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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 found to be exclusively
dissociative on ScnO+, Vn

+, Fen
+, and Con+, and 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 2- or 3-fold coordinated to cationic metal clusters.

I. Introduction

The interaction of H2 with transition metals is of fundamental
interest to the fields of hydrogen storage, catalysis, and
metallurgy. Especially 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, one can obtain fundamental insight
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.1,2

However, structural information on the hydrogen binding sites
is relatively scarce. On extended metal surfaces hydrogen is
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 hydro-
gen,3 the strength of the cluster-hydrogen bond4-8 and that the
reaction between hydrogen and metal clusters is irreversible at
room temperature.9 From these and other experiments it has
been concluded that hydrogen can be 2-, 3-, or 4-fold coordi-
nated 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
its 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.10-12 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.13-15 These saturated complexes can be consid-
ered 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 stoichi-
ometries, 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 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
measured16 and the magnetic moments of neutral scandium
clusters containing between 5 and 20 metal atoms have been
determined.17 The structures of bare scandium clusters have been
calculated using density functional theory (DFT).18 However,
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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 consider-

able research interest. The adsorption of H2 and D2 has been
studied using flow tube and ion trap techniques.4,13,19-23 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.13

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 cluster24

and to correlate with the difference between ionization potential
and electron affinity of the clusters. The Fen

+-D bond energies
have been measured for clusters withn ) 2-15, and vary from
1.4 to 2.8 eV.6 From magnetic deflection experiments it has
been found that the magnetic moment of iron clusters increases
upon hydrogen chemisorption.25 For Fen clusters it has also been
shown that the ionization potential increases upon hydrogen
adsorption.3 Vibrational spectra of neutral iron hydride com-
plexes have been measured using a tunable CO2 laser covering
the spectral range from 885 to 1090 cm-1. Several absorption
features, ascribed to Fe-H modes, have been observed in this
spectral range.26 DFT calculations on Fe13H14 (Td symmetry)
indicate that 2- and 3-fold coordinated hydrogen atoms give
rise to vibrations in the 820-1500 cm-1 range. The vibrational
spectrum of FeH2 in the gas-phase27 shows that the antisym-
metric 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
in the case of iron clusters, the reactivity of cobalt clusters
toward H2/D2 is found to be strongly size dependent.10,28 The
reactivity does not strongly depend on temperature,29 indicating
that the adsorption of hydrogen on cobalt clusters is a nonac-
tivated process. The experimentally determined Con

+-D bond
energies do not strongly depend on size (for clusters withn )
2-16) and generally increase with increasing cluster size from
2 to 2.6 eV. Indirect information on deuterium binding sites is
available from D2 uptake measurements.30 Hydrogen is believed
to be 2-, 3-, or 4-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.8 Nickel clusters
have been found to bind more H2 molecules than other transition
metal clusters,31 suggesting that part of the adsorbed hydrogen
is bound in a different way to nickel than to other transition
metals. The Nin+-D bond energies8 have been found to be very
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 very 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.13,32 This article focuses on

the determination of the size dependent hydrogen adsorption
sites, at high (saturation) hydrogen coverage, on ScnO+, Vn

+,
Fen

+, Con
+, and Nin+ clusters withn ) 3-20. 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 to 1600 cm-1, covering both the M-H stretch,
ν(M-H), and deformation mode,δ(M-H), region. Vibrations
of the metal cluster core are expected to be clearly below
500 cm-1.33,34For the nickel deuteride complexes, the spectral
region in which the D-D stretch,ν(D-D), vibration is expected,
has been scanned as well. The very 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.

