hydrogen covered vanadium clusters, containing 
between 5 and 20 atoms, and their complexes with CO has been obtained with 
infrared multiple photon dissociation spectroscopy. The experimental work is 
complemented with density functional theory based calculations for the V5 to 
V9 cluster sizes. The non-dissociative or dissociative binding of CO on the metal 
clusters is detected by the presence or absence of the n(CO) stretching band in the 
infrared spectra. It is found that the CO molecule dissociates on bare vanadium 
clusters, while it adsorbs intact on all saturated hydrogen covered V5-20

+ clusters, 
with the distinctive exception of V5

+, V9
+, V11

+
 and V19

+. It is shown that dissociative 
chemisorption is prevented when H atoms block the potential binding sites of the 
C and O atoms. Co-adsorption of H2 does not have a significant electronic influence 
on the binding of CO to VnHm

+ clusters, in contrast to co-adsorption of H2 and CO 
on Con

+ clusters.

§ Adapted from: I. Swart, A. Fielicke, B. Redlich, G. Meijer, B.M. Weckhuysen and F.M.F. 
de Groot, Hydrogen-Induced Transition from Dissociative to Molecular Chemisorption of CO on 
Vanadium Clusters, J. Am. Chem. Soc., 129, 2516 (2007)
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6.1    Introduction

The interaction of transition metal clusters in the gas-phase with CO and H2 can 
provide information relevant to the Fischer-Tropsch synthesis, i.e. the reaction of 
CO with H2 over supported metal nanoparticles to form long-chain hydrocarbons.
[29, 183] Using the interaction of a surface with an adsorbate as a starting point, one 
finds that, at room temperature, all metals to the left of the diagonal Co-Ru-Re in 
the periodic table dissociate CO.[184] At elevated temperatures Co, Ru and Ni also 
dissociate CO and, for example, supported Ru, Co and Fe nanoparticles are used in 
the Fischer-Tropsch process. 

The reaction of gas-phase clusters of the late transition metals Co, Ni, Rh, and 
Au with CO has been studied using IR spectroscopy at room temperature and, 
in analogy with supported nanoparticles and metal surfaces, non-dissociative 
chemisorption has been observed (also see chapters 6, 7, and 8).[76, 78] In contrast it has 
been shown by a combined spectroscopy / Density Functional Theory (DFT) study 
that CO is dissociatively chemisorbed on small clusters of the early transition metal 
Nb.[185] On neutral and charged vanadium clusters the adsorption of H2, D2 and CO 
has been studied using flow tube and ion trap techniques.[117, 125, 131-134, 186, 187] From 
these and other studies it has been found that individual H2 and CO molecules 
chemisorb dissociatively on clusters of the early transition metals V and Nb.[122, 125, 

131-133, 185, 186] The hydrogen binding geometries on cationic vanadium clusters has 
been extensively discussed in chapter 3.

In this chapter, the effects of co-adsorption of H2 and CO on cationic vanadium 
clusters are discussed. Infrared Multiple Photon Dissociation (IR-MPD) 
spectroscopy is used to measure vibrational spectra of hydrogen saturated cationic 
vanadium clusters (VnHm

+) and their complexes with CO (VnHmCO+) containing 
up to 20 vanadium atoms. The spectral range covered in the experiment includes 
the range of the C-O stretch vibration (1600-2200 cm-1) and of the V-H stretch and 
deformation modes (700-1500 cm-1). The experimental work is complemented with 
DFT calculations to obtain information on the geometry and chemical bonding 
in the saturated vanadium hydrides and the mono-carbonyl vanadium hydride 
complexes. 

6.2    Experimental
IR-MPD spectroscopy was used to measure the IR spectra of (hydrogenated) mono-
carbonyl complexes in the range of the C–O stretch vibration (1600 - 2200 cm-1) and 
in the range of the V–H stretch and deformation modes (900 – 1500 cm-1). Details 
of the IR-MPD mechanism and the experimental setup can be found in chapter 2. 
Hydrogen saturated monocarbonyl complexes were generated by using a H2/CO 
ratio of 1000 and adjusting the gas flow through the valve.
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6.3    Theoretical Method

The experimental spectra of several VnHm
+ and VnHmCO+ complexes were 

complemented with DFT based calculations to obtain structural information. The 
calculations employed the BP86 parameterization of the exchange correlation 
functional and a triple zeta valence plus polarization (TZVP) basis set for all atoms, 
as implemented in the TURBOMOLE package.[143]

The number of structural isomers dramatically increases with increasing cluster 
size. Because the number of structural isomer rapidly increases with cluster size, 
calculations have only been performed on complexes with less than 10 metal 
atoms. The following computational procedure was used. As a starting point for 
the calculations, the geometries of the bare vanadium clusters as identified by a 
combined theoretical/IR-MPD study[63] were used and hydrogen atoms were placed 
in three fold hollow (µ3) sites. For the mono-carbonyl complexes, CO molecules were 
coordinated to different metal atoms. For V9

+ complexes, an additional similar metal 
cluster geometry was used that is degenerate in energy.[63] First, the geometries 
of several cluster complexes were optimized for each cluster size. For every 
geometric isomer, optimizations were performed using different spin states. The 
optimization procedure was conducted without any symmetry restrictions. After 
the optimization procedure, the vibrational spectrum was calculated within the 
harmonic approximation. The calculated single photon absorption cross sections 
were convoluted with Gaussians with a width of 20 cm-1 and converted into depletion 
spectra using equation 2.12.

Charge density difference plots were created using the StoBe-deMon code.[188] For 
these calculations also the BP86 exchange-correlation functional was used. For C 
and O, a TZVP basis set was used, while the basis set for V was of double-zeta 
quality (including a diffuse d). 

6.4    Results and Discussion
Reactions of cationic vanadium clusters with molecular hydrogen lead to successive 
addition of H2 molecules to the cluster until a cluster size specific coverage is 
reached (see chapter 3). Upon mixing 0.1% CO with the H2, also saturated vanadium 
hydrides on which a single CO molecule was absorbed, were produced. The IR-
MPD spectra of VnHm

+ and VnHmCO+ complexes are shown in Figure 6.1 for the 
size range for n = 5-20. Several absorption bands are identified between 700 and 
1500 cm-1. For the vanadium hydride complexes, no bands are observed at higher 
frequencies. The observed absorption bands are not in all cases fully resolved. V6H8

+ 

is the only complex in the size range (n = 5-20) studied that shows two well-resolved 
bands, implying a highly symmetric structure. Other clusters seem to have a less 
symmetric structure.  IR-MPD spectra of bare vanadium clusters show exclusively 
modes below 450 cm-1 and the absorption bands in the 700 - 1500 cm-1 range are 
consequently assigned to V-H stretch and deformation vibrations.[62, 63] 
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Figure 6.1. IR-MPD spectra (black) of fully saturated VnHm
+ (left panel) and the corresponding 

VnHmCO+ complexes for n = 5-20 (right panel, bottom to top). Values of n and m for the fully saturated 
clusters are denoted as n,m in the graph. The spectra depicted in red are calculated IR spectra for 
the structures shown in Figure 6.2. The calculated spectrum of V7H10CO+ is a linear combination of 
the two isomers depicted.
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The far-infrared spectra of bare Vn
+ clusters compared to calculated IR spectra, 

led to the determination of the structures for small vanadium clusters.[63] For many 
of the smaller clusters, there is a direct relation between the number of triangular 
facets on the bare clusters and the observed hydrogen saturation number. This 
strongly suggests that the hydrogen atoms mainly occupy threefold-hollow sites (µ3 

coordination) on the cluster surface. The only exception is the V5
+ cluster, which has 

a hydrogen saturation stoichiometry of 8 but the metal cluster has 6 triangular facets. 
Therefore, at least some hydrogen has to be linear (µ1) or two-fold (µ2) coordinated to 
the metal cluster. Comparison of IR-MPD spectra and calculated vibrational spectra 
supports this assignment and will be discussed below.
The reaction of vanadium clusters with hydrogen in the presence of a small 

amount of CO (0.1%) yields mainly saturated vanadium cluster hydrides and, to a 
small fraction, their complexes with single CO molecules. Although H2 and CO may 
compete in the reaction with the clusters, the high excess of H2 relative to CO leads 
in most cases to the initial formation of the hydrogen saturated complexes like in the 
absence of CO. This indicates that the CO reacts mainly with pre-formed hydrogen 
covered clusters. The IR-MPD spectra of the complexes of cationic vanadium cluster 
hydrides with CO (VnHmCO+) are shown in the right panel of Figure 6.1 for n = 5-20. 
The spectra of the VnHmCO+ complexes in many cases resemble the spectra of the 
corresponding hydride complexes in the 700-1700 cm-1 range. Significant changes 
in this range are found in the spectra of the mono-carbonyl complexes with 5, 10, 
11, 16, 17, 18, and 19 vanadium atoms. The hydrogen saturation stoichiometry of 
a V5

+ cluster decreased from 8 to 6 in the presence of CO, indicating competitive 
adsorption of CO and H2. The spectra of CO adsorbed on vanadium clusters without 
hydrogen adsorption show no detectable absorption features in the range of the 
n(CO) stretching vibration (1650-2200 cm-1), indicating that CO is dissociatively 
chemisorbed on all bare vanadium clusters. In contrast, for most of the VnHmCO+ 
complexes a band corresponding to the C-O stretching vibration of atop (µ1) bound 
CO between 2120 and 2170 cm-1 is observed (see Figure 6.3). The presence of a n(CO) 
band implies that it is possible to molecularly chemisorb CO on cationic vanadium 
clusters by co-adsorbing hydrogen molecules. On hydrogen covered cationic 
vanadium clusters containing 5, 9, 11 and 19 vanadium atoms no n(CO) stretching 
band was observed, indicating dissociative chemisorption of CO on these cluster 
sizes.
To probe the origin of the size dependent stabilization of CO on hydrogen covered 

vanadium clusters with respect to the behavior on the bare metal clusters and to 
obtain information on the binding geometries of the adsorbed species, density 
functional theory (DFT) based calculations were performed on VnHm

+ and VnHmCO+ 
complexes for n = 5-9.[95, 189, 190] The ground state structures of several geometric 
isomers in different spin states have been optimized for every cluster complex. Note 
that in this process only a small portion of the configurational space is probed and 
it is possible that the actual structures are different from the structures shown in 
Figure 6.2. Structures and vibrational spectra of other isomers of VnHm

+ and VnHmCO+ 
can be found in Appendices A and B, respectively. In many cases, several different 
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structures are close in energy and theory might not be accurate enough to correctly 
predict the most stable complex. Moreover, for kinetic reasons, the experiment 
may favor metastable species. The IR spectra are sensitive to the geometry and 
the electronic state of the cluster complex and the energy differences between low 
energy isomers are typically on the order of 0.1-1 eV. In case a structure could not be 
assigned based on energetic considerations alone, a structure was assigned based 
on the comparison of the calculated and experimental spectra. These selected 
structures correspond, in most cases, with the lowest energy isomers found in the 
calculations. The exceptions are V5H6CO+

 and V7H10
+ for which the calculations 

indicate that the lowest energy isomers have a triplet spin state. However, the 
experimental spectra is in better agreement with isomers with a singlet spin state 
that are only 0.12 eV and 0.20 eV higher in energy, respectively. This is close to the 
expected accuracy of the calculations. Typically the energy difference between spin 
states is small, less then 0.2 eV, and it is therefore not possible to assign a particular 
spin state to a cluster based on energetic considerations alone. The calculated cross-
sections were converted to simulated depletion spectra as discussed in chapter 2, to 
allow for a direct comparison with the experimental spectra. The calculated spectra, 
folded with a Gaussian peak shape of 20 cm-1 width, that are in best agreement with 
the experimental data are shown in Figure 6.1 directly above the experimental IR-
MPD spectra. No frequency scaling is applied. The intensity of the calculated CO 
stretching peak in Figure 6.1 has been scaled to 50 % of the calculated value for ease 
of comparison. This intensity scaling accounts for the considerable lower IR laser 
intensity used in the dissociation experiments in the range of the n(CO) vibration 
(15 mJ/pulse at 2200 cm-1 vs. typically 60 mJ/pulse in the range from 600-1500 cm-1).  
The intensity ratio’s between different peaks may be different in the calculated and 
experimental spectra due to the fact that the calculations give single photon cross 
sections, while IR-MPD is a multiple photon process.
The optimized cluster geometries as found from the calculations are shown in 

Figure 6.2. For the VnHm
+ complexes, the vibrational spectra and structures of isomers 

whose vibrational spectra are in best agreement with the experimental spectra have 
been discussed in Chapter 3.4.3. The main conclusion for the vanadium hydrides 
is that hydrogen predominantly binds in three fold hollow sites, but that a minor 
number of two-fold coordinated hydrogen atoms can be present. 

