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The adsorption of Hon 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 adsorptioni®fddind to be exclusively
dissociative on SO, V', Fe,", and Cq", and both atomic and molecularly chemisorbed hydrogen is present

in Ni,Hn" 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 Reactivity studies have demonstrated that the reactivity of
The interaction of Hwith transition metals is of fundamental ~ different transition metals towardz$hows large variations with
interest to the fields of hydrogen storage, catalysis, and _cluster S|ze._The react_|V|ty of a cluster is found f[o correlate with
metallurgy. Especially the adsorption of hydrogen on nickel, itS electronic properties, as expressed, for instance, by the
cobalt and iron is of considerable importance as these metalsHOMO to LUMO excitation energy or by an (effective)
are active hydrogenation (nickel), ammonia synthesis (iron), or ionization potential of the cluster. It has been argued, therefore,
Fischer-Tropsch (cobalt and iron) catalysts. Under reaction that the chemisorption probability depends on the energy barrier
conditions, the surface of catalytically active metals is often caused by Pauli repulsion between &hd the metal cluster.
covered with hydrogen. By studying,Hadsorption on small  For the reaction of niobium clusters withp it has been found
transition metal clusters, one can obtain fundamental insight that the entrance channel barrier is determined by an avoided
into elementary steps that take place on catalytically active crossing with ionic potential surfaces. More generally, the
surfaces. requirement for a charge transfer in the activation efceuld
Hydrogen adsorption on transition metal clusters has beenaccount for the dependence of the reaction rate on the ionization
studied extensively and has been summarized in two reviéws. potentiall®12 At sufficiently high H, concentration the cluster
However, structural information on the hydrogen binding sites usually saturates with a well-defined number ofHolecules.
is relatively scarce. On extended metal surfaces hydrogen isSo far, this element specific saturation behavior for the reaction
known to have a preference for high coordination sites. with hydrogen has been studied, e.g., for vanadium, iron, and
However, it is not at all clear if this is also the case for hydrogen copalt clusterd315 These saturated complexes can be consid-
adsorption on transition metal clusters that contain only a few gred as ideal model systems for the above-mentioned highly
metal atoms. To date, only indirect information on bonding coyered surfaces in hydrogenation reactions. To date, there are
geometries is available from hydrogen uptake measurements,,, conclusive explanations for the observed saturation stoichi-
Itis generally accepted thatldissociates upon adsorption on  ,naties; e.g., in terms of cluster structure or H adsorption
transition me_tal c_Iusters. Experimental gwdence in support of geometry. A systematic study on hydrogen saturated transition
this mechanism includes the observation that the ionization metal clusters that allows for an understanding of the interaction

potential of metal clusters increases upon adsorption of hydro- b : . . .
etween metal and hydrogen ligands is thus highly desirable.
3 8
gen; _the strength of the clustehydrogen bonff gnq that th_e By performing this study on a series of 3d transition metals,
reaction between hydrogen and metal clusters is irreversible at P : . . .
one can gain insight into the effect of increasing d-orbital

room temperatur®.From these and other experiments it has

been concluded that hydrogen can be 2-, 3-, or 4-fold coordi- occupauon.. ) o
nated to metal clusters, but not linearly. Few studies on scandium clusters containing more than 3
Upon exposure of the transition metal clusters tg the metal atoms have been reported in the literature. The ionization