II. Experimental Methods

The experiments have been performed using a molecular
beam machine coupled to a beamline of the Free Electron Laser
for Infrared eXperiments, FELIX,35 at the FOM Institute for
Plasma Physics in Nieuwegein, The Netherlands. The setup and
details of the measurement procedure have been discussed in
detail before.13,32,36Metal clusters are produced by pulsed laser
ablation using the second harmonic output of a Nd:YAG laser
and subsequent condensation in a flow of He. Neutral, anionic
and cationic clusters are produced in this process. In this study
we only report on the hydrogen adsorption on cationic metal
clusters. Downstream of the cluster source the clusters enter a
flow reactor channel where they can react with H2 that is injected
by a pulsed valve. The extent of complex formation is controlled
by adjusting the gas flow through the valve. Upon increasing
the H2 content in the reactor channel, sequential H2 molecules
are adsorbed on the metal clusters. The H2 partial pressure in
the reactor channel is increased until no more H2 molecules
are adsorbed, i.e., until the clusters are saturated with hydrogen.
After reacting with H2, the molecular beam is expanded into
vacuum and shaped by a skimmer and an aperture, before
entering the extraction region of a time-of-flight mass spec-
trometer. A counter-propagating pulsed IR beam delivered by
FELIX is directed trough the aperture to ensure that the full
cross-section of the molecular beam is exposed to the IR
radiation. When the IR radiation is resonant with an IR-allowed
transition of the cluster complex, sequential absorption of single
photons can take place. The photon energy is quickly transferred
to the heat bath of other modes via internal vibrational
redistribution such that subsequent absorption of other photons
is possible on the same transition. This process is facilitated by
the high density of vibrational states.37 In principle, relaxation
can occur by emitting photons, electrons, or by fragmentation.36

Electron emission and fragmentation lead to changes in the
cluster distribution that can be probed using mass spectrometry.
The dissociation energy of metal hydride and deuteride clusters
is typically on the order of several electronvolts,4-8,38and hence
many IR photons have to be absorbed to overcome the barrier
to fragmentation. For example, the binding energy of H2 on
V5

+ is 2.4 ( 0.3 eV,19 so for a cold cluster at a minimum 14
photons at 1400 cm-1 have to be absorbed to induce fragmenta-
tion. To observe fragmentation on the time scale of the
experiment, the number of absorbed photons must be even
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higher. For the metal hydride complexes, fragmentation under
loss of H2 molecules is observed to be the dominant cooling
process. This is illustrated in Figure 1 where significant
fragmentation is observed for the Co10H10

+, Co11H10
+, Co13H12

+,
and Co14H12

+ complexes upon irradiation with IR photons with
a frequency of 1415 cm-1, accompanied by the simultaneous
growth of the ion intensities for the Co10H8

+, Co11H8
+,

Co13H10
+, and Co14H10

+ complexes.
The mass spectrometer 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 in Figure
1). Mass spectra of a reference distribution that is not exposed
to IR radiation are recorded on alternate shots to compensate
for long-term variations in the cluster intensities (upper trace
in Figure 1). Tracking the intensity of certain complexes in the
mass spectrum as a function of the IR frequency allows the
construction of their IR-MPD spectra. Parts of the experiments
have been repeated with D2. However, apart from the expected
shift of the vibrational frequencies due to the different reduced
masses, no other changes are observed in the spectra. The spectra
of nickel hydride complexes in the range of the hydrogen-
hydrogen stretch vibration have been measured using deuterium
for experimental reasons.

For scandium, vanadium, iron, and cobalt commercially
available metal rods have been used as ablation targets. The
study of H2 chemisorption on nickel clusters is complicated by
the natural isotopic distribution of nickel. Therefore we have
worked with an isotopically enriched nickel target, prepared by
electroplating58Ni (>99.8%) onto an Au substrate. Details of
the plating process can be found in the Supporting Information.

III. Computational Methods

To further investigate the M-H vibrations and to determine
the hydrogen-bonding geometries, DFT calculations have been
performed on hydrogenated metal complexes with 4, 5, and 6
metal atoms using the TURBOMOLE quantum chemistry
package.39-41 The calculations employ the BP86 parametrization
of the exchange correlation functional and a triple-ú valence
plus polarization (TZVP) basis set for all atoms.42 It has been
shown that this approach gives good agreement with experi-
mental data.13