The calculations find that CO is dissociatively chemisorbed in V5H6CO+, in 
agreement with the competitive adsorption of CO and H2 and the absence of 
detectable absorption features in the range of the n(CO) stretching vibration 
(1650-2200 cm-1). For V6H8CO+, all three fold hollow sites are occupied with 
hydrogen atoms and CO is molecularly chemisorbed to one metal atom. Its 
experimental IR spectrum is relatively simple, due to the high symmetry of the 
complex, and well reproduced by the calculations. For V7H10CO+ it was not possible 
to fully deplete the ion intensity by exciting the CO stretch mode at ~ 2160 cm-1 
when using full laser power, which is an indication for the presence of isomers. 
Moreover, it is the only cluster complex whose IR-MPD spectrum exhibits a weak 
absorption at 1650 cm-1. For all other cluster complexes, the highest observed 
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Figure 6.2. Geometric structures of isomers of saturated VnHm
+ (left ) and VnHmCO+ complexes (right) 

for n = 5-9 selected based on the comparison of experimental and calculated IR spectra.
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V-H absorption band is around 1450 cm-1. In the calculations, this feature can be 
accounted for by a CO molecule that is bridged bonded to this cluster in a tilted 
configuration (η2 coordinated). The energy difference between configurations with 
atop and η2 bound CO is only ~0.2 eV and it is likely that both isomers coexist 
in the molecular beam. Together with the experimental evidence, this proves that 
at least two different isomers of V7H10CO+ contribute to the spectrum shown in 
Figure 6.1. Structures with three-fold coordinated CO were found to be unstable 
and can therefore not be the origin of the band observed experimentally at 1650 cm-1. 

The geometry with the tilted bridge (η2) bonded CO molecule could resemble 
a precursor state to dissociation that is stabilized by the co-adsorbed hydrogen 
atoms. In fact, structures similar to the complex with the η2 bound CO molecule 
have been observed experimentally for CO adsorbed on Fe(100), Fe(001) and Cr(110).
[191-194] At the low temperatures employed in these experiments the precursor state 
for dissociation is stabilized. Tilted bridge (η2) bound CO molecules have also been 
predicted to play an important role in the dissociation of CO on transition metals.
[195, 196]

For V8H12CO+, good agreement between the calculated and the experimental IR 
spectrum is obtained for a structure where ten hydrogen atoms bind in three fold 
hollow sites while two hydrogen atoms are bridge bonded. The band pattern that is 
observed experimentally is also reproduced by the calculations. CO is molecularly 
chemisorbed to one of the vanadium atoms. For V9H12CO+ no absorption band 
in the range of the CO stretch vibration was observed, indicating dissociative 
chemisorption of CO. Bare V9

+ has 14 three-fold hollow sites,[63] while the highest 
hydrogen saturation number that could be achieved under our experimental 
conditions was 12. As can be seen from the calculated geometry of V9H12

+ (Figure 
6.2), 2 hydrogen atoms are coordinated in a convex site spanned by 4 vanadium 
atoms, effectively blocking 2 three fold hollow sites. The adsorption energy of an 
additional hydrogen molecule is not enough to cause a rearrangement of the V9H12

+ 
cluster. Upon adsorption of CO, the hydrogen ligands can undergo a rearrangement, 
as is indicated by the calculated cluster geometries, and CO adsorbs dissociatively. 
Complexes with dissociated CO will always be lower in energy due to the formation 
of strong V−O and V−C bonds. In the case of V9H12CO+, our calculations indicate 
that geometries with molecular chemisorbed CO are more than 1.75 eV (170 kJ/mol) 
higher in energy than geometries with dissociatively chemisorbed CO. This implies 
that in the absence of energetic barriers, CO will be dissociatively chemisorbed in 
V9H12CO+. 

The mechanism of CO dissociation is thought to involve tilted precursor states.
[196] If the surface is completely covered with hydrogen, these tilted precursor states 
cannot form, nor are there sites available for the C and O atom, leading to molecular 
instead of to dissociative chemisorption. Only for vanadium clusters where the 
hydrogen saturation stoichiometry matches the number of triangular facets (clusters 
with 6, 7, and 8 vanadium atoms) a n(CO) stretch vibration is observed. 

Clusters with 5, 9, 11 and 19 V atoms do not show a band in the range of the n(CO) 
stretch vibration. For V5Hm

+, the saturation stoichiometry (m) is 8. However, in the 
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presence of CO, the maximum number of H atoms that can bind to the cluster is only 
6, indicating competitive adsorption of CO and H2. In case of V9H12CO+, CO does 
dissociate because the surface is not completely covered with hydrogen (14 sites 
available and only 12 are occupied by hydrogen atoms). For V11Hm

+, the saturation 
stoichiometry (m) is 14 and the bare vanadium cluster has 17 triangular facets.[63] The 
exact structure of the bare V19

+ cluster is not known and it is therefore not possible to 
relate the number of triangular facets with the hydrogen saturation stoichiometry. 
For these cluster sizes, on which CO is dissociatively chemisorbed, not all available 
sites are blocked with hydrogen. 

In Figure 6.3, the frequency of the C−O stretch vibration is plotted as a function of 
cluster size. The value of n(CO) decreases from 2173 cm-1 for V6H8CO+ to 2130 cm-1 
for V20 H26CO+. The behavior of n(CO) as a function of cluster size is similar to what 
is observed for CO adsorbed on bare cationic Co, Ni, and Rh clusters.[75, 76] For those 
systems, the experimental trends could be reproduced by equation 6.1.

 6.1

Here, n is the number of metal atoms in the cluster, n∞ represents the value of n(CO) 
for CO adsorbed on a single crystal surface, rV, rC, and rC-O are the radii of a V, C, and 
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Figure 6.3. Frequency of the n(CO) vibration for VnHmCO+ clusters as a function of cluster size. The 
dashed line gives the contribution of the electrostatic effect to the size evolution of n(CO) while the 
solid line represents a fit to equation 6.1. The gray line marks the value of n(CO) for gas-phase CO.
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O atom, respectively, and γ’ is a proportionality constant. The electric field of the 
charged cluster interacts with the CO dipole and leads to a strengthening of the 
C−O bond. This is accounted for by the second term. The final term describes the 
change in the population of the 2π* orbital due to the charge at the CO binding site.
[76] A rigorous derivation of equation 6.1 can be found in ref.[76] The size evolution 
of n(CO) observed for CO adsorbed on VnHm

+ clusters can also be reproduced by 
equation 6.1 (black line in Figure 6.3). The model shows that the dominating factor 
in the behavior of n(CO) is the availability of electron density for back-donation 
from the metal to the anti-bonding 2π* orbital of CO. Electrostatic effects (dashed 
line in Figure 6.3) play a significant but minor role. 
As shown in chapter 5, co-adsorption of H has a significant electronic influence on 

the binding of carbon monoxide on Con
+ clusters. For that system the co-adsorption 

of H leads to a reduction of the amount of electron density available for back-
donation, resulting in an increase of n(CO). The similarity of the size dependence of 
n(CO) for CO adsorbed on VnHm

+ and on bare Co, Ni, and Rh clusters, suggests that 
the co-adsorbed H atoms do not significantly influence the CO binding in VnHmCO+ 
complexes in another way than structurally stabilizing the CO against dissociation. 
To investigate if co-adsorbed H atoms have an electronic effect on the binding of 
CO on Vn

+ clusters, charge density difference (CDD) plots were constructed for 
CO adsorbed on bare and hydrogenated V6

+ and V8
+. These plots, shown in Figure 

6.4, demonstrate how the electron density rearranges in the plane containing the 
CO molecule and the V atom to which it is coordinated upon adsorption of a CO 
molecule. If H atoms influence the binding of CO, the differences should emerge in 
the CDD plots of for VnCO+ and VnHmCO+. CDD plots are constructed by subtracting 
the electron density of the fragments from the electron density of the entire complex, 
e.g. r(V6H8CO+) - r(V6H8

+) - r(CO). For complexes containing H, the optimized 
geometries as shown in Figure 6.2 were used, while for the corresponding Vn

+ and 
VnCO+ clusters the same geometry minus the H atoms was used. All calculations 
were performed for clusters with the lowest possible number of unpaired electrons. 
For V6H8

+, V8H12
+, V6H8CO+, and V8H12CO+ good agreement with the experimental 

IR-MPD spectrum is obtained for clusters with one unpaired electron, which are 
the lowest energy isomers identified in the calculations. The V6

+ and V8
+ clusters are 

also predicted to have one unpaired electron in the electronic ground state.[63, 197, 198] 
The calculations indicate that the spin state of the V6

+ and V8
+ clusters do not change 

upon adsorption of CO. 
For CO adsorption on both bare and hydrogenated clusters there is a loss of charge 

in σ-orbitals and an increase of charge in the π system, consistent with the classical 
picture of donation and back-donation. For both the hexamer and the octamer, the 
electron density in the π system increases somewhat more in case of CO adsorption 
on the bare cluster compared to adsorption on a hydrogen-saturated cluster. Hence, 
co-adsorption of H slightly reduces the amount of electron density in the π system. 
Additionally, the frequency of the C−O stretch vibration was calculated for all four 
complexes. For V6CO+ and V6H8CO+, values of 2085 cm-1 and 2088 cm-1 are found, 
consistent with the similar CDD plots. The frequency of the C−O stretch vibration 
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Figure 6.4. Charge density difference plots, r(VnHmCO+) - r(VnHm
+) - r(CO), for CO adsorption on V6

+ 
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+ (bottom left), and V8H12

+ (bottom right).  Regions of electron loss are 
shown in brown, while regions where the electron density increases are shown in blue. The plot is for 
a plane containing the CO molecule as well as the V atom to which it is bound.
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is calculated to be 2050 cm-1 for V8CO+ and 2060 cm-1 for V8H12CO+, i.e. n(CO) shifts to 
higher frequency with 0.8 cm-1 per adsorbed H atom. This is much smaller than the 
shift of 12 cm-1 per H atom observed experimentally for the Co8

+ cluster. 
It is interesting to speculate as to why co-adsorption of H2 has a much stronger 

electronic influence in case of a late transition metal (Co) compared to an early 
transition metal (V). For VCO and CoCO deposited in solid Ne, values of n(CO) 
of 1931 cm-1 and 1974 cm-1 are found, respectively.[199, 200] As expected, there is more 
back-donation by a V atom than by a Co atom. It has been shown that both 4s−4s and 
3d−3d interactions contribute significantly to Vn

+−V and Con
+−Co bonding.[117, 120] As a 

V atom has only 3 d-electrons, compared to the 7 d-electrons of Co, it might be that 
in case of Vn

+ clusters the majority of these electrons is involved in M−M bonding, 
making them unavailable for back-donation. If this is the case, co-adsorption of H2 
on Vn

+ will have a much smaller effect compared to co-adsorption on Con
+. A much 

smaller degree of back-donation is also consistent with the higher values of n(CO) 
observed for VnHmCO+ complexes compared to those found for ConCO+ clusters. 

6.5    Conclusions
The saturation behavior in the reaction of vanadium cluster cations with hydrogen 
has been explained by a covering of the cluster surface with H atoms that are 
predominantly bound in µ3 configuration on triangular facets of the metal cluster. 
Completely hydrogen covered vanadium cluster cations bind co-adsorbed CO 
molecules non-dissociatively, whereas in cases that the number of adsorbed 
hydrogen atoms is smaller than the number of triangular facets, the absence of a 
characteristic n(CO) band indicates dissociation of co-adsorbed CO molecules.
It is furthermore shown that the adsorbed H atoms have only a small electronic 
effect on the binding of CO, in contrast to what is observed for co-adsorption of H2 
and CO on Con

+ clusters. 
It can therefore be concluded that the stabilization of CO against thermodynamically 

favorable dissociative chemisorption is a structural effect. There have to be at least 
two vacant three-fold hollow sites on the cluster to accommodate the C and O atoms 
to enable dissociation of CO. If all such sites are passivated with H atoms, a CO 
molecule can only bind molecularly.