clusters bind K molecules and form metal hydride complexes. potentials of scandium monoxide clusters,@t have been
: : measuret and the magnetic moments of neutral scandium
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T Utrecht University. determined’ The structures of bare scandium clusters have been
* Fritz-Haber-Institut der Max-Planck-Gesellschaft. calculated using density functional theory (DP¥)However,
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to the best of our knowledge, no studies on Br D, the determination of the size dependent hydrogen adsorption
chemisorption on scandium clusters have been performed. sites, at high (saturation) hydrogen coverage, ofOScV,™,
In contrast to this, vanadium clusters have received consider-F&", Co", and Ni* clusters withn = 3—20. Vibrational
able research interest. The adsorption efadd Dy has been spectra of the transition metal hydride complexes have been
studied using flow tube and ion trap techniqdé323 The obtained using infrared multiple photon dissociation (IR-MPD)
V. —D bond energies have been measured by studying thespectroscopy. Vibrational spectra have been measured in the
kinetic energy dependence of the reaction of cationic vanadium range from 500 to 1600 cm, covering both the M-H stretch,
clusters with B. These bond energies have been determined to v(M—H), and deformation mod&(M—H), region. Vibrations
be between 2 and 3 eV, depending on cluster size. From theseof the metal cluster core are expected to be clearly below
and other studies it has been proposed thatkd Dy bind 500 cnr1.3334For the nickel deuteride complexes, the spectral
dissociatively to vanadium clusters, which has been confirmed region in which the B-D stretch,y(D—D), vibration is expected,
by a combined vibrational spectroscopy and DFT study on has been scanned as well. The very high H/Ni ratios reported
hydrogen saturated cationic vanadium clustérs. in the literature would indicate partly molecularly bound H
The reaction of /D, with iron clusters has been the subject and vibrational spectroscopy can unambiguously resolve how
of several studies as well. The reactivity of iron clusters toward H2/D2 is bound to nickel clusters. The experimental work is
H. has been found to depend strongly on the size of the ctdster complemented with density functional theory calculations for
and to correlate with the difference between ionization potential complexes containing 4, 5, and 6 metal atoms. Comparison of
and electron affinity of the clusters. TheFe-D bond energies  the experimental and calculated spectra provides information
have been measured for clusters witk 2—15, and vary from on hydrogen adsorption geometries and bond strengths.
1.4 to 2.8 e\8 From magnetic deflection experiments it has
been found that the magnetic moment of iron clusters increasesj|. Experimental Methods
upon hydrogen chemisorptidhFor Fe clusters it has also been
shown that the ionization potential increases upon hydrogen The experiments have been performed using a molecular
adsorptior? Vibrational spectra of neutral iron hydride com- beam machine coupled to a beamline of the Free Electron Laser
plexes have been measured using a tunablgl@€@r covering for Infrared eXperiments, FELIXS at the FOM Institute for
the spectral range from 885 to 1090 tinSeveral absorption  Plasma Physics in Nieuwegein, The Netherlands. The setup and
features, ascribed to Féd1 modes, have been observed in this details of the measurement procedure have been discussed in
spectral rangé® DFT calculations on RgH14 (Tg Symmetry) detail before'332:36Metal clusters are produced by pulsed laser
indicate that 2- and 3-fold coordinated hydrogen atoms give ablation using the second harmonic output of a Nd:YAG laser
rise to vibrations in the 8261500 cn1?! range. The vibrational and subsequent condensation in a flow of He. Neutral, anionic
spectrum of Feklin the gas-phagé shows that the antisym-  and cationic clusters are produced in this process. In this study
metric stretch mode has a frequency of 1674 &m we only report on the hydrogen adsorption on cationic metal
The reaction of /D, with cobalt clusters is among the most ~ clusters. Downstream of the cluster source the clusters enter a
intensively studied reactions in the field of cluster science. As flow reactor channel where they can react wittthét is injected
in the case of iron clusters, the reactivity of cobalt clusters by a pulsed valve. The extent of complex formation is controlled

toward H/D; is found to be strongly size dependéhi® The by adjusting the gas flow through the valve. Upon increasing
reactivity does not strongly depend on temperat8iiadicating the H content in the reactor channel, sequentialniblecules

that the adsorption of hydrogen on cobalt clusters is a nonac-are adsorbed on the metal clusters. ThepHirtial pressure in
tivated process. The experimentally determineg'€d® bond the reactor channel is increased until no morenkblecules
energies do not strongly depend on size (for clusters with are adsorbed, i.e., until the clusters are saturated with hydrogen.