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 complexes containing 4, 5, and 6 metal
atoms for which the number of possible geometric isomers is
limited. The following computational procedure has been
applied. First the geometries of several cluster complexes were
optimized for each cluster size. Different metal cluster geom-
etries were used and hydrogen atoms were placed both in 2-
and 3-fold coordination sites. Two-fold coordinated hydrogen
atoms will be referred to as bridge (µ2) bonded hydrogen atoms
and 3-fold coordinated hydrogen atoms will also be referred to
as face (µ3) bound atoms. For every geometric isomer, optimi-
zations have been performed using different spin states. The
optimization procedure has been conducted without any sym-
metry restrictions. After the optimization procedure the vibra-
tional spectrum was calculated within the harmonic approxi-
mation. The calculated photon absorption cross sections were
convoluted with Gaussians with a width of 20 cm-1 and
converted into depletion spectra according to

with σ(ν) the calculated single photon cross-section at photon
frequencyν andPFEL(ν) the output power of the free electron
laser at frequencyν. The constantc is introduced to obtain the
best possible agreement with experiment. This approach assumes
that the absorption of the first photon is rate determining in the
IR-MPD process and leads to good agreement of the simulated
spectra to the experimental ones. No scaling factor was applied
to the calculated vibrational frequencies.

We 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 identified by the
calculations. In nearly all cases, several different structures are
close in energy and theory might not be accurate enough to
correctly predict the ground state structure. DFT based calcula-
tions on transition metal clusters present a real challenge due
to the magnetic properties of such systems and the importance
of spin-orbit coupling and correlation effects. Furthermore,
adsorbate induced changes in the magnetic moments of transition
metal clusters have been observed.25,43 Also the presence of
metastable species in the molecular beam cannot be completely
ruled out. However, no indications for the presence of meta-
stable species in these kinds of experiments have been found.
The IR spectra of the complexes 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
on the basis of energetic considerations alone, a structure has
been assigned on the basis of the comparison of the calculated
and experimental spectra.

IV. Results and Discussion

First the saturation compositions of the metal hydride
complexes will be discussed. Subsequently the results for the
smaller complexes containing 4, 5, and 6 metal atoms, for which
calculations have been performed, will be presented. This will
allow a direct comparison between clusters of different metals.
Finally the larger complexes will be treated element by element.

A. Complex Composition. Nearly all clusters in the size
range under investigation react 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

Figure 1. Mass spectra of fully hydrogen saturated ConHm
+ complexes

with mass/charge ratios between 570 and 850. The top spectrum shows
part of the mass distribution of cluster complexes in the molecular beam
where, e.g., 11,10 indicates the Co11H10

+ complex, etc. The lower mass
spectrum shows the mass distribution upon overlap of the molecular
beam with a beam of IR radiation resonant with an infrared active mode
of the cluster complexes. The arrows indicate the mass peaks that are
seen to undergo IR induced fragmentation. I(ν) ) 10-σ(ν)*PFEL(ν)/c

IR Spectroscopy of Transition Metal Cluster Hydride Complexes J. Phys. Chem. A, Vol. 112, No. 6, 20081141



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 temper-
atures below 150 K has been observed before on neutral iron
clusters.26 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 2. 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 cationic 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
react 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.

In case of the vanadium clusters, there is a clear cor-
respondence between the maximum number of H-atoms that
can bind to a cluster and the number of facets of the metal
cluster, suggesting that hydrogen is predominantly bound on
the facets of the metal cluster. It has been shown that indeed

hydrogen is predominantly 3-fold coordinated to cationic
vanadium clusters.13

The composition of the saturated cationic iron-hydride
complexes agrees in most cases with previously reported values
for neutral iron-hydride complexes.24,26 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.24,26

Cationic cobalt clusters containing between 6 and 9 metal
atoms are particularly unreactive toward molecular hydro-
gen.7,9,10 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.

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,31 although the
values we report here are even slightly higher. A Ni4

+ cluster
is predicted to have a (distorted) tetragonal shape,44-46 and the
Ni5+ cluster isexpected tohaveatrigonalbipyramidstructure.45-47

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 below. Also 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. The vibrational spectra of nickel
deuteride complexes have been measured in the 2100-
2700 cm-1 range to investigate this further.