These results show that the interaction of CO molecules with vanadium clusters 
can be controlled by co-adsorption of hydrogen molecules. The findings presented in 
this chapter show how the reactivity of a metal cluster can be modified by structural 
effects. This aids the atomistic understanding of the influence of hydrogen co-
adsorption on reactivity.
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Chapter 7

On the Effect of Charge on the Binding of 
CO in Rhodium Carbonyls: From Bridging 
to Terminal CO § 

Abstract

The structures of cationic rhodium carbonyl cluster compounds containing 1 to 6 
Rh atoms are established by infrared multiple photon dissociation spectroscopy 
and density functional theory calculations. Comparison with the neutral analogues 
reveals that ionization of the neutral compounds destabilizes bridge bound CO 
ligands in Rh2(CO)8 and Rh4(CO)12, leading to cationic complexes with only terminally 
bound CO. The destabilization is associated with removal of charge from an orbital 
that is bonding with respect to bridge-bound CO. 

§ Adapted from I. Swart, F.M.F. de Groot, B.M. Weckhuysen, D.M. Rayner, G. Meijer, and A. 
Fielicke, The Effect of Charge on the CO Binding in Rhodium Carbonyls: from Bridging to Terminal 
CO. J. Am. Chem. Soc., 130, 2126 (2008)
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7.1    Introduction

Changing the electron density of a catalyst can have a profound influence on its 
selectivity and activity. For this reason, electronic promoter materials are often 
added to a catalyst to tailor the electron density of the active particle and to obtain 
optimal performance.[201] Despite the widespread use of electronic promoters, the 
mechanisms responsible for the observed effect(s) are often poorly understood. For 
CO oxidation over a Pt or Rh catalyst, the activity increases with electron density.
[9, 202] In contrast, the hydrogenation of CO over Co and Rh based catalysts is more 
active and more selective upon reducing the electron density of the metal particles.
[11, 203] This change in electron density also leads to a decrease in the ratio of bridge 
to linear bound CO but the mechanism behind this destabilization of bridge bound 
CO is unknown.[11, 204]

In this chapter, the issue of charge-induced changes in the binding of CO to 
metal centers is discussed by focusing on rhodium carbonyls as models. Due to its 
catalytic versatility, Rh based catalysts have been used for both the hydrogenation 
and oxidation of CO.[205] The structures of the neutral saturated carbonyl complexes 
containing 2, 4 and 6 Rh atoms are known.[206-209] The cluster geometries are shown 
in Figure 7.1. The Rh dimer binds 8 CO molecules, 2 of which are bridge bound. The 
complex has C2v symmetry. The Rh tetramer binds 12 CO ligands in such a way that 
the cluster has C3v symmetry. The complex consists of a tetrahedral core of Rh atoms 
with 9 terminally bound CO molecules and three µ2 coordinated ligands. The Rh 
hexamer binds 16 carbonyls ligands and forms a cluster with Td symmetry. Four of 
the CO molecules are face bound to the metal core, while the remaining ligands are 
terminally bound.

In contrast, little is known about the charged complexes. The structures of the 
cationic rhodium carbonyls are established by infrared multiple photon dissociation 
(IR-MPD) spectroscopy, combined with Density Functional Theory (DFT) 
calculations. By comparing the structures of the cationic species with structures of 
the corresponding neutral complexes, information regarding the effect of charge on 
the binding geometry of CO is obtained.

7.2   Theoretical Method
The experimental spectra are complemented with DFT calculations to obtain 
information on cluster geometries and electronic structure.[95] The calculations 
employed the B3LYP parameterization of the exchange correlation functional and 
a triple zeta valence plus polarization (TZVP) basis set for all atoms (def-TZVP) set 
as implemented in TURBOMOLE vers.5.9.1. For Rh an effective core potential was 
used. The valence shell consisted of the 4s, 4p, 4d and 5s electrons. 

The following computational procedure has been applied. First, the geometries 
of several structural isomers were optimized for each cluster size. All calculations 
were done for the lowest possible spin state. After the optimization procedure, the 
vibrational spectrum was calculated within the harmonic approximation. The 
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calculated single photon absorption cross sections were convoluted with Gaussians 
with a width of 10 cm-1 and converted into depletion spectra using equation 2.12. 
A scaling factor of 0.96 was used for the frequency in the range of the C–O stretch 
vibration. 

Charge density difference plots were created using the StoBe-deMon code.[188] 
For these calculations, the exchange functional by Becke[109] and the correlation 
functional of Perdew[110] were used. For C and O, a TZVP basis set was used, while 
the basis set for Rh was of double-zeta quality (including a diffuse d).

7.3    Results and Discussion
Upon introduction of CO in the reactor channel, the Rhn

+ clusters bind multiple 
CO molecules. The pressure in the reactor channel was increased until the resulting 
molecular beam distribution did not change anymore, i.e., when the clusters were 
saturated with carbon monoxide.[210] The saturation numbers, and the total number 
of cluster valence electrons (CVEs) for clusters with 1–6 metal atoms, are given 
in Table 7.1. The saturation numbers of the cationic rhodium dimer, tetramer and 
hexamer are the same as those of the corresponding neutral clusters. Homoleptic 
rhodium carbonyl complexes with 3 and 5 metal atoms have not been identified 
before. An odd number of cluster valence electrons implies that the cluster valence 
orbitals cannot accept another two electrons from an additional CO molecule, e.g. 
85 CVEs corresponds to 86 CVEs for a closed shell species. Electron counting rules 
(see section 8.1) can be used to predict the structures of small metal clusters but they 
do not provide much information about the binding of the carbonyl ligands.

The experimental IR-MPD spectra in the C–O stretching region and the Rh–C 
stretch and deformation region for complexes with 1–6 metal atoms are shown in 
Figure 7.2. Terminally bound CO ligands are present for all complexes (absorption 
bands between 2060–2100 cm-1) but bridging (µ2-CO) and/or face capping (µ3-CO 

Rh2(CO)8 Rh4(CO)12 Rh6(CO)16

Figure 7.1. Geometries of Rh2(CO)8, Rh4(CO)12, and Rh6(CO)16. Rh atoms are shown in blue, O atoms in 
red, C atoms of linearly coordinated CO are depicted in gray, while C atoms of bridge and face bound 
CO are shown in yellow.
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carbonyls (absorption bands between 1750-1900 cm-1) are only present for Rh5(CO)14
+ 

and Rh6(CO)16
+. When repeating the experiments at 20 times the IR fluence, the 

spectra exhibit saturation and broadening of the band(s) due to terminally bound 
CO, but no new absorptions are observed. This confirms that noise does not mask 
transitions with low oscillator strength. Furthermore, the saturation of the depletion 
via the band(s) due to atop bound CO confirms that other isomers, insensitive 
to IR-MPD due to strongly bound CO, are not present in significant quantities. 
The DFT calculations confirm this assignment and also predict that vibrational 
modes associated with bridge bound CO in isomers of complexes with 2-4 metal 
atoms have significant IR intensities, which should be observed experimentally. 

The cluster structures and the calculated spectra that are in best agreement with 
experiment are shown together with the IR-MPD spectra in Figure 7.2. Structures 
and vibrational spectra of other isomers are given in Appendix C. The calculated 
and experimental spectra are in good agreement in both the C−O stretching range, 
n(CO), and in the Rh−C stretch and deformation region, n/δ(RhC). Only for Rh4(CO)12

+ 
a discrepancy is found (see below). The lowest energy isomers identified by the 
calculations are also the ones whose vibrational spectra are in best agreement with 
the experimental data.

The Rh(CO)5
+ complex, which obeys the 18-electron rule, has D3h symmetry. All 

carbonyl ligands are terminally bound in the Rh2(CO)8
+ complex in such a way that 

the complex has D2d symmetry. The structure of Rh3(CO)9
+ (D3 symmetry) consists of 

a triangle of metal atoms and three CO molecules are atop bound to each rhodium 
atom. Two of the three carbonyl ligands are tilted toward the neighboring rhodium 
atoms, while the third lies in the plane spanned by the rhodium atoms. Regular 
electron counting rules indicate that if all nine carbonyl ligands contribute the 
normal two electrons, each Rh atom in Rh3(CO)9

+ has 17 VEs. There are three possible 
explanations to account for the deviation from the 18e rule: 1) the complex contains 
Rh=Rh double bonds, 2) the tilted carbonyl ligands donate more than two electrons, 
or 3) it is sterically impossible for an additional CO molecule to bind to Rh3(CO)9

+. 
The calculated Rh–Rh distances provide a measure of the metal–metal bonding in 

n m CVEs Predicted structure

1 5 18 -

2 8 33 dimer

3 9 44 no prediction. rule breaking?

4 12* 59 tetrahedron

5 14 72 trigonal bipyramid

6 16 85 multiple possibilities

 * Upon increasing the CO content further, Rh4(CO)13
+ and Rh4(CO)14

+ 
could be formed.

Table 7.1. Saturation numbers and number of cluster valence electrons (CVEs) for Rhn(CO)m
+. Also the 

cluster structures that are predicted by electron counting rules are given.
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these complexes. Although the reported vibrational spectra do not directly probe 
the Rh–Rh bonding, the good agreement between the calculated and experimental 
spectra gives confidence in the computed structures. The Rh–Rh bond lengths in 
Rh3(CO)9

+ are calculated to be 2.87 Å, not shorter than in other complexes (2.73-2.90 
Å). The Rh2(CO)8

+ complex is an exception with a calculated Rh–Rh bond length of 
3.19 Å. This implies that Rh=Rh double bonds are not present in Rh3(CO)9

+. Highly 
unsymmetrical bridging carbonyl ligands that donate more than two electrons 
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Figure 7.2. Experimental (black) and simulated (red) vibrational spectra of Rhn(CO)m
+ complexes. The 

values n, m indicate the number of Rh atoms and CO molecules respectively. The simulated depletion 
spectra are based on the calculated single photon absorption spectra. Atoms are coded by color as 
in Figure 7.1.
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have been reported for vanadium, chromium and iron carbonyl complexes.[211-213] 
However, the ∠CO-M-M in these clusters is much smaller than what is observed 
for the Rh3(CO)9

+ complex, suggesting that it is unlikely that the tilted CO ligands 
donate more than 2 electrons. It has been shown that geometrical factors can play 
an important role in the determination of CO saturation coverages.[214, 215] Therefore, 
it is most likely that the Rh trimer cannot bind more than 9 CO molecules due to 
steric reasons. 
The Rh4(CO)12

+ complex has 59 CVEs, corresponding to 60 CVEs for a closed shell 
complex. Electron counting rules predict that the 4 metal atoms span a tetrahedron 
in a complex with 60 CVEs. The isomer whose vibrational spectrum is in best 
agreement with the experimental spectrum has only terminally bound carbonyl 
ligands. However, an absorption band is observed in the experimental spectrum at 

~530 cm-1, which is missing in the simulated spectrum. A possible explanation for 
this discrepancy is that the complex is distorted from the high symmetry structure 
(Td) shown in Figure 7.2 or that a second isomer is present in the molecular beam. 
Because of the discrepancy, it is not possible to unambiguously assign a cluster 
structure. However, from the experimental spectra it is clear that the Rh4(CO)12

+ 
complex contains only terminally coordinated carbonyl groups. As the CO content 
in the reactor is increased further, Rh4(CO)13

+ and Rh4(CO)14
+ are formed. The 

vibrational spectra in the range of the C–O stretch vibration of these complexes are 
shown in Figure 7.3, together with the spectrum of Rh4(CO)12

+. The absorption bands 
observed for Rh4(CO)13

+ and Rh4(CO)14
+ at ~1920 cm-1 and ~1880 cm-1, respectively, 

1800 2000 2200

100

50

0

ν / cm-1~

Io
n 

In
te

ns
ity

 /
 %

4,12

4,13

4,14

Figure 7.3.  Vibrational spectra in the n(CO) range of Rh4(CO)12
+, Rh4(CO)13

+, and Rh4(CO)14
+ complexes 

(bottom to top).
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demonstrate that these complexes contain bridge bound carbonyl ligands. It might 
be that the additional CO ligand(s) adsorb in bridging positions, but it is also possible 
that the additional CO ligands induce a structural rearrangement.[215] Calculations 
are needed to determine the structures of the Rh4(CO)13

+ and Rh4(CO)14
+ complexes. 

The structure of Rh5(CO)14
+ (C1 symmetry) can be described as a trigonal-bipyramid 

of metal atoms with two bridge bound CO molecules and two ligands bound in 
quasi three-fold hollow sites. The remaining carbonyls are terminally bound (two 
CO molecules per rhodium atom). The structure of Rh6(CO)16

+ is the same as that 
of the corresponding neutral complex. It contains four µ3-coordinated carbonyl 
ligands on alternating facets and the 12 remaining carbonyls are terminally bound, 
giving the complex Td symmetry. Apparently, the structure of the complex is not 
significantly affected by a Jahn-Teller distortion. 