2—16) and generally increase with increasing cluster size from After reacting with H, the molecular beam is expanded into
2 to 2.6 eV. Indirect information on deuterium binding sites is vacuum and shaped by a skimmer and an aperture, before
available from B uptake measuremeri$Hydrogen is believed  entering the extraction region of a time-of-flight mass spec-
to be 2-, 3-, or 4-fold coordinated to cobalt, but never linearly. trometer. A counter-propagating pulsed IR beam delivered by
As nickel is an effective hydrogenation catalyst, the reaction FELIX is directed trough the aperture to ensure that the full
of Ho/D, with nickel clusters has also received considerable cross-section of the molecular beam is exposed to the IR
interest. Again, the reaction of small nickel clusters with radiation. When the IR radiation is resonant with an IR-allowed
hydrogen depends on the size of the cluétilickel clusters transition of the cluster complex, sequential absorption of single
have been found to bind more Hholecules than other transition  photons can take place. The photon energy is quickly transferred
metal clusters! suggesting that part of the adsorbed hydrogen to the heat bath of other modes via internal vibrational
is bound in a different way to nickel than to other transition redistribution such that subsequent absorption of other photons
metals. The Nj*—D bond energigshave been found to be very  is possible on the same transition. This process is facilitated by
similar to the \"—D, Fa,*—D, and Ca*—D bond energies.  the high density of vibrational statésIn principle, relaxation
The bond strength increases from 2 eV for the trimer to 2.6 eV can occur by emitting photons, electrons, or by fragmentafion.
for a cluster containing 16 nickel atoms. The values for the larger Electron emission and fragmentation lead to changes in the
clusters are very close to the values obtained for hydrogen cluster distribution that can be probed using mass spectrometry.
adsorption on extended surfaces. The similarity in bond strengthsThe dissociation energy of metal hydride and deuteride clusters
for the different transition metals suggests that the metal is typically on the order of several electronvdit§;*8and hence
d-orbitals do not play an important role in the-\#f bond. One many IR photons have to be absorbed to overcome the barrier
can, therefore, expect that the metal hydrogen vibrations haveto fragmentation. For example, the binding energy efda
similar frequencies. Vst is 2.4+ 0.3 eV19 so for a cold cluster at a minimum 14
Vibrational spectroscopy, combined with quantum chemical photons at 1400 cmt have to be absorbed to induce fragmenta-
calculations can provide detailed information on adsorption tion. To observe fragmentation on the time scale of the
geometries for cluster complex&s®2 This article focuses on  experiment, the number of absorbed photons must be even



IR Spectroscopy of Transition Metal Cluster Hydride Complexes J. Phys. Chem. A, Vol. 112, No. 6, 2008141

10,10 (n,m) 11,10 12,70 14,12 bare and hydrogenated metal clusters is scarce, calculations have
No FELIX -

151 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

_J l JW JJ\ applied. First the geometries of several cluster complexes were

optimized for each cluster size. Different metal cluster geom-
l l l Felix at l etries were used and hydrogen atoms were placed both in 2-

lon Intensity / arb. u.

1415 cm™ and 3-fold coordination sites. Two-fold coordinated hydrogen

atoms will be referred to as bridge,) bonded hydrogen atoms
and 3-fold coordinated hydrogen atoms will also be referred to
_J l J as face g3) bound atoms. For every geometric isomer, optimi-
L S S S O L Y AL zations have been performed using different spin states. The
600 650 700 750 800 850

m/z optimization procedure has been conducted without any sym-
Figure 1. Mass spectra of fully hydrogen saturated,i@g" complexes metry restrictions. After the optimization procedure the vibra-
with mass/charge ratios between 570 and 850. The top spectrum showsional spectrum was calculated within the harmonic approxi-
part of the mass distribution of cluster complexes in the molecular beam mation. The calculated photon absorption cross sections were

where, e.g., 11,10 indicates the:@do" complex, etc. The lowermass  ~ynyoluted with Gaussians with a width of 20 chand
spectrum shows the mass distribution upon overlap of the molecular converted into depletion spectra according to

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. |(v) = 10 o0)"Precllle

higher. For the metal hydride complexes, fragmentation under with o(») the calculated single photon cross-section at photon
loss of H molecules is observed to be the dominant cooling frequencyv and Peg (v) the output power of the free electron
process. This is illustrated in Figure 1 where significant |aser at frequency. The constant is introduced to obtain the
fragmentation is observed for the 10", CouHio", CorsHiz", best possible agreement with experiment. This approach assumes
and Ca4H12" complexes upon irradiation with IR photons with  that the absorption of the first photon is rate determining in the

a frequency of 1415 crit, accompanied by the simultaneous |R-MPD process and leads to good agreement of the simulated
growth of the ion intensities for the Ggls*™, CouHs", spectra to the experimental ones. No scaling factor was applied
CoigHio", and CasHio" complexes. to the calculated vibrational frequencies.