B. Complexes with n ) 4-6. Infrared multiple photon
depletion spectra of metal hydride (MnHm

+) complexes withn
) 4-6 are shown in Figure 3 (black) along with calculated
linear IR absorption spectra (red) that are in best agreement
with the experimental spectra. The corresponding cluster
geometries are shown in Figure 4. Calculated vibrational spectra
and optimized complex geometries of other isomers with 4, 5,
and 6 metal atoms can be found in the Supporting Information.

Several element and size specific absorption features are
identified in the 600-1500 cm-1 range. Vibrational spectra of
bare cationic vanadium33,34 and cobalt48 clusters only show
bands below 450 cm-1, and we therefore assign the absorption
bands in the 600-1500 cm-1 range to M-H vibrations.

The absorption bands of the scandium complexes are located
at somewhat lower frequencies (<1200 cm-1) compared to the
other transition metal complexes. The spectra of ScnHmO+ do
not change dramatically with cluster size. In all three cases the
spectrum is 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 spectrum of Sc4H6O+ exhibits 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 found to
be in best agreement with the experimentally observed spectra.
For 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 is within the expected accuracy of the
calculations. The ScnHmO+ complexes are predicted to have the
lowest possible spin state (doublet for Sc4H6O+ and Sc6H10O+-
and singlet for Sc5H8O+). The optimized cluster structure of
Sc4H6O+ shown in Figure 4 hasC2V symmetry, and the Sc5H8O+

Figure 2. 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 ofm
is given.
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and Sc6H10O+ complexes haveC1 symmetry. For all three
complexes a combination of bridge (µ2) bound and face (µ3)
bound hydrogen atoms is predicted. 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, and 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

Figure 3. Experimental (black) and simulated (red) IR depletion spectra of hydrogen saturated ScnHmO+, VnHm
+, FenHm

+, ConHm
+, NinHm

+, and
NinDm

+ complexes forn ) 4, 5, and 6 (bottom to top).

Figure 4. Optimized cluster geometries of ScnHmO+, VnHm
+, FenHm

+, ConHm
+, and NinHm

+ (left to right) complexes forn ) 4-6 selected on the
basis of the comparison of experimental and calculated IR spectra.

IR Spectroscopy of Transition Metal Cluster Hydride Complexes J. Phys. Chem. A, Vol. 112, No. 6, 20081143



the metal cage are found to be at least 0.5 eV higher in energy
than isomers with only surface bound hydrogen. 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 collective stretch
vibrations of bridge (µ2) bonded hydrogen atoms. The fact that
the band at 640 cm-1 is very narrow while all other absorption
bands are much wider, suggests 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-1.49 The calcula-
tions show that indeed the structure, whose vibrational spectrum
is in best agreement with the experimental spectrum, contains
a bridge (µ2) bound O atom. Considering the agreement between
experimental and calculated spectra, we tentatively assign the
band at 640 cm-1 to a 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
3-fold 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.

Although H2 is predominantly 3-fold coordinated to small
cationic vanadium clusters, some 2-fold coordinated H can be
present as well.13 Several cluster size specific absorption bands
are observed in the 550-1450 cm-1 range. In contrast to the
spectra of V4H6

+ and V5H8
+, the spectrum of V6H8

+ consists
of two well-resolved bands, indicating that this complex might
have a higher degree of symmetry. Indeed, the calculations show
that the lowest energy isomer hasD4h symmetry with only little
deviation from octahedral symmetry and therefore a relatively
simple vibrational spectrum. 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
antisymmetric stretch mode of face bound (µ3) H atoms. The
band observed experimentally at 800 cm-1 corresponds to a
collective bending mode of 3-fold coordinated (µ3) hydrogen
atoms. The V5H8

+ complex hasC2V symmetry, and the V4H6
+

complex only possessesC1 symmetry. The V4H6
+ complex has

a tetragonal core of vanadium atoms with all the hydrogen atoms
bridge (µ2) bound to the metal cluster. The structure of the
V5H8

+ complex can be described as a slightly distorted structure
of the V6H8

+ complex with one of the vanadium atoms removed.
The experimental spectra are in best agreement with the
calculated spectra of the lowest energy isomers. The calculated
absorption band observed at 1450 cm-1 in the spectrum of
V5H8

+ corresponds to a collective antisymmetric stretch vibra-
tion of bridge (µ2) bound hydrogen atoms. The intense absorp-
tion band at 1280 cm-1 is due to the collective antisymmetric
stretch vibration of the face (µ3) bound hydrogen atoms.