In Figure 7.4, the vibrational spectra of the neutral (taken from ref.[209]) and cationic 
species in the range of the C–O stretch vibration are compared. It is immediately 
clear that cationic and neutral Rh2(CO)8 and Rh4(CO)12 have different structures. The 
neutral complexes have two and three bridge bound carbonyl ligands, respectively,[206, 

209] whereas all CO molecules are terminally bound in Rh2(CO)8
+ and Rh4(CO)12

+. 

+

+

6,16

4,12

2,8

ν / cm-1

1800 2000 2200

In
te

ns
ity

 /
 a

rb
.u

.

1900 2100

~

+

Figure 7.4. Experimental vibrational spectra of Rh2(CO)8
+/0, Rh4(CO)12

+/0 and Rh6(CO)16
+/0 (cations: black, 

neutrals: red, bottom to top) in the n(CO) range. Structures for the neutral complexes are shown on 
the left and for the cations on the right. Atoms are coded by color as in Figure 7.1.
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Removing an electron from the neutral complexes thus leads to a destabilization 
of the bridge bound carbonyl ligands. In contrast, Rh6(CO)16 does not undergo a 
structural rearrangement. The metal cores of the cations retain the structure of the 
neutral compounds.

DFT calculations were performed for neutral complexes and for cations in 
the structure of the neutral clusters to compare the electronic structures. The 
calculations identify the correct ground state isomers   of the neutral complexes. For 
Rh2(CO)8, the neutral complex with only terminally bound CO molecules is just 0.09 
eV higher in energy. The calculations show that the highest occupied molecular 
orbital (HOMO) of the complex with the bridging carbonyls is doubly occupied and 
can be thought of as a combination of rhodium d-orbitals with anti-bonding 2π* 
orbitals of the bridging CO ligands (see Figure 7.5 A). In terms of the frontier orbital 
picture, this is the orbital that is involved in the back-donation of M−CO binding. 
The HOMO is bonding with respect to the Rh–µ2-CO bonds. Ionization removes 
an electron from this orbital. Mulliken overlap population analysis shows that the 
electron density in a single Rh–µ2-CO bond is reduced by 12% upon removing one 
electron from the neutral cluster. Figure 7.5 B shows the changes in electron density 
upon removal  of  an electron from the neutral Rh dimer in the plane containing a 
bridge bound CO ligand and the two Rh atoms. The electron density in the region 
associated with the Rh–µ2-CO bond clearly decreases when ionizing the neutral 
compound. The Rh2(CO)8

+ complex is unstable in the structure of the neutral. It is a 
transition state that is +0.65 eV higher in energy than the isomer with only terminally 
bound CO. Consequently, the complex will undergo a charge induced structural 
rearrangement, resulting in the complex with only terminally bound CO. In this 
cluster, the Rh–Rh bond is longer than in the neutral molecule (3.188 Å vs. 2.826 
Å). If the geometry of the cationic cluster is optimized, starting from the geometry 
of the neutral molecule and forcing the complex to retain the bridge bound CO 
ligands, the Rh–Rh bond decreases from 2.826 Å to 2.733 Å. This is consistent with 
the larger electron density of the cation in the Rh–Rh bond region (Figure 7.5 B). The 
destabilization of the bridge bound CO ligands is unlikely to be due to an increase 
in Rh–Rh bond length.

 Calculations on neutral Rh4(CO)12 show that the HOMO of this molecule has 
A1 symmetry and that it is non-bonding with respect to the bridge bound CO 
molecules. However, there are two degenerate states with E symmetry that have 
only slightly lower energy than the HOMO (∆E = 0.06 eV) and which are involved 
in the binding of the µ2-coordinated CO molecules. Calculations on the cationic 
complex show that ionization from one of the orbitals with E symmetry is more 
favorable than ionization from the HOMO. Mulliken overlap population analysis 
shows that the electron density between the rhodium atoms and the bridging CO 
ligands is reduced by 38%. This is visualized in the charge density difference plot 
of the plane containing the three Rh atoms of the basal plane, as well as all three 
µ2-coordinated CO molecules, shown in Figure 7.5 D. The electron density in the 
Rh–µ2-CO bond regions decreases upon removing an electron. This weakens the 
Rh–µ2-CO bonds, eventually leading to a complex with only terminally bound CO. 
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Figure 7.5. The Highest Occupied Molecular Orbital (HOMO) of Rh2(CO)8 and Rh6(CO)16 and the 
HOMO-1 orbital of Rh4(CO)12 are shown in A, E, and C respectively. The brown and purple regions 
correspond to the different phases of the wavefunction. Charge density difference (CDD) plots, 
r(Rhn(CO)m

+) -  r(Rhn(CO)m), are shown in B, D, and F.  For the Rh dimer, the CCD plot was created for 
the plane containing the two Rh atoms as well as a bridge bound CO ligand. In panel D the CDD is 
given for the plane containing the three basal Rh atoms and all three µ2-coordinated CO molecules 
of Rh4(CO)12

+/0. For Rh6(CO)16, the CDD plane spans two face bound CO ligands as well as the  Rh atom 
to which both carbonyls are bound.  Regions of electron loss are indicated in brown and regions of 
electron increase in blue.
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As shown by the experimental and calculated vibrational spectra, the highly 
symmetric Rh6(CO)16 complex (Td symmetry) does not undergo structural 
rearrangement upon removal of an electron. The HOMO of Rh6(CO)16 is involved 
in the binding of the face-capping CO molecules. It has t2 symmetry and is fully 
occupied, i.e., there are 6 electrons in 3 equivalent orbitals. This results in a stable 
complex. Removing one electron from the HOMO reduces the electron density 
between the rhodium atoms and the µ3-coordinated carbonyl ligands by only 4% and 
hence the complex does not undergo reorganization. In Figure 7.5F, a charge density 
difference plot is shown for the plane containing two face-capping CO molecules 
and the Rh atom to which both carbonyls are bonded. The electron density in the 
region of the Rh–µ3-coordinated CO decreases upon ionization but the effect is 
much smaller than for Rh2(CO)8 and Rh4(CO)12.

7.4    Conclusions
Saturated cationic rhodium carbonyl complexes Rhn(CO)m

+ (n = 1-6) have been 
characterized by a combined vibrational spectroscopy and density functional theory 
study. The saturation compositions of all clusters, except Rh3

+, can be rationalized 
using electron-counting schemes. In case of the Rh3

+ cluster, a saturation limit of 
11 carbonyl ligands is predicted, whereas experimentally a value of only 9 CO 
molecules was found for Rh3

+. It is argued that this discrepancy is most likely due 
to steric reasons. The Rh2

+, Rh4
+, and Rh6

+ clusters bind the same number of CO 
ligands as the corresponding clusters. This allows a comparison of the structures 
and vibrational spectra to be made. From this comparison it becomes apparent that 
bridge bound CO ligands are selectively destabilized when an electron is removed 
from a neutral Rh carbonyl cluster. The destabilization comes about because 
an electron is removed from an orbital that is involved in the binding of the µ2-
coordinated carbonyl ligands. These results provide a possible explanation for 
effects of promoter materials that are observed for CO bonding on transition metal 
hydrogenation catalysts.
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Chapter 8

A Vibrational Spectroscopic and Density 
Functional Theory Investigation of Cationic 
Cobalt- and Nickel-Carbonyl Clusters in the 
Gas-Phase

Abstract

Cationic cobalt and nickel carbonyl clusters containing 1-6 metal atoms were 
produced in the gas-phase and characterized by recording vibrational spectra 
in the C–O stretch and the M–C stretch and deformation range. The maximum 
number of CO molecules that can bind to Con

+ and Nin
+ cluster was determined. The 

experimental spectra are complemented with density functional theory calculations 
for the complexes with 1,2, and 3 metal atoms. Terminally bound CO ligands are 
present for all complexes. The C–O stretch vibration of these ligands systematically 
shifts to lower energy with increasing cluster size. In case of Con(CO)m

+ complexes, 
bridge- and/or face-bound carbonyl ligands were present for species with n ≥ 2, 
while for Nin(CO)m

+ clusters such bonding motifs are present for complexes with n 
≥ 4. The complex compositions are related to structures by using electron-counting 
schemes. For the Co3(CO)10

+ complex, which electron counting rules predict to be 
unsaturated,  the calculations find that one Co–Co bond in is much shorter than 
the other two M–M bonds, suggesting that a Co=Co double bond is present. The 
saturation numbers of the cationic cobalt dimer, tetramer and hexamer are the same 
as those of the corresponding neutral clusters that can be prepared by standard 
organometallic chemistry methods. This allows evaluating the influence of charge 
on the binding of the CO molecules. It is found that the removal of an electron from 
Co2(CO)8

  and Co4(CO)12 leads to distortions of the bridge bound carbonyl ligands.
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8.1    Introduction

Since the first transition metal carbonyl, Ni(CO)4, was synthesized in 1890[216], the 
synthesis, characterization, and reactivities of these complexes have been the 
subject of numerous studies. As a result, there currently exists a rich variety of 
CO containing compounds, underlining the importance of CO as a ligand in 
organometallic chemistry. Carbonyl compounds find use as catalysts and as 
precursor molecules in organic chemistry. They have also been used as structural 
models for chemisorption on extended metal surfaces.

The structures of metal carbonyl complexes have been rationalized by using 
electron-counting schemes, the simplest of which is the 18-electron rule. These 
electron-counting rules are based on the assumption that the stability of a 
complex is directly related to the completeness of the valence electronic shell. The 
correlations between geometrical structure and the number of CVEs have been 
justified by calculations.[217, 218] By filling all 9 of its valence orbitals, a transition metal 
atom obtains the electronic configuration of the next highest noble gas. The metal 
atom donates its valence electrons, while each adsorbed CO molecule contributes 
two electrons. Hence, Ni(CO)4 has 18 cluster valence electrons (CVEs) and can be 
considered a closed shell complex. This rule also makes it easy to understand why 
Co(CO)4, which has only 17 CVEs, is readily reduced to Co(CO)4

-. For small transition 
metal clusters, i.e. with 5 or less metal atoms, predictions regarding metal cluster 
structures can be made using the Effective Atomic Number (EAN) rule, which is 
an extension of the 18-electron rule. The EAN rule assumes that all M–M bonds are 
two-center/two-electron bonds. The number of predicted M–M bonds is given by: 
z = (18n – k)/2, where n is the number of metal atoms and k the number of CVEs. 
For most complexes with six and more metal atoms, more M–M bonds are observed 
than are predicted by the EAN rule. An alternative, non-localized electron counting 
scheme is required to rationalize the structures of these metal carbonyl complexes. 
The non-localized electron counting schemes developed for borane (boron-hydrogen) 
and carboborane (boron-carbon) clusters have been adapted for transition metal 
clusters. In Polyhedral Skeleton Electron Pair Theory (PSEPT)[205], a close-packed, 
closo, cluster with u vertices is held together by u+1 electron pairs. The increasingly 
more open structures, nido, arachno, and hypho are held together by u+2, u+3, and 
u+4 electron pairs, respectively. In PSEPT, the number of electron pairs involved in 
M–M bonding is given by: S = (k – 12n)/2. Here, k is the number of valence electrons 
and the value 12 comes from the assumption that each metal atom uses 3 orbitals for 
M–M bonding and 6 orbitals for ligand binding and to accommodate non-bonding 
electrons. Common cluster structures and the corresponding CVE counts are given 
in Figure 8.1.[205]

In case of anionic and cationic complexes, the CVE count has to be corrected for 
the charge state of the cluster. Certain complexes have an odd number of CVEs. The 
implication is that the cluster valence orbitals cannot accept another two electrons 
from an additional CO molecule, e.g. 59 CVEs corresponds to 60 CVEs for a closed 
shell species.
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By studying a neutral complex and the corresponding charged species, it is 
possible to investigate the charge dependence of the binding of a ligand. However, 
the first stable homoleptic cationic carbonyl complexes, M(CO)6

+, with M = Mn, Tc, 
Re, were not synthesized until 71 years after the discovery of Ni(CO)4.[219] Several 
other homoleptic transition metal carbonyl cations were isolated by conjugating it 
with a weakly coordinating anion.[220-222] However, no homoleptic cationic carbonyl 
clusters containing more than two metal atoms have been synthesized by using 
such methods. It is of significant interest to study how the bonding of ligands 
depends on the size and charge-state of the metal cluster to which it is adsorbed. 
With the advent of matrix-isolation and molecular beam based techniques, it 
became possible to study charged, saturated and unsaturated transition metal 
carbonyl complexes with more than one metal atom. Another significant advantage 
of molecular beam based techniques is that the species under investigation are not 
coordinated by atoms or other molecules. Hence, it is possible to obtain information 
that is free of matrix effects. This opens up the possibility to study the size- and 
charge- dependent binding of adsorbates. 