The mass spectrometer extraction pulse is timed such that e note that in this process only a small portion of the
spectra are recorded of a part of the cluster distribution that is configurational space is probed and it is possible that the actual
exposed to a macro pulse of IR radiation (lower trace in Figure structures are different from the structures identified by the
1). Mass spectra of a reference distribution that is not exposedcalculations. In nearly all cases, several different structures are
to IR radiation are recorded on alternate shots to compensateciose in energy and theory might not be accurate enough to
for long-term variations in the cluster intensities (upper trace correctly predict the ground state structure. DFT based calcula-
in Figure 1). Tracking the intensity of certain complexes in the tjons on transition metal clusters present a real challenge due
mass spectrum as a function of the IR frequency allows the to the magnetic properties of such systems and the importance
construction of their IR-MPD spectra. Parts of the experiments of spin—orbit coupling and correlation effects. Furthermore,
have been repeated with, [However, apart from the expected  adsorbate induced changes in the magnetic moments of transition
shift of the vibrational frequencies due to the different reduced metal clusters have been obser¢etf Also the presence of
masses, no other changes are observed in the spectra. The specfifetastable species in the molecular beam cannot be completely
of nickel hydride complexes in the range of the hydrogen ruled out. However, no indications for the presence of meta-
hydrogen stretch vibration have been measured using deuteriumstable species in these kinds of experiments have been found.
for experimental reasons. The IR spectra of the complexes are sensitive to the geometry

For scandium, vanadium, iron, and cobalt commercially and the electronic state of the cluster complex and the energy
available metal rods have been used as ablation targets. Thelifferences between low energy isomers are typically on the
study of H chemisorption on nickel clusters is complicated by order of 0.1-1 eV. In case a structure could not be assigned
the natural isotopic distribution of nickel. Therefore we have on the basis of energetic considerations alone, a structure has
worked with an isotopically enriched nickel target, prepared by been assigned on the basis of the comparison of the calculated
electroplating®Ni (>99.8%) onto an Au substrate. Details of and experimental spectra.
the plating process can be found in the Supporting Information.

IV. Results and Discussion

. tional Methods . . . .
lll. Computation First the saturation compositions of the metal hydride

To further investigate the MH vibrations and to determine  complexes will be discussed. Subsequently the results for the
the hydrogen-bonding geometries, DFT calculations have beensmaller complexes containing 4, 5, and 6 metal atoms, for which
performed on hydrogenated metal complexes with 4, 5, and 6 calculations have been performed, will be presented. This will
metal atoms using the TURBOMOLE quantum chemistry allow a direct comparison between clusters of different metals.
packagé® 4! The calculations employ the BP86 parametrization Finally the larger complexes will be treated element by element.
of the exchange correlation functional and a triplealence A. Complex Composition. Nearly all clusters in the size
plus polarization (TZVP) basis set for all atof#dt has been range under investigation react with,.HOnly Fe™ and Ca*
shown that this approach gives good agreement with experi- do not bind any hydrogen. Upon increasing theptessure in
mental datd3 the reactor channel, the metal clusters sequentially bipd H

The number of structural isomers dramatically increases with molecules until a size specific saturation coverage is reached.
increasing cluster size. Because structural information on both For some of the Ni" clusters a product distribution is observed
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hydrogen is predominantly 3-fold coordinated to cationic

28 4 .
vanadium cluster®

<859 The composition of the saturated cationic iron-hydride
24 complexes agrees in most cases with previously reported values
22 - for neutral iron-hydride complexé&426 For Fa:", Fe4", and
E 20 Feis™ the maximum number of fHmolecules that is found to
g — bind to the cationic cluster is lower than to the corresponding
5 neutral clustef#26
%; i Cationic cobalt clusters containing between 6 and 9 metal
& 140 atoms are particularly unreactive toward molecular hydro-
w 12 gen’%19Only at relatively high H concentrations, Hcould
& 10 be adsorbed onto these clustersgCpresents a special case,
éE, " as it is the only metal complex that binds an odd number of

hydrogen atoms.