The vibrational spectra of Fe4H4
+, Fe5H6

+, and Fe6H4
+ in

the 700-1500 cm-1 range are very similar and consist of two
well-resolved bands, implying that hydrogen is similarly bound
in these three 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.26 Calculations on Fe13H14 reported in the literature
assign these bands to bridge (µ2) bound hydrogen atoms.26

Indeed, the calculated 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,
0.14, 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.25 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 tetrahe-
dron. 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 hasD4h 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 antisymmetric 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 antisymmetric stretch vibration of the
bridge (µ2) bound hydrogen atoms.

Several cluster size dependent absorption bands are observed
for the cobalt hydride complexes. The vibrational spectrum of
Fe6H4

+ is very similar to the spectrum of Co6H4
+ suggesting

that the hydrogen is similarly bound in these two complexes.
The bands observed for Co6H4

+ (1110 and 1400 cm-1) are
shifted slightly compared to Fe6H4

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

+ also resembles the spectrum of Fe4H4
+

except for the clear shoulder observed at 1000 cm-1 for Co4H2
+.

However, the spectrum of Co5H6
+ shows some noticeable

differences with the spectrum of Fe5H6
+. The vibrational spectra

of the lowest energy isomers of Co4H2
+ and Co6H4

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

+ isomer that is in best agreement with experiment is
0.23 eV higher in energy than the lowest energy isomer. In case
of Co5H6

+ two hydrogen atoms are 3-fold coordinated to the
cobalt cluster with the other four bridge (µ2) bonded. The
agreement between the experimental and calculated spectrum
of Co5H6

+ is not very good and it might well be that several
isomers are present and/or that the actual structure is different
from the one shown in Figure 4. The calculations indicate that
the Co6H4

+ complex has the same structure as the Fe6H4
+

complex. It is predicted to have 13 unpaired electrons. The
structure of the Co4H2

+ complex is very similar to the structure
of Fe4H4

+ and has 9 unpaired electrons. 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, 1060, and 1000 cm-1) are
observed in the vibrational spectrum of Co4H2

+ that are
reproduced by the calculations. They can be assigned to
collective antisymmetric 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.50

The IR-MPD spectra of NinHm
+/NinDm

+ (n ) 4-6) are quite
different from the other transition metal hydride complexes. For
the nickel deuteride complexes bands located in the 2300-
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2500 cm-1 range are observed, proving that at least part of the
D2 is molecularly bound in these complexes. The frequency of
the D-D stretch (ν(D-D)) band 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 because physisorbed species only show small
frequency shifts.51 For Ni5D16

+ two relatively narrow bands are
observed in the high-frequency range. 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 (ν(Ni-H2))
vibration. The metal-dihydrogen bond can be described by
similar concepts used to describe the metal-olefin bond.52 The
H2 molecule is virtually always side-on bonded to the metal. It
can be described as a three-center-two-electron bond and is
formed by donation of electron density from the occupiedσ
orbital of H2 into an empty metal orbital of appropriate

symmetry. The metal-dihydrogen bond is stabilized by back-
donation of electrons from a (partially) filled metald orbital to
theσ* orbital of H2. The increased population of the antibonding
σ* orbital of H2 weakens the H-H bond. The net effect is a
transfer of electron density from H2 to the metal. The bands in
the 1000-1500 cm-1 range are also observed for the other
transition metal hydride complexes and are assigned to stretch
and deformation vibrations of bridge and/or face bound hydro-
gen atoms. The absorption bands in the spectra of Ni4H12

+ and
Ni6H18

+ are much broader than for Ni5H16
+. This could be due

to the presence of several isomers. A small rotational barrier
for the chemisorbed H2 molecules could also contribute to the
broadening of the bands. For the NinHm

+ and NinDm
+ complexes

the agreement between the experimental and calculated 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 21/2

((1.2%). The calculated frequencies of theν(D-D) bands are
too low, and the calculated frequencies of theν(Ni-H2)

Figure 5. IR-MPD spectra of ScnHmO+ (left panel) forn ) 3-20 and
ScnHmO2

+ (right panel) forn ) 3-18 (bottom to top). The values (n,m)
correspond with the number of scandium and hydrogen atoms in the
complex, respectively.