The adsorption of multiple CO molecules on Con
+ clusters has been investigated by 

measuring relative reaction rate constants and by determining the maximum number 
of carbonyl ligands that could bind to Con

+ clusters as function of cluster size.[223] The 
sequential bond dissociation energies of this complex have been determined from 
collision induced dissociation experiments.[224] Recently, a stable salt of Co(CO)5

+ 
with the anion (CF3)3BF- was prepared.[225, 226] The first molecular beam study into the 
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Figure 8.1. Common cluster structures and their cluster valence electron count. 
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binding of CO on cationic Ni clusters appeared more than two decades ago.[210] The 
maximum number of CO molecules that could bind to such clusters was determined 
and metal cluster structures were proposed[227] by using electron counting rules.[205] 
Later on, it has been argued that the CO saturation coverage of larger neutral Ni 
clusters is almost completely determined by geometrical constraints imposed by 
the size of the metal cluster and the Van der Waals size of the carbonyl ligand.[215]

Although electron-counting rules have proven to be quite useful in predicting 
the structure of the metal cluster core, the predicted structures are by no means 
definitive and should be regarded as a framework to interpret the experimental 
results. Furthermore, electron-counting rules do not provide much insight on 
adsorbate binding geometries. Detailed information on carbonyl adsorption 
geometries can only be obtained from spectroscopic and theoretical methods. 
Currently, such knowledge is only available for anionic Fe carbonyl clusters[228] and 
cationic Rh carbonyl complexes. The latter is discussed in chapter 7. 

In this chapter, a combined IR multiple photon dissociation (IR-MPD) spectroscopy 
and density functional theory (DFT) study into the binding of CO on Con

+ and 
Nin

+ clusters is presented. The vibrational spectra of Con(CO)m
+ and Nin(CO)m

+ 
complexes (n = 1-6) were recorded in the range of the C−O stretch vibration, n(CO), 
and in the M−C stretch and deformation range, nδ(MC). The experimental work is 
complemented with DFT calculations for the complexes with 1,2, and 3 metal atoms. 
Where available, the structures of the cationic complexes are compared with those 
of the corresponding neutral compounds. 

8.2    Theoretical Method
The experimental spectra are complemented with DFT calculations to obtain 
information on complex geometries as well as on the electronic structure of the 
complexes. The calculations employed the B3LYP parameterization of the exchange-
correlation functional and a triple zeta valence plus polarization (TZVP) basis set 
for all atoms (def2-TZVP), as implemented in TURBOMOLE version 5.9.1. [95] 

The following computational procedure has been applied. First, the geometries 
of several structural isomers were optimized for each cluster size. All calculations 
were done for the lowest possible spin state. After the optimization procedure, the 
vibrational spectrum was calculated within the harmonic approximation. The 
calculated single photon absorption cross sections were convoluted with Gaussians 
with a width of 8 cm-1 and converted into depletion spectra using equation 2.12. A 
scaling factor of 0.96 was used for the frequency in the range of the C–O stretch 
vibration. 

Charge density difference plots were created using the StoBe-deMon code.[188] 
For these calculations, the exchange functional by Becke[109] and the correlation 
functional of Perdew[110] were used. For C and O, a TZVP basis set was used, while 
the basis set for Co and Ni was of double-zeta quality (including a diffuse d).
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8.3    Results and Discussion

First, the complex compositions of results cationic Co and Ni carbonyls complexes 
that are formed in the molecular beam are discussed. Subsequently, the results 
from the combined vibrational spectroscopy and DFT study will be presented. 
Where applicable, a comparison with the 4d analog of the Co carbonyls, the Rhn(CO)
m

+ complexes, is made. 

8.3.1    Complex Compositions

Upon introduction of CO in the reactor channel, the Con
+ and Nin

+ clusters in the 
molecular beam bind multiple CO molecules. The CO content in the reactor channel 
was increased until a cluster size dependent saturation limit was reached.[210] For 
Nin

+ clusters, carbonyl complexes are not only formed by successive addition of CO 
molecules but also by fragmentation.[210] The maximum number of carbonyl ligands, 
m, that could bind to Con

+ and Nin
+ clusters is given in Table 8.1. The values of the 

corresponding anionic and neutral clusters, as reported in the literature,[205, 214, 215, 

229-233] are also listed, together with the total number of cluster valence electrons 
(CVEs). 

The maximum number of CO molecules that can bind to a metal cluster of a certain 
size strongly depends on the charge state of the cluster. In general, a cationic species 
binds an equal number, or more, CO molecules than the neutral cluster, which in 
turn binds an equal amount, or more, than the corresponding anionic complex. The 
only exception is the Ni pentamer, whose anion binds one CO molecule more than 
the corresponding neutral cluster. As a result, the Ni5

- cluster has 75 CVEs compared 
to 72 for the corresponding neutral complex. Electron counting rules predict that 
the metal cluster core will be different for these complexes. This might be intrinsic 
to the structures of Ni5

-/0, however, it is also possible that the structure of the metal 
cluster changes due to adsorption of CO.[215] 

The saturation limits observed for Con
+ clusters agree with those reported in the 

literature.[223] The only exception is Co5
+ for which in this study a saturation limit 

of 15 molecules is found, whereas a value of 14 ligands was reported previously. 
The Con

+ clusters bind the same number of CO ligands as the corresponding Rhn
+ 

clusters, except for the trimer and pentamer, where Rh3
+ and Rh5

+ bind 9 and 14 
CO molecules, respectively, compared to 10 and 15 for Co3

+ and Co5
+. The cationic 

Co dimer, tetramer, and hexamer bind the same number of CO molecules as the 
corresponding neutral clusters that can be prepared using standard metal-organic 
chemistry techniques. 

The Co(CO)5
+ complex has 18 valence electrons, and can be regarded as a closed 

shell structure. The Co dimer binds 8 CO molecules and the complex has a total 
of 33 valence electrons. Electron counting rules predict that a trigonal trimer 
carbonyl complex has 48 CVEs, implying a saturation limit of 11 CO molecules 
for Co3

+. However, a maximum of 10 CO ligands is found to bind on Co3
+, giving 

the complex 46 CVEs. One possible explanation for this discrepancy is that this 
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complex contains a double bond. As discussed in chapter 7, electron-counting 
rules also predict a wrong saturation stoichiometry for Rh3

+. In case of Co4
+, a 

saturation limit of 12 ligands is found, which is the same as for the neutral tetramer. 
The Co4(CO)12

+ complex has 59 CVEs, corresponding to 60 CVEs for a closed shell 
structure and the 4 metal atoms are predicted to span a tetrahedron. A saturation 
limit of 15 CO molecules for Co5

+ gives the complex 74 CVEs, which would imply 
that the 5 Co atoms are arranged in a square based pyramid. A CVE count of 85 
for Co6(CO)16

+ can correspond to several structures of the bare metal cluster. The 
6 Co atoms in Co6H4

+ form an octahedron (see chapter 3). The neutral Co6 cluster 
also binds 16 CO molecules, and this complex has an octahedral core of metal 
atoms. Hence, it is likely that also in Co6(CO)16

+ the metal atoms span an octahedron. 
The saturation numbers of Ni5

+ and Ni6
+ are the same as reported previously for 

thermalized Nin
+ clusters.[234] In that study, a saturation value of 10 carbonyl ligands 

was reported for Ni4
+, whereas here a value of 11 molecules is found. The saturation 

numbers found for thermalized Ni2
+, Ni3

+, and Ni4
+ deviate from values reported for 

non-thermalized Ni clusters.[210] For those clusters, the dimer, trimer and tetramer 
could bind 9, 8, and 10 CO molecules, respectively.

The Ni(CO)4
+ complex has 17 CVEs, corresponding to 18 CVEs for a closed shell 

complex. The Ni2
+ cluster binds 7 CO molecules, giving the complex 33 CVEs. The 9 

carbonyl ligands bound to Ni3
+ result in a CVE count of 47 for the Ni3(CO)9

+ complex. 
Electron counting rules predict 3 Ni–Ni bonds for the 48 CVE closed shell complex, 

Con(CO)m
- [231-233] Con(CO)m [205] Con(CO)m

+

n m CVEs m CVEs m CVEs

1 4 18 4 17 5 18

2 7 33 8 34 8 33

3 10 48 Not known 10 46

4 12 61 12 60 12 59

5 13 72 Not known 15 74

6 15 85 16 86 16 85

Nin(CO)m
- [229, 230] Nin(CO)m [214, 215] Nin(CO)m

+

n m CVEs m CVEs m CVEs

1 3 17 4 18 4 17

2 Not known 7 34 7 33

3 6 43 9 48 9 47

4 9 59 10 60 11 61

5 12 75 11 72 12 73

6 12 85 13 86 13 85

Table 8.1. Saturation limits of anionic, neutral and cationic cobalt and nickel clusters and the 
corresponding cluster valence electron (CVE) counts. 
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suggesting the Ni atoms form a triangle. A saturation limit of 11 CO molecules for 
Ni4

+ brings the total number of valence electrons to 61, which implies that the 4 
metal atoms are arranged in a butterfly like structure. The Ni pentamer binds 12 
carbonyl ligands and the metal cluster core is predicted to be a square pyramid. 
A CVE count of 85 for the Ni6(CO)13

+ complex can correspond to several different 
arrangements of Ni atoms. The structure of the Ni6(CO)12

- complex, which also has 
85 CVEs, is known and can be described as a consisting of two identical Ni3(CO)6 
subunits, which are rotated by 60°. The 6 metal atoms span a trigonal antiprism.[235] 
In contrast, as discussed in chapter 3, the 6 Ni atoms in Ni6H18

+ are predicted to form 
an octahedron.  

8.3.2    Vibrational Spectroscopy and DFT results

To obtain information on the binding geometry of the CO ligands, IR-MPD spectra 
were recorded in the range of the C–O stretch vibration (1750-2200 cm-1) and in the 
M–C stretch and deformation region (300-600 cm-1). The IR-MPD spectra of Con(CO)
m

+ and Nin(CO)m
+  complexes with 1–6 metal atoms are shown in Figure 8.2 and Figure 

8.3, respectively. When recording IR-MPD spectra using the full FELIX laser fluence, 
the spectra of several complexes exhibit saturation in the low frequency range, i.e. 
the ion intensity is fully depleted. This can obscure the number of absorption bands 
and their relative intensities. Upon reducing the laser fluence to 50%, the spectra do 
not exhibit saturation anymore. For several complexes, not all peaks present in the 
spectra recorded at 100% laser fluence are present in the spectra recorded at 50% 
laser fluence. In those cases, spectra recorded at both 100% (black lines) and 50% 
(grey) laser power are shown. 

For both Con(CO)m
+ and Nin(CO)m

+ complexes, terminally bound CO ligands are 
present for all complexes (absorption bands between 2000–2100 cm-1). Bridging (µ2-
CO) and/or face capping (µ3-CO) carbonyls (absorption bands between 1750-2000 
cm-1) are present for the Co complexes with 2-5 metal atoms, while such bonding 
motifs are only present for Ni4(CO)11

+, Ni5(CO)12
+, and Ni6(CO)13

+. Face capping CO 
ligands are probably also present for Co6(CO)16

+ (absorption band at ~1820 cm-1), 
but due to the relatively poor signal to noise ratio this cannot be determined 
unambiguously. For Co4(CO)12

+, two different absorption bands due to bridge and/
or face bound CO are present. This suggests that two differently bound carbonyl 
ligands exist in this complex.  

The absorption bands in the 2000-2100 cm-1 range observed for Ni2(CO)7
+ and 

Ni3(CO)9
+ are assigned to asymmetrically bridge bound CO molecules. This 

assignment is confirmed by DFT calculations, as discussed below.
For both Ni and Co carbonyls, the spectral position of the highest energy absorption 

band, which is due to atop bound CO, systematically shifts to lower wavenumbers 
with increasing cluster size, as illustrated by Figure 8.4. This was also observed for 
the value of n(CO) in case of ConCO+, NinCO+, and RhnCO+ clusters, whereas a shift 
to higher wavenumbers was observed for Fen(CO)m

- complexes.[76, 228] In case of the 
complexes with a single CO molecule, this behavior can be attributed to the dilution 
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of the cluster charge with increasing cluster size.[76] However, next to the charge 
dilution, additional factors can play a role for complexes with more than one adsorbed 
CO molecule. First, as all carbonyl groups compete for the available electron density 
of the metal atom, the amount of back-donation, and hence the spectral position of 
the observed absorption band, will depend on the number of CO ligands bound 
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Figure 8.2. Experimental (black) and simulated (red) vibrational spectra of Con(CO)m
+ complexes. 