Nickel clusters can bind significantly more Fholecules than
the other transition metal clusters. The large hydrogen uptake
by small Ni;* clusters has been reported beférajthough the
o4 ¢ values we report here are even slightly higher. A™Nsluster
[T O e (R L is predicted to have a (distorted) tetragonal shf4p®,and the
ol Nﬁmbe:gf melfl m:n'; (n)m e R Nis* clusteris expected to have atrigonal bipyramid structen®.
Figure 2. Largest number of hydrogen atoms present iH§O" These clusters bind 6 and 8 kholecules, respectively. The
: ' number of adsorbed hydrogen atoms corresponds to the number

SGHMO,", ViHm', FeHm™, CaHm', and NiHn" complexes as a . ; .
function of cluster sizer(= 3—20). For several NHn' complexes a  Of facets plus two times the number of Ni atoms, suggesting

distribution was observed but also in this case, the largest valoe of  that all facets are covered by one hydrogen atom and that
is given. additionally each Ni atom binds one;Hnolecule. Quantum

chemical calculations support this assignment and will be
in the mass spectrum even at the highestddntent used, discussed below. Also the other nickel clusters bind more H
indicating that saturation has not yet been reached. For cobalt,atoms than their number of facets and bridge sites. This strongly
a saturation behavior has been observed but upon increasinguggests that also on the larger nickel clusters part of the H
the H, content further, the cluster added additional weaker bound molecularly chemisorbed. The vibrational spectra of nickel
H, molecules. Physisorption of molecular hydrogen at temper- deuteride complexes have been measured in the 2100
atures below 150 K has been observed before on neutral iron2700 cnt?! range to investigate this further.
clusters?®® The maximum number of Hmolecules that could B. Complexes withn = 4—6. Infrared multiple photon
bind under our experimental conditions as a function of element depletion spectra of metal hydride {M,") complexes witm
and cluster size, is given in Figure 2. As expected, the number= 4—6 are shown in Figure 3 (black) along with calculated
of hydrogen molecules depends on the metal and on the size oflinear IR absorption spectra (red) that are in best agreement
the cluster; it increases as the clusters become larger, and itwith the experimental spectra. The corresponding cluster
decreases from scandium to vanadium to iron to cobalt but thengeometries are shown in Figure 4. Calculated vibrational spectra
sharply increases for nickel. All metal clusters bind an even and optimized complex geometries of other isomers with 4, 5,
number of hydrogen atoms, except for Cothat binds 9 and 6 metal atoms can be found in the Supporting Information.
hydrogen atoms. In view of the strong (4.52 eV)-H bond, Several element and size specific absorption features are
one would expect to observe only species containing an evenjgentified in the 608-1500 cnt! range. Vibrational spectra of
number of hydrogen atoms. The £e-D bond energy has been  pare cationic vanadiut®3 and cobalt® clusters only show
reported to be~2.34 0.3 eV, and chemisorption is, therefore, hands below 450 cni, and we therefore assign the absorption
not expected to be exothermic enough to permit the ejection of hands in the 6001500 cnrt range to M-H vibrations.