Figure 6. IR-MPD spectra of VnHm
+ complexes forn ) 4-20 (bottom

to top). The values (n, m) correspond to the number of vanadium and
hydrogen atoms in the complex, respectively.
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vibrations are too high. This demonstrates that our calculation
overestimates the Ni-H2 bond energy. 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.43 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 Ni6D18
+

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.
C. Complexes with n ) 3 - 20. 1. Scandium. The

experimental IR-MPD spectra of ScnHmO+ (n ) 3-20) and
ScnHmO2

+ (n ) 3-18) are given in Figure 5. Several absorption
features are identified in the 800-1250 cm-1 range. The spectra
of ScnHmO+ and ScnHmO2

+complexes are very similar. This
suggests that the Sc-H bonds are not significantly influenced
by the presence of an additional oxygen atom. As outlined
above, an oxygen atom bridge (µ2) bound to scandium gives
rise to an absorption band around 640 cm-1. This band is only
observed for Sc4H6O+, Sc4H4O2

+, Sc3H4O+, and Sc3H2O2
+,

implying that the oxygen atom is 3-fold, 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. None of the ScnHmO+ spectra show
any indication for high-symmetry structures. The most intense
absorption band shifts to lower frequency with increasing cluster
size.

The vibrational spectrum of tetrahedrally coordinated hydro-
gen inR-ScH0.34 has been measured using neutron scattering.
The frequencies of two modes associated with tetrahedrally
coordinated hydrogen atoms were reported to be 834 and
1189 cm-1, respectively.53 For the largest cluster complex

Sc20H28O+ no band at∼1200 cm-1 is observed, which indicates
that Sc20H28O+ does not contain any internal hydrogen atoms.

2. Vanadium.The spectra of the hydrogen saturated vanadium
clusters are given in Figure 6 for complexes containing between
4 and 20 metal atoms. Several cluster size specific absorption
bands 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. As described above, the nearlyOh symmetric V6H8

+

is an exception. The structures of V7H10
+, V8H12

+, and V9H12
+

have been discussed in the literature.13 These complexes contain
predominantly face (µ3) bound hydrogen atoms, and also at least
one bridge (µ2) bound hydrogen atom. The experimentally
observed band at∼1400 cm-1 for these complexes is due the
stretch vibration of bridge (µ2) bound hydrogen atoms. The
vibrational spectra of clusters containing 4, 5, 7-9, 12, 14, and
16-18 vanadium atoms all show an absorption band at
∼1400 cm-1, and these complexes therefore likely contain some
bridge (µ2) bound hydrogen atoms.

3. Iron. The experimental IR-MPD spectra of FenHm
+

complexes withn ) 4-15 are shown in Figure 7. For Fe4H4
+,

Fe5H6
+, and Fe6H4

+ it has been shown above that the bands at
∼1400 and∼1200 cm-1 are due to collective stretching and

Figure 7. IR-MPD spectra of FenHm
+ complexes forn ) 4-15 (bottom

to top). The values (n, m) correspond to the number of iron and
hydrogen atoms in the complex, respectively.

Figure 8. IR-MPD spectra of ConHm
+ complexes forn ) 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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bending vibrations of bridge (µ2) bonded hydrogen atoms,
respectively. The exact positions and spacing of these bands
depend on the particular complex. Bands indicative of bridge
(µ2) bound hydrogen atoms are also present in the vibrational
spectra of Fe7H6

+, Fe8H8
+, and Fe15H12

+. Calculations on
Fe4H4

+, Fe5H6
+, and Fe6H4

+ containing face (µ3) bound
hydrogen atoms (see Supporting Information), show that the
collective stretch vibration of 3-fold coordinated hydrogen atoms
lies in the 1200-1300 cm-1 frequency range. Absorption bands
at higher frequencies are 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 the hydrogen adsorption sites have to
be different, which in turn implies a different metal cluster
structure. DFT calculations have indeed predicted that the Fe12

cluster does not have icosahedral symmetry whereas the Fe13

cluster does.54

It is known from low-energy electron diffraction (LEED)
studies that H atoms adsorbed on a Fe(110) surface are bound

in quasi 3-fold hollow sites.55 As outlined above, part of the
hydrogen atoms are bridge (µ2) bonded to cationic iron clusters.
Apparently the bulk adsorption behavior has not yet been
reached for iron clusters containing 15 atoms.