The values n,m indicate the number of metal atoms and CO ligands respectively. The grey lines 
correspond to spectra recorded at half the IR laser fluence used to record the black spectra. The 
optimized complex geometries are shown next to the spectra. Co atoms are depicted in pink, C 
atoms in dark grey and O atoms in red.
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to that atom.[199] This number depends on cluster size. For example, each Co atom 
binds on average 3 CO ligands in Co5(CO)15

+, while it binds 5 carbonyls in Co(CO)5
+. 

Furthermore, interactions between CO molecules might influence the value of n(CO). 
To obtain more insight into the bonding of CO on Con

+ and Nin
+ clusters, DFT 

calculations were performed for clusters with 1,2, and 3 metal atoms. The complex 
geometries and calculated vibrational spectra that are in best agreement with the 
experimental spectra are shown together with the IR-MPD spectra in Figure 8.2 and 

Wavenumbers / cm-1

Io
n 

In
te

ns
ity

 /
 % 100

50

0
300 400 500 1800 2000 2200

Ni(CO)4
+

Ni2(CO)7
+

Ni3(CO)9
+

1,4

2,7

3,9

4,11

5,12

6,13

Figure 8.3. Experimental (black) and simulated (red) vibrational spectra of Nin(CO)m
+ complexes. The 

values n,m indicate the number of metal atoms and CO ligands respectively. The grey lines correspond 
to spectra recorded at half the IR laser fluence used to record the black spectra. The optimized 
complex geometries are shown next to the spectra. Ni atoms are depicted in green, C atoms in dark 
grey and O atoms in red.
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Figure 8.3 for Con(CO)m
+ and Nin(CO)m

+, respectively. Structures and vibrational spectra 
of other isomers are given in Appendix C. The calculated and experimental spectra 
are in reasonable agreement in both the C–O stretch and M–C stretch and deformation 
region. Because not all possible geometric isomers have been calculated, it might be 
that the actual structures are different from the ones shown in Figures 8.2 and 8.3.

Experimentally, only a single absorption band at 2172 cm-1 is observed for Ni(CO)4
+. 

This value is in excellent agreement with the matrix isolation value of 2176 cm-1.
[230] The vibrational spectrum of the lowest energy isomer of Ni(CO)4

+ reproduces 
the experimental spectrum. The Ni(CO)4

+ complex has C3v symmetry and hence 
is distorted with respect to the Td symmetric structure of the neutral complex. 
Experimentally, no absorption bands due to Ni–C stretch and deformation modes are 
found. The calculations predict that these modes have a low IR intensity. The lowest 
energy isomer of Ni2 (CO)7

+ contains only terminally bound carbonyl ligands. Three 
of these are tilted toward the second Ni atom and could also be regarded as highly 
asymmetrically bridge bound CO molecules. These tilted atop bound carbonyls are 
responsible for the absorption band observed experimentally at ~2080 cm-1.  The 
absorption bands in the low frequency range are also accurately reproduced by 
the calculations. An absorption band due to asymmetrically bridge bound CO 
ligands is also present in the spectrum of Ni3(CO)9

+. Indeed, the calculations find 
that for this complex 5 CO molecules are terminally bound, and 4 ligands are highly 
asymmetrically bridge bound. Interestingly, 4 CO ligands are coordinated to each 
of the terminal Ni atoms, while only a single CO molecule is bound to the middle 
Ni atom. The metal cluster core of this complex can be described as an open triangle 
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Figure 8.4. Frequency of the n(CO) vibration of atop bound CO in Con(CO)m
+ (A) and Con(CO)m

+ 
complexes (B) as a function of cluster size. Peak positions were determined by fitting the highest 
energy peak observed in the experimental spectra with a Gaussian function. The error bars represent 
two times the standard deviation (2σ) of the fit.
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and has two Ni–Ni bonds. This is in contrast to the 3 Ni–Ni bonds predicted for 
Ni3(CO)9

+ by the EAN rule. An open triangular structure of the metal cluster core of 
Ni3(CO)9 has been proposed before.[215]

The Co(CO)5
+ complex, which obeys the 18 electron rule, can be described as a 

trigonal bipyramid and has D3h symmetry. The single absorption band observed 
experimentally at 2126 cm-1 is predicted to consist of two peaks, split by 16 cm-1. It 
was not possible to resolve the doublet structure of the peak due to the spectral 
bandwidth of FELIX. This value is in excellent agreement with the value of 2121 cm-1 
found for the salt Co5(CO)5

+[(CF3)3BF]-.[225] The two strong absorption bands at ~540 
cm-1 and ~565 cm-1 are accurately reproduced by the calculations. The lowest energy 
isomer of Co2(CO)8

+ has only terminally bound CO ligands. However, an absorption 
band due to a bridge bound CO ligand is observed in the experimental spectrum at 
1930 cm-1. Hence, an isomer with at least one two-fold coordinated CO ligand must 
be present in the molecular beam. One of the isomers of neutral Co2(CO)8 has two 
bridge bound CO ligands, see Figure 8.5. However, the calculations indicate that 
the cation is unstable in such a geometry. A stable isomer with a single asymmetric 
bridge bound CO ligand is only 0.01 eV higher in energy than the lowest energy 
isomer. This energy difference is smaller than the accuracy of the calculations. 
The vibrational spectrum of this isomer provides reasonable agreement with the 
experimental spectrum in both the high- and low-frequency range. The calculated 
value of the C−O stretch vibration due to the bridge bound CO ligand is too high 
compared to the experimental value. In case of Co3(CO)10

+, peaks due to terminal 
and bridge bound CO ligands are found in the high-frequency range. In the low 
frequency range, 4 well resolved absorption bands are observed. The lowest energy 
isomer identified in the calculations is also the one whose vibrational spectrum is 
in best agreement with the experimental spectrum. The complex has 8 terminally 
bound CO molecules, while 2 carbonyls are bridge bound on the same edge of 
the triangle spanned by the Co atoms. The Co−Co bond that is doubly bridged by 
carbonyl ligands is much shorter than the other two Co−Co bonds: 2.45 Å versus 
2.78 Å. It is also much shorter than the bond lengths found for Co2(CO)8

+ (see 
appendix C). The value of 2.45 Å is close to the value of 2.36 Å reported for several 
organometallic complexes with Co=Co double bonds.[236, 237] Hence, it is likely that 
the Co3(CO)10

+ contains a Co=Co double bond. A double bond would also give the 
complex a total of 48 CVEs, in agreement with predictions from electron counting 
schemes. Multiple M-M bonds have been proposed to account for the saturation 
stoichiometries of unsaturated metal carbonyl complexes.[212, 213, 238, 239] 

In Figure 8.5 the spectra of saturated neutral- (taken from the literature [240-242]) and 
cationic cobalt carbonyls with 2, 4, and 6 metal atoms are shown. The structures 
of the neutral compounds are also given in Figure 8.5. In case of Co2(CO)8, three 
different isomers co-exist.[240] One of the isomers of Co2(CO)8 has two symmetric 
bridge bound CO ligands, while the carbonyl moieties are all terminally bound in 
the other complexes. As has been shown above, in case of the cationic dimer, one 
asymmetric carbonyl ligand is present. From the vibrational spectra it is immediately 
clear that part of the CO ligands in Co4(CO)12

+ must be differently bound compared 
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to the neutral complex. Hence, it can be concluded that removal of an electron from 
Co2(CO)8

  and Co4(CO)12 leads to a distortion of the bridge bound carbonyl groups. 
As discussed in chapter 7, a charge induced destabilization of bridge bound CO 
ligands is also observed for Rh2(CO)8

  and Rh4(CO)12. In those cases, the selective 
destabilization resulted from a reduction in the electron density of the regions 
associated with the Rh–µ2-CO bonds. The vibrational spectrum of Co6(CO)16

+ is similar 
to the spectrum of the neutral compound, suggesting that also the structures of the 
cationic and neutral complexes are similar. This was also observed for Rh6(CO)16

+/0.
To investigate the origin of the destabilization of the bridge bound CO ligands, 

charge density difference (CDD) plots were constructed using the optimized 
geometry of the neutral complex. The plots are shown in Figure 8.6 and depict how 
the electron density, r, in a plane changes when an electron is removed from the 
cluster, i.e. the plots give r(Con(CO)m

+) - r(Con(CO)m). In case of Co2(CO)8, the changes 
in electron density are given for the plane containing the two Co atoms and one 
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Figure 8.5. Experimental vibrational spectra of Co2(CO)8
0/+, Co4(CO)12

0/+, and Co6(CO)16
0/+ (cations: 

black, neutrals: red). The structures of the neutral complexes are shown next to the spectra. Three 
isomers of Co2(CO)8

  are known to co-exist.
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bridge bound CO ligand. For Co4(CO)12, the CDD is plotted for the basal plane of 
the complex that is spanned by 3 Co atoms. The three bridge bound CO ligands are 
located slightly above this plane.

The highest occupied molecular orbital (HOMO) of Co2(CO)8 is involved in the 
bonding of the bridge bound CO ligands and can be thought of as a combination 
of the 2π* orbitals of the bridge bound carbonyl ligands and Co d-orbitals. Ionizing 
the neutral compound corresponds to the removal of an electron from this orbital 
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Figure 8.6. The Highest Occupied Molecular Orbitals (HOMOs) of Co2(CO)8
  and Co4(CO)12 are shown 

in A and C respectively. The brown and blue regions correspond to the different phases of the 
wavefunction. Charge density difference plots, r(Con(CO)m

+) - r(Con(CO)m), for the dimer and tetramer 
are given in B and D, respectively. In case of the dimer a plane containing the two Co atoms as well 
as one bridge bound CO ligand is used, while for Co4(CO)12 the CDD is given for the basal plane with 3 
metal atoms. Regions of increased electron density are shown in blue, while regions corresponding 
to electron density depletion are shown in brown.
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and consequently leads to a destabilization of the bridge bound CO ligands. Indeed, 
as shown in Figure 8.6B, the electron density in the region associated with the 
Co–µ2-CO bond decreases when removing an electron from the neutral cluster. 
Mulliken overlap population analysis shows that the electron density in a single 
Co–µ2-CO bond is reduced by 2%. A similar story holds for Co4(CO)12. The HOMO of 
the complex (Figure 8.6C) is involved in the binding of the bridge bound carbonyl 
ligands. Hence, removing one electron from this orbital will weaken the Co–µ2-CO 
bonds. The CDD plot (Figure 8.6D) demonstrates that the electron density between 
the Co atoms of the basal plane and the bridge bound CO molecules decreases upon 
ionizing the neutral complex. Mulliken overlap population analysis finds that the 
electron density decreases by 14%. This reduction is likely to result in distortions 
of the bridge bound carbonyl ligands, resulting in different vibrational spectra for 
Co4(CO)12

  and Co4(CO)12
+.

Similar effects were found for Rh carbonyl compounds. However, Rh2(CO)8
+ and 

Rh4(CO)12
+ do not contain bridge bound CO molecules, while the corresponding 

Co complexes have at least one bridge bound carbonyl ligand. In case of the Rh 
carbonyls, a much larger reduction of the electron density in the regions associated 
with bridge bound CO was found, see chapter 7. In this respect, it is interesting that 
Co4(CO)12 and Rh4(CO)12 both have three bridge bound CO molecules, while all CO 
ligands are terminally bound in the 5d analog Ir4 (CO)12.[243, 244] 

8.4    Conclusions
A series of saturated cationic cobalt and nickel carbonyl complexes, containing 
up to 6 metal atoms have been characterized by recording vibrational spectra in 
the range of the C–O stretch vibration and in the range of the M–C stretch and 
deformation modes. The experimental spectra are complemented with DFT 
calculations for the complexes with 1,2, and 3 metal atoms. Terminally bound CO 
molecules are present for all complexes investigated.  The C–O stretch vibration 
of atop bound CO ligands systematically shifts to lower energy with increasing 
cluster size. The possible reasons for this behavior are discussed. Bridge and/or 
face capping carbonyl ligands are present for all Con(CO)m

+ complexes with n ≥ 2, 
while for Nin(CO)m

+ such bonding motifs are only observed for clusters with n ≥ 4. 
However, asymmetrically bridge bound CO ligands are present in Ni2(CO)7

+ and 
Ni3(CO)9

+. The complex compositions are related to structures by using electron-
counting schemes. For Co3

+ electron counting schemes predict a saturation limit 
of 11 CO molecules, whereas experimentally a value of 10 CO ligands is found. 
This discrepancy can be accounted for by the presence of a Co=Co double bond. In 
case of cobalt carbonyls, the saturation limits of the cationic dimer, tetramer, and 
hexamer are the same as those of the corresponding neutral species. It is shown that 
the bonding geometries of the bridge bound carbonyl ligands in the cationic dimer 
and tetramer are different from those in the neutral species. These distortions of the 
bridge bound CO molecules are due to removal of an electron from an orbital that is 
involved in the bonding of the two-fold coordinated carbonyl ligands.