one hydr_ogen atom. A possibility could be thf'ﬂ this complex s rpq absorption bands of the scandium complexes are located
formed via fragmentation of a larger cluster via, e.g., CoH loss. . somewhat lower frequencies 1200 cnT?) compared to the
The cationic scandium clusters produced in our setup always other transition metal complexes. The spectra oHzO" do
contain one or two oxygen atoms. It has not been possible to not change dramatically with cluster size. In all three cases the
produce bare metal clusters. Both.S¢ and SgO;" readily spectrum is dominated by an intense band centeree1ab0
react with H. In many cases $®2+ clusters bind one H cm i For S%H8O+ and S@H100+ this band has structure,
molecule less than §0* clusters. Clearly, the number of  implying the presence of multiple closely spaced bands. The
hydrogen atoms that can bind to a certain cluster is larger thanyibrational spectrum of SelgO* exhibits a narrow absorption
the number of identical adsorption sites. Hydrogen must pand at 640 cm that is absent in the spectra ofs8gO" and
therefore be bound in different adsorption sites. DFT calculations SgH100t. For the SgHsO™ and SgH10t complexes the
on scandium complexes with 4, 5, and 6 metal atoms, see below,iprational spectrum of the lowest energy isomers are found to
indicate that structures with internal hydrogen atoms are not pe in best agreement with the experimentally observed spectra.
formed and that all hydrogen atoms are located on the surfaceFor SgHsO*, the experimental spectrum is in best agreement
of the cluster. with an isomer that is 0.03 eV higher in energy than the lowest
In case of the vanadium clusters, there is a clear cor- energy isomer. This is within the expected accuracy of the
respondence between the maximum number of H-atoms thatcalculations. The S&lO" complexes are predicted to have the
can bind to a cluster and the number of facets of the metal lowest possible spin state (doublet for;8g0" and SgH100™-
cluster, suggesting that hydrogen is predominantly bound on and singlet for S¢HgO"). The optimized cluster structure of
the facets of the metal cluster. It has been shown that indeedSgHsO™ shown in Figure 4 ha§,, symmetry, and the SelsgO"
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Figure 3. Experimental (black) and simulated (red) IR depletion spectra of hydrogen saturgtggDScVHn', FeHnt, CaHmt, NipHn', and
Ni.Dm" complexes fom = 4, 5, and 6 (bottom to top).
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4712

Figure 4. Optimized cluster geometries of 60", ViHm', FeHn", CaHnt, and NiH," (left to right) complexes fon = 4—6 selected on the
basis of the comparison of experimental and calculated IR spectra.

and SeH100" complexes haveC; symmetry. For all three  (u2) bonded. The five metal atoms in thes8gO"t complex
complexes a combination of bridge,f bound and faceu) span a distorted trigonal bipyramid, and the oxygen atom is
bound hydrogen atoms is predicted. The structure of the face {3) bound to the metal cluster. The structure of the
S¢HeO™ complex can be described as a tetrahedron spannedScH;00™ complex can be described in similar terms. The six
by the scandium atoms with four bridge,) bound and two metal atoms form a distorted octahedron to which the oxygen
face {«3) bound hydrogen atoms. The oxygen atom is bridge atom is face #3) bound. Isomers with hydrogen atoms inside
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the metal cage are found to be at least 0.5 eV higher in energyin best agreement with the experimental spectra, contain only
than isomers with only surface bound hydrogen. Isomers with bridge () bound hydrogen atoms. The isomers shown are 0.15,
an internal oxygen atom are even less favorable, being at least.14, and 0.08 eV higher in energy respectively than the lowest
0.7 eV higher in energy than isomers with a surface bound O energy isomer. This is within the expected accuracy of such
atom. Such species are therefore not expected to be present ialculations, especially when considering different spin states.
the molecular beam. The calculations indicate that there arelt is known that neutral iron hydride complexes have large
many closely spaced vibrations in the 9aI250 cn? range. magnetic moment® Our calculations indicate that the cationic
The vibrations are not localized; i.e., they involve the collective iron hydride complexes have a large number of unpaired
motion of several hydrogen atoms and it is not straightforward electrons, 13 for Fgl4", 17 for FeHg', and 19 for FgH4™ . In
to assign absorption bands to local modes. The most intensethe FgH,© complex, the four iron atoms are arranged in a
absorption band at1100 cnttis assigned to collective stretch  slightly bend rhombic shape with a hydrogen atom bound to
vibrations of bridge ) bonded hydrogen atoms. The fact that each of the sides of the rhombus. It is interesting to note that
the band at 640 cmi is very narrow while all other absorption  for FeHsT and CaH;™ the calculations indicate that the four
bands are much wider, suggests that this band is not due to amnetal atoms are arranged in a distorted rhombus whereas for
Sc—H vibration. The frequency of bridge:f) bonded oxygen ScHeO™ and VjHe" the metal atoms span a distorted tetrahe-
to scandium has been reported to be 615%ff The calcula- dron. As observed for the scandium and vanadium complexes
tions show that indeed the structure, whose vibrational spectrumwith five metal atoms, the five iron atoms of /& span a
is in best agreement with the experimental spectrum, containstrigonal bipyramid. The Rglst complex hasD4, symmetry.
a bridge f2) bound O atom. Considering the agreement between The six iron atoms are arranged to form an octahedron with
experimental and calculated spectra, we tentatively assign thethe four hydrogen atoms all bridgez) bound in one plane.
band at 640 cm! to a Sc-O stretch vibration of a bridge«§) The band with the lowest frequency (1200 ¢hfor FeyHy™,
bound oxygen atom. The absence of this band in the spectra 0f1210 cnr? for FesHg", 1130 cni! for FesHy™) is assigned to
SaHsO™ and SgH100™ then suggests that the oxygen atom is the collective antisymmetric bending vibration of the bridgg) (
3-fold coordinated to scandium in these two complexes. Indeed, bound hydrogen atoms. The highest frequency band (1406 cm
the calculations show that for these complexes the lowest energyfor Fe;H,", 1360 cn! for FesHe™, 1370 cntt for FesHy™) is
isomers have a face:f) bound oxygen atom. caused by the collective antisymmetric stretch vibration of the