4. Cobalt.The experimental IR-MPD spectra of H2 saturated
cobalt complexes containing between 4 and 20 cobalt atoms
are shown in Figure 8. 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. As described above, comparison of the
experimental and calculated vibrational spectra of Co4H2

+,
Co5H6

+, and Co6H4
+ indicates that for these complexes bands

in the 1060-1110 and 1380-1410 cm-1 ranges are due to
bridge (µ2) bound hydrogen atoms. An absorption band with a
frequency of∼1400 cm-1 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.
Hydrogen is known to adsorb in 3-fold hollow (µ3) sites on a
Co (101h0) surface.56 Vibrational spectra of these species
measured with HREELS56 show adsorption features around
1150 cm-1. Calculations on Co4H2

+, Co5H4
+, and Co6H4

+ that
contain face (µ3) bonded hydrogen atoms show that the
stretch vibration of 3-fold coordinated hydrogen atoms lies in
the 1200-1320 cm-1 range. 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 more than 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. Considering the rather poor agreement between
the experimental and the calculated spectrum of Co5H6

+, we
cannot definitely assign this band.

5. Nickel.The IR-MPD spectra of NinHm
+/NinDm

+ complexes
with n ) 4-15 are shown in Figure 9. The spectra of most
complexes are remarkably similar. Aν(D-D) band is observed
for clusters up to Ni9D20

+. In the low-frequency range, there is
an intense absorption band at∼750 cm-1 in the spectra of all
complexes (except for Ni15H20

+) and (at least) two bands in
the 800-1600 cm-1 range. As outlined above, the DFT
calculations assign the band at 750 cm-1 to a ν(Ni-H2)
vibration. However, the disappearance of the other tell-tale
feature of molecularly chemisorbed H2, theν(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 include a shift of the D-D stretch
vibration to higher/lower frequency or that the D-D stretch
vibrations have only little intensity. If the intramolecular axis

Figure 9. IR-MPD spectra of NinHm
+ complexes forn ) 4-15 (bottom

to top). The values (n, m) correspond to the number of nickel and
hydrogen atoms in the complex, respectively.

TABLE 1: Experimental Vibrational Frequencies (cm-1) and Their Assignments for the ScnHmO+, VnHm
+, FenHm

+, ConHm
+,

and NinHm
+ Complexes

mode Sc V Fe Co Ni

ν(M-H2) 650-760
ν(DsD) 2420-2515
ν(M-µ2H) 1100-1110 1420-1430 1350-1400 1385-1400
ν(M-µ3H) 1270-1280 1150-1230 1210-1270
δ(M-µ2H) 1130-1220 1030-1110
δ(M-µ3H) 810
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of H2 molecularly chemisorbed on an extended surface is parallel
to that surface, the H-H stretch vibration will only have very
little intensity due to the induced dipole in the metal. Consider-
ing the presence of the intense absorption band in the spectra
of all nickel hydride complexes (except 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
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.57,58However, 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.

6. Comparison.A compilation of the vibrational frequencies
for similarly bound hydrogen species bound to the different
metals investigated in this study is given in Table 1.

The stretch vibration of hydrogen atoms bridge (µ2) bound
to vanadium, iron, and cobalt clusters does not strongly depend
on the metal. 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 than
the Vn

+-H, Fen
+-H, and Con+-H bonds. Also 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 Nin+-D bond dissociation energies are remark-

ably similar.4,6-8 Unfortunately, no quantitative information is
available on ScnO+-D bond dissociation energies.

V. 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 containing 4, 5, and 6 metal
atoms 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 nickel no indications for bridge bound
hydrogen 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.
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