 125

 8.4    Conclusions



126

A Vibrational Spectroscopic and Density Functional Theory Investigation of Cationic ............



Summary and Concluding Remarks



Summary and Concluding Remarks

128

The aim of the research described in this Ph.D. thesis, was to obtain fundamental 
knowledge on the adsorption of H2 and CO on transition metal particles. In this 
context, the adsorption of the individual H2 and CO molecules on a series of transition 
metals clusters in the gas-phase was investigated as well as effects associated with 
the co-adsorption of H2 and CO by focusing on an early and a late transition metal 
as case studies. Below a summary of the scientific work described in this Ph.D. 
thesis is given, followed by perspectives for future research.

Summary

In the first results chapter, chapter 3, a study into the adsorption of multiple H2 
molecules on a series of 3d transition metals clusters is presented. The maximum 
number of H2 molecules that can bind to a metal cluster, i.e. the saturation number, 
is determined as a function of particle size. To obtain information of adsorption 
geometries, vibrational spectra of the metal hydride complexes were recorded 
and compared to spectra of optimized cluster geometries determined by Density 
Functional Theory (DFT) calculations. From the spectra it is concluded that hydrogen 
is exclusively present in the form of hydrogen atoms in ScnOHm

+, VnHm
+, FenHm

+, and 
ConHm

+ clusters. In contrast, part of the hydrogen in NinHm
+ complexes is present 

as H2 molecules. In other words, both dissociatively and molecularly coordinated 
hydrogen is present in these Ni complexes.  

An important question than is: Does the first H2 molecule already bind molecularly 
to Nin

+ clusters, or does the H2 only bind molecularly after all sites for H atoms 
are occupied? This question lies at the hart of chapter 4 in which the adsorption 
of a single H2 molecule on Nin

+ clusters is investigated. It is shown that the first 
H2 molecule to adsorb on the highly reactive Ni5

+ and Ni6
+ binds dissociatively, 

while it binds molecularly on the less reactive Ni4
+ cluster. The complex with the 

molecularly coordinated H2 can be regarded a structural model for a precursor state 
to dissociation.

In chapters 5 and 6, effects associated with the co-adsorption of H2 and CO are 
investigated by focusing on an early (vanadium) and a late (cobalt) transition metal 
as case studies. Carbon monoxide binds molecularly to the late transition metals, 
including cobalt. The experiments demonstrate that for CO adsorbed on Con

+ 
clusters, co-adsorption of H2 alters the C−O bond strength. In most cases, the C−O 
bond becomes stronger with increasing hydrogen coverage of the metal particle. A 
quantitative model describing the dependence of the C−O bond strength on the size 
and charge of a metal cluster is extended to incorporate the effect of co-adsorption 
of H2. As shown in chapter 3, hydrogen dissociates into atoms upon adsorption 
on Con

+ clusters. This results in a transfer of electron density into Co−H bonds, 
and hence to a reduction of the electron density that is available for back-donation 
into the anti-bonding 2π* orbital of the CO. A decrease of the population of this 
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orbital results in an increase of the C−O bond strength. Hence, co-adsorption of 
H2 has a similar effect as a (partial) ionization of the metal cluster. By comparing 
the magnitude of these effects, it can be inferred that each co-adsorbed hydrogen 
atom reduces the electron density by 0.09-0.25 of a single charge, depending on the 
size of the metal cluster. It is concluded that co-adsorbed hydrogen has a profound 
electronic influence on the binding of CO on Con

+ clusters. 
Carbon monoxide dissociates upon adsorption on extended surfaces of early 
transition metals like vanadium. It is found that CO also dissociates on Vn

+ clusters. 
However, if all sites for atomic carbon and oxygen are occupied by hydrogen atoms, 
CO is stabilized against dissociation and it binds molecularly. In contrast to what 
is observed for cobalt, DFT calculations suggest that the co-adsorbed hydrogen 
atoms do not have a significant electronic effect on the binding of CO on vanadium. 
The stabilization of CO against dissociation on vanadium hydride clusters is 
predominantly a structural effect. 

A study into the binding of multiple CO molecules on rhodium, cobalt, and nickel 
clusters is presented in chapters 7 and 8. The structures of saturated cationic 
rhodium carbonyl complexes containing up to six metal atoms are obtained from 
a combined experimental and theoretical investigation. Comparing the structures 
of the Rh cations with those of the corresponding neutral compounds, reveals that 
ionization of the neutral species leads to a destabilization of the bridge bound CO 
ligands. The cationic complexes contain only terminally bound CO molecules. The 
destabilization is associated with the removal of an electron from an orbital that is 
bonding with respect to the bridge-bound carbonyl groups. 
Cationic cobalt and nickel carbonyl clusters are characterized by measuring the 
maximum number of CO molecules that can bind to a cluster of a certain size and 
by recording vibrational spectra. The experimental work is complemented with 
DFT calculations on complexes with one, two, and three metal atoms. The complex 
compositions are related to structures by using electron-counting schemes. These 
schemes and DFT calculations suggest that a Co=Co double bond is present in the 
Co3(CO)10

+ complex. For nickel carbonyls it is found that bridge bound CO molecules 
are only present for complexes with 4 or more metal atoms. Such bonding motifs 
are present for all cationic cobalt carbonyls with more than one metal atom. This 
is in contrast to what was observed for rhodium carbonyl complexes. However, 
the bonding geometries of the two-fold coordinated CO molecules in Con(CO)
m

+ complexes are distorted with respect to those in the neutral compounds. This 
distortion is due to a reduction of the electron density in regions associated with 
Co−µ2-CO bonds. The fact that bridge bound carbonyl ligands are still present for 
cationic cobalt carbonyls, but not for rhodium carbonyls, can be explained by the 
smaller reduction of the electron density in case of the cobalt carbonyls. 
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Perspectives for Future Research

The studies described in this Ph.D. thesis show that cluster studies can provide 
detailed information on CO and H2 binding geometries and how these are affected 
by the size and charge of the metal particle, as well as on co-adsorption effects. 
The obtained information is relevant for several catalytic processes, including the 
Fischer-Tropsch synthesis and the selective oxidation of CO.
Several directions for future research can be identified. The first direction concerns 
the extension to other catalytically relevant clusters and molecules. For example, it 
would be of significant interest to study the adsorption of H2 and CO on iron carbide 
clusters, which are proposed to be the active phase in iron based Fischer-Tropsch 
catalysts. Of course, it is also possible to investigate systems that are relevant for 
other catalytic reactions entirely. Within the framework of automotive exhaust gas 
catalysis, it would be of significant interest to investigate the (co-) adsorption of 
CO and NOx species on rhodium and platinum clusters. Another example would 
be to study the adsorption of SOx or hydrocarbons on vanadium oxide clusters as 
model systems for vanadium oxide based oxidation catalysts. Several studies in this 
direction have already been published in the literature.
Many catalytic reactions, including the Fischer-Tropsch reaction, take place at high 
temperatures, typically of several hundred degrees Celsius. Hence, an interesting 
direction of research would be to extend the current studies by carrying out 
temperature dependent experiments. Such studies would narrow the gap between 
the model system and the actual catalyst. Temperature dependent IR multiple 
photon dissociation (IR-MPD) spectroscopy experiments have become feasible using 
a molecular beam machine that has recently been installed at the FELIX facility of 
the FOM-Institute for Plasma Physics, in Nieuwegein, the Netherlands. 
In the experiments described in this Ph.D. thesis, no indications for reactions 
between co-adsorbed molecules on the metal clusters were found. However, 
reactions might take place at higher temperatures. In this context it is noteworthy 
that the co-adsorption of H2 and CO on cobalt clusters leads to an increased C–O 
bond strength, as discussed in chapter 5. Hence, it is predicted that clusters with 
low hydrogen coverage will show the highest reactivity towards the breaking of the 
C–O bond. 
As outlined in chapter 4, a H2 molecule can bind molecularly to Ni4

+ clusters. A 
temperature dependent study on the Ni4H2

+ system would allow for a determination 
of the depth of the potential-well associated with molecularly chemisorbed H2. 
Furthermore, such studies can be used to determine if a single H2 molecule can also 
bind molecularly to nickel clusters other than the tetramer. 
A third direction of research would be to use additional experimental techniques 
that can provide information complementary to the structural data provided by 
IR-MPD spectroscopy. As knowledge of the electronic state of the system, next 
to structural information, is often required to obtain a complete understanding 
of the system under investigation, especially techniques such as molecular beam 
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deflection methods, photoelectron detachment spectroscopy, and X-ray absorption 
spectroscopy are of interest. These methods also provide insight into the correlation 
effects in the electronic states of the metal cluster complexes. Experimentally 
obtained knowledge on the electronic state of a cluster complex can furthermore be 
helpful in the theoretical treatment of the system, particularly when working with 
late transition metals like iron and cobalt that have a large number of unpaired 
electrons. Hence, these techniques can be used to obtain more insight into the 
systems studied in this Ph.D. thesis. 
The cobalt hydrogen system is one example where photoelectron spectroscopy is 
able to provide more insight. As argued in chapter 5, electron density is localized 
in Co–H bonds upon the dissociative adsorption of H2 on Co clusters. The orbitals 
involved in the binding of hydrogen are located below the highest occupied molecular 
orbital of the metal cluster. As a hydrogen atom has only one electron, vacant states 
are created below the Fermi level. As these states are filled with electrons, the Fermi 
level shifts down in the 3d band. This shift of the Fermi level with hydrogen coverage 
should be observable with photoelectron detachment spectroscopy. 
Finally, it is possible to deposit mass-selected transition metal clusters that are 
produced in the gas-phase, on different support materials. These systems are 
more related to the actual catalyst and hence narrow the materials gap that exists 
between model systems and industrially used catalysts. Furthermore, by comparing 
deposited clusters with the corresponding gas-phases species, fundamental 
information regarding metal-support effects can be obtained.
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Samenvatting
De moleculen waterstof (H2) en koolstofmonoxide (CO) spelen een grote rol in 
verschillende katalytische processen. Een voorbeeld is de Fischer-Tropsch synthese 
waarin op kleine metaaldeeltjes geadsorbeerde H2 en CO moleculen reageren tot 
koolwaterstoffen. Deze koolwaterstoffen kunnen vervolgens onder andere gebruikt 
worden als brandstof. Het doel van het onderzoek dat beschreven wordt in dit 
proefschrift, is het verkrijgen van fundamentele kennis over de adsorptie van H2 
en CO moleculen op kleine metaaldeeltjes. Hiertoe is zowel de adsorptie van de 
individuele moleculen, als ook de co-adsorptie van H2 en CO op verschillende 
metaaldeeltjes in de gasfase onderzocht met behulp van vibratiespectroscopie en 
kwantummechanische berekeningen.

In hoofdstuk 3 staat beschreven hoe meerdere H2 moleculen adsorberen op een 
reeks van verschillende kleine metaaldeeltjes (scandium, vanadium, ijzer, kobalt en 
nikkel). Het maximale aantal moleculen dat kan adsorberen op een metaaldeeltje, 
het zogenaamde verzadigingsgetal, is bepaald als functie van het aantal metaal 
atomen in het deeltje. Waterstof moleculen (H2) vallen uit elkaar in waterstof 
atomen (H) tijdens de adsorptie op grote scandium, vanadium, ijzer, kobalt en 
nikkel oppervlakken. Dit wordt dissociatieve adsorptie genoemd. Om informatie 
te verkrijgen over hoe de waterstof is gebonden aan kleine metaaldeeltjes, zijn 
vibratiespectra gemeten. Ook zijn de vibratiespectra van verschillende geometrische 
isomeren berekend met dichtheids functionaal theorie. Door de experimentele en 
gesimuleerde spectra te vergelijken, zijn de bindings geometriën van het waterstof 
bepaald. Het blijkt dat de H2 moleculen dissociatief adsorberen op scandium, 
vanadium, ijzer en kobalt deeltjes. Daarentegen blijkt dat slechts een deel van de 
waterstof moleculen dissociatief adsorbeert op kleine nikkel deeltjes en dat een 
ander deel intact adsorbeert (moleculaire adsorptie). 