Although H; is predominantly 3-fold coordinated to small  bridge () bound hydrogen atoms.
cationic vanadium clusters, some 2-fold coordinated H can be  Several cluster size dependent absorption bands are observed
present as well® Several cluster size specific absorption bands for the cobalt hydride complexes. The vibrational spectrum of
are observed in the 55450 cnt? range. In contrast to the  FesH4t is very similar to the spectrum of @ds" suggesting
spectra of (He™ and VsHg™, the spectrum of YHg* consists that the hydrogen is similarly bound in these two complexes.
of two well-resolved bands, indicating that this complex might The bands observed for g#,™ (1110 and 1400 cmi) are
have a higher degree of symmetry. Indeed, the calculations showshifted slightly compared to Be4+ (1130 and 1370 cri). The
that the lowest energy isomer hag, symmetry with only little spectrum of CgH," also resembles the spectrum of,Hg"
deviation from octahedral symmetry and therefore a relatively except for the clear shoulder observed at 1000'dior Co;H,™.
simple vibrational spectrum. The hydrogen atoms bind on top However, the spectrum of Gde¢™ shows some noticeable
of the facets of the octahedron formed by the vanadium atoms. differences with the spectrum of §&". The vibrational spectra
The band centered at 1275 thtan be assigned to a collective  of the lowest energy isomers of g™ and Cg@H," give good
antisymmetric stretch mode of face bound)(H atoms. The agreement with the experimental spectra of these species. The
band observed experimentally at 800 @ncorresponds to a  CosHg™ isomer that is in best agreement with experiment is
collective bending mode of 3-fold coordinatems) hydrogen 0.23 eV higher in energy than the lowest energy isomer. In case
atoms. The WHgt complex hasC,, symmetry, and the YHe"™ of CosHg' two hydrogen atoms are 3-fold coordinated to the
complex only possess€ symmetry. The WHe™ complex has cobalt cluster with the other four bridgew) bonded. The
a tetragonal core of vanadium atoms with all the hydrogen atoms agreement between the experimental and calculated spectrum
bridge {«2) bound to the metal cluster. The structure of the of CosHg' is not very good and it might well be that several
VssHg™ complex can be described as a slightly distorted structure isomers are present and/or that the actual structure is different
of the VeHg" complex with one of the vanadium atoms removed. from the one shown in Figure 4. The calculations indicate that
The experimental spectra are in best agreement with thethe CaeHs" complex has the same structure as theHzé
calculated spectra of the lowest energy isomers. The calculatedcomplex. It is predicted to have 13 unpaired electrons. The
absorption band observed at 1450 ¢énin the spectrum of structure of the CgH,™ complex is very similar to the structure
VsHgt corresponds to a collective antisymmetric stretch vibra- of FegHs™ and has 9 unpaired electrons. The metal atoms form
tion of bridge f«2) bound hydrogen atoms. The intense absorp- a slightly bend elongated rhombus with the two hydrogen atoms
tion band at 1280 crt is due to the collective antisymmetric  bridge ;) bound symmetrically with respect to the long axis
stretch vibration of the face:§) bound hydrogen atoms. of the rhombus. Three bands (1390, 1060, and 1000'care