Een belangrijke vraag is dan: Hoe bindt het eerste H2 molecuul op kleine nikkel 
deeltjes? Met andere woorden: Valt het eerste H2 molecuul uit elkaar of niet? Deze 
vraag wordt beantwoord in hoofdstuk 4. Het blijkt dat het antwoord op deze vraag 
afhankelijk is van het aantal metaal atomen in het deeltje. Het eerste H2 molecuul 
dat adsorbeert op nikkel deeltjes met 5 en 6 atomen (Ni5 en Ni6) valt uit elkaar, terwijl 
het moleculair adsorbeert op een deeltje met 4 nikkel atomen (Ni4). Bovendien wordt 
aangetoond dat het adsorptiegedrag van het eerste waterstof molecuul (dissociatief 
of moleculair) correleert met de reactiviteit (hoe snel de deeltjes reageren) van de 
metaaldeeltjes: Ni5 en Ni6 reageren snel en binden H2 dissociatief, terwijl Ni4 minder 
snel reageert en het H2 molecuul intact bindt. 

In de hoofdstukken 5 en 6 worden de effecten die op kunnen treden tijdens de 
co-adsorptie van H2 en CO bestudeerd. Als voorbeeld zijn co-adsorptie effecten 
voor vanadium (V) en kobalt (Co) bestudeerd. Het is bekend dat CO moleculair 
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adsorbeert op kobalt deeltjes. De C–O binding van een geadsorbeerd CO molecuul 
is zwakker dan dat van een vrij CO molecuul. Dit wordt veroorzaakt doordat het 
metaal elektrondichtheid overdraagt aan het geadsorbeerde CO molecuul: hoe 
meer er overgedragen wordt, des te zwakker wordt de C–O binding. De beschreven 
experimenten tonen aan dat de C–O binding in de meeste gevallen sterker wordt 
door de co-adsorptie van H2. Een kwantitatief model dat de deeltjesgrootte- en 
ladings- afhankelijkheid van de C–O binding van CO geadsorbeerd op metalen 
beschrijft, is uitgebreid zodat ook het effect van co-adsorptie van waterstof 
kwantitatief beschreven kan worden. Zoals aangetoond in hoofdstuk 3, valt H2 
op kleine kobalt deeltjes uit elkaar in H atomen. Hierbij worden Co–H bindingen 
gevormd. De elektronendichtheid die hiermee gemoeid is, komt voornamelijk uit het 
kobalt en kan derhalve niet meer overgedragen worden aan het ook geadsorbeerde 
CO molecuul. De vorming van Co–H bindingen resulteert dus in een afname van 
de elektrondichtheid die overgedragen wordt aan CO, en derhalve in een toename 
van de C–O bindingssterkte. Co-adsorptie van waterstof heeft dus een vergelijkbaar 
effect als een (gedeeltelijke) ionisatie van het metaaldeeltje. Door het vergelijken van 
beide effecten is bepaald hoeveel elektrondichtheid elk waterstof atoom ‘wegneemt’ 
van het metaaldeeltje. Dit varieert van 0.09 tot 0.25 elektron per waterstof atoom, 
afhankelijk van de deeltjesgrootte. Uit het bovenstaande blijkt duidelijk dat (co-)
adsorptie van waterstof een grote invloed heeft op de elektronische structuur van 
kleine kobalt deeltjes.

Koolstofmonoxide dissocieert op grote vanadium oppervlakken. De experimenten 
tonen aan dat een CO molecuul ook uit elkaar valt in een koolstof (C) en een 
zuurstof atoom (O) tijdens de adsorptie op kleine vanadium clusters. Wanneer 
echter alle mogelijke bindingssites voor C en O atomen bezet zijn met H atomen, 
blijkt dat het CO molecuul niet meer kan dissociëren. Ook in geval van vanadium 
worden V–H bindingen gevormd. Echter, in tegenstelling tot kobalt, suggereren 
kwantummechanische berekeningen dat de co-adsorptie van waterstof geen grote 
invloed heeft op de sterkte van de C–O binding van op vanadium geadsorbeerd CO. 
De moleculaire adsorptie van CO is dus voornamelijk een structuur effect.

Een onderzoek naar de adsorptie van meerdere CO moleculen op rhodium, kobalt 
en nikkel deeltjes wordt beschreven in de hoofdstukken 7 en 8. De structuren van 
enkelvoudig positief geladen rhodium-carbonyl complexen met 1 tot 6 metaal atomen 
zijn bepaald door middel van een gecombineerde experimentele en theoretische 
studie. Door de structuren van de positief geladen complexen te vergelijken met die 
van de bekende neutrale complexen, kon informatie over de effecten van ionisatie 
worden verkregen. Het blijkt dat ionisatie van de neutrale verbindingen leidt tot een 
selectieve destabilisatie van CO moleculen die aan twee rhodium atomen gebonden 
zijn. Kwantummechanische berekeningen laten zien dat deze destabilisatie het 
gevolg is van een afname van de elektrondichtheid in de gebieden tussen de 
rhodium atomen en de tweevoudig gecoördineerde CO moleculen.
Voor kobalt en nikkel clusters is het maximum aantal CO moleculen dat kan 

adsorberen bepaald als functie van de deeltjesgrootte. Met behulp van elektronen-
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telschema’s kunnen op basis van de verzadigingsgetallen voorspellingen gedaan 
worden over mogelijke deeltjes structuren. Ook zijn vibratiespectra gemeten 
voor de complexen met 1 tot 6 metaal atomen en zijn er kwantummechanische 
berekeningen uitgevoerd voor complexen met 1, 2 en 3 metaal atomen. Zowel de 
elektronen-telschema’s als de kwantummechanische berekeningen suggereren 
dat een dubbele Co=Co binding aanwezig is in het complex met 3 kobalt atomen. 
De vibratiespectra laten zien dat CO moleculen die gebonden zijn aan twee 
metaal atomen in het geval van nickel-carbonylen voorkomen bij complexen 
met 4 of meer metaal atomen, terwijl tweevoudig gecoördineerde CO moleculen 
aanwezig zijn voor alle kobalt complexen met meer dan 1 metaal atoom. Echter, 
de bindingsgeometrie van deze CO moleculen in de enkelvoudig positief geladen 
complexen is anders dan die in de neutrale verbindingen. Deze verstoring wordt 
veroorzaakt doordat de elektrondichtheid in de gebieden tussen de metaal atomen 
en de tweevoudig gecoördineerde CO moleculen afneemt door ionisatie. De 
afname voor kobalt-carbonylen is echter kleiner dan voor rhodium-carbonylen. Dit 
kan verklaren waarom er wel tweevoudig gecoördineerd CO wordt gevonden voor 
kobalt-carbonylen maar niet voor rhodium-carbonylen.
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Appendix A

Optimized geometries, relative energies and vibrational 
spectra of ScnHmO+, VnHm

+, FenHm
+, ConHm

+, and NinHm
+ 

complexes. 

The tables A1 to A5, give the optimized geometries, relative energies, and simulated 
vibrational spectra of several isomers of ScnHmO+, VnHm

+, FenHm
+, ConHm

+, and NinHm
+, 

respectively. The calculations were performed using the BP86 parametrization of the 
exchange-correlation functional and a TZVP basis set for all atoms, as implemented 
in the TURBOMOLE package. The letter ‘u’ denotes the number of unpaired electrons 
and the symmetry label tolerance was 10-2 Å. For details, see chapter 3.

Table A.1. Optimized structures, energies and vibrational spectra of several isomers of ScnHmO+ with 
n = 3-6. 

Species Structure Symmetry ∆E (eV) Spectrum

Sc3H4O+

iso 1
u=0

C2v 0.00

Wavenumbers / cm-1

Io
n 

In
t. 

/ %

600 800 1000 1200 1400 1600

50

100

Sc3H4O+

iso 2
u=2

Cs +0.39

Wavenumbers / cm-1

Io
n 

In
t. 

/ %

600 800 1000 1200 1400 1600

50

100

Sc3H4O+

iso 1
u=2

C2v +0.43

Wavenumbers / cm-1

Io
n 

In
t. 

/ %

600 800 1000 1200 1400 1600

50

100

Sc3H4O+

iso 3
u=2

C3v +0.48

Wavenumbers / cm-1

Io
n 

In
t. 

/ %

600 800 1000 1200 1400 1600

50

100
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Species Structure Symmetry ∆E (eV) Spectrum

Sc3H4O+

iso 4
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Species Structure Symmetry ∆E (eV) Spectrum

Sc4H6O+

iso 5
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Species Structure Symmetry ∆E (eV) Spectrum
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Table A.2. Optimized structures, energies and vibrational spectra of several isomers of VnHm
+ with 

n = 4-9. 

Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Table A.3. Optimized structures, energies and vibrational spectra of several isomers of FenHm
+ with 

n = 4, 5 and 6.

Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Table A.4. Optimized structures, energies and vibrational spectra of several isomers of ConHm
+ with 

n = 4, 5 and 6.

Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Table A.5. Opti mized structures, energies and vibrati onal spectra of several isomers of NinHm
+ with 

n = 4, 5 and 6.

Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Optimized geometries, relative energies and vibrational 
spectra of VnHmCO+ Complexes

In table B1, the optimized geometries, relative energies, and simulated vibrational 
spectra of several isomers of VnHmCO+ complexes are given. The calculations were 
performed using the BP86 parametrization of the exchange-correlation functional 
and a TZVP basis set for all atoms, as implemented in the TURBOMOLE package. 
The letter ‘u’ denotes the number of unpaired electrons. For details, see chapter 6.

Table B.1. Optimized structures, energies and vibrational spectra of several isomers of VnHmCO+ with 
n = 5-9. 

Species Structure ∆E (eV) Spectrum
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Species Structure ∆E (eV) Spectrum
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Species Structure ∆E (eV) Spectrum
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Species Structure ∆E (eV) Spectrum
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Species Structure ∆E (eV) Spectrum
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Species Structure ∆E (eV) Spectrum
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Optimized geometries, relative energies and vibrational 
spectra of late transition metal (Rh, Co and Ni) carbonyl 
complexes.

The tables C1 to C3, give the optimized geometries, relative energies, and simulated 
vibrational spectra of several isomers of Rhn(CO)m

+,  Con(CO)m
+, and Nin(CO)m

+, 
respectively. The calculations were performed using the B3LYP parametrization 
of the exchange-correlation functional and a TZVP basis set for all atoms as 
implemented in the TURBOMOLE package. For Rh an effective core potential was 
used with a valence shell that consisted of the 4s, 4p, 4d, and 5s electrons. For details, 
see chapters 7 and 8.

Table C.1. Structures, relative energies, and simulated vibrational spectra of Rhn(CO)m
+/0 isomers, 

with n = 1-6

Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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Table C.2. Structures, relative energies, and simulated vibrational spectra of Con(CO)m
+ isomers, with 

n = 1-3

Species Structure Symmetry ∆E (eV) Spectrum

Co(CO)5
+

iso 1

D3h 0.00

300 400 500 600 1800 2000 2200

100

60

20

Wavenumbers / cm-1

Io
n 

In
t.

 /
 %

Co(CO)5
+

iso 2

C4v +0.08 Not Stable

Co2(CO)8
+

Co2(CO)8
+

iso 1

dCo-Co= 2.690 Å

C1 0.00

300 400 500 600 1800 2000 2200

100

60

20

Wavenumbers / cm-1

Io
n 

In
t.

 /
 %

Co2(CO)8
+

iso 2

dCo-Co= 2.624 Å

C1 +0.01

300 400 500 600 1800 2000 2200

100

60

20

Wavenumbers / cm-1

Io
n 

In
t.

 /
 %

Co2(CO)8
+

iso 3

dCo-Co=  2.498 Å

C2v +0.36 Not Stable



 179

 Appendix C 

Species Structure Symmetry ∆E (eV) Spectrum
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Table C.3. Structures, relative energies, and simulated vibrational spectra of Nin(CO)m
+ isomers, with 

n = 1-3

Species Structure Symmetry ∆E (eV) Spectrum
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Species Structure Symmetry ∆E (eV) Spectrum
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