The vibrational spectra of G, FeHs", and FeHs* in observed in the vibrational spectrum of £l that are
the 700-1500 cnt? range are very similar and consist of two  reproduced by the calculations. They can be assigned to
well-resolved bands, implying that hydrogen is similarly bound collective antisymmetric stretch, symmetric bending, and anti-
in these three complexes and that these complexes have &ymmetric bending vibrations of the bridgeXbound hydrogen
relatively high degree of symmetry. The bands observed for atoms, respectively. The optimized geometry ofsl€g is
the cationic iron hydride complexes are found at higher similar to the structure of the neutral complex reported in the
frequencies than reported earlier for neutral iron-hydride literature2°
complexeg® Calculations on FgH14 reported in the literature The IR-MPD spectra of NHy,"/NinDyy™ (n = 4—6) are quite
assign these bands to bridge,) bound hydrogen atonds. different from the other transition metal hydride complexes. For
Indeed, the calculated complexes, whose vibrational spectra arehe nickel deuteride complexes bands located in the 2300
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Figure 5. IR-MPD spectra of S¢H,O" (left panel) forn = 3—20 and 600 800 1000 1200 1400
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correspond with the number of scandium and hydrogen atoms in the Figure 6. IR-MPD spectra of YH"

- complexes fon = 4—20 (bottom
complex, respectively.

to top). The valuesn; m) correspond to the number of vanadium and
hydrogen atoms in the complex, respectively.
2500 cntt range are observed, proving that at least part of the

D5 is molecularly bound in these complexes. The frequency of symmetry. The metaldihydrogen bond is stabilized by back-
the D—D stretch ¢(D—D)) band is shifted considerably to lower donation of electrons from a (partially) filled methbrbital to
frequency compared to the frequency of freg(2941 cnt?). the o* orbital of H,. The increased population of the antibonding
This implies that the Pmolecules must be chemisorbed to the ¢* orbital of H, weakens the HH bond. The net effect is a
nickel cluster because physisorbed species only show smalltransfer of electron density from,Ho the metal. The bands in
frequency shift$! For NisD16" two relatively narrow bands are  the 1006-1500 cnT? range are also observed for the other
observed in the high-frequency range. The spectra of the nickeltransition metal hydride complexes and are assigned to stretch
hydride complexes also exhibit distinctly different features in and deformation vibrations of bridge and/or face bound hydro-
the low-frequency range compared to the other transition metal gen atoms. The absorption bands in the spectra gt and
hydride complexes. A strong absorption band is observed for NigH;g" are much broader than for ;6" This could be due

all nickel hydride complexes at frequencies below 900&m  to the presence of several isomers. A small rotational barrier
The presence of these bands provides further evidence that (parfor the chemisorbed FHmolecules could also contribute to the
of the) hydrogen is differently bound in nickel hydride broadening of the bands. For the,Nj;" and NiDy,~ complexes

complexes. They are assigned to the-Np stretch ¢(Ni—Hy)) the agreement between the experimental and calculated spectra
vibration. The metatdihydrogen bond can be described by is reasonable. All the experimentally observed features are
similar concepts used to describe the metdéfin bond>2 The reproduced by the calculations. Upon substitution of the

H, molecule is virtually always side-on bonded to the metal. It hydrogen atoms by deuterium all modes, except for the-Ni
can be described as a three-center-two-electron bond and iNi modes, scale down in frequency by a factor close ¥8 2
formed by donation of electron density from the occupied  (£+1.2%). The calculated frequencies of t{®—D) bands are

orbital of H, into an empty metal orbital of appropriate too low, and the calculated frequencies of théNi—H,)
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vibrations are too high. This demonstrates that our calculation L

overestimates the NiH, bond energy. All nickel complexes > >6

have the lowest possible (doublet) spin state. The quenching of g 100

the magnetic moment of nickel clusters upon adsorption of g "WWW

hydrogen has also been observed experimerfiélijie NizH1," 8§ S0

complex can be described as a cluster with a tetrahedral core 600 800 1000 1200 1400

spanned by the Ni atoms with one hydrogen atom bound to Frequency / cm"

each facet of the tetrahedron and ongrholecule bound to  Figure 8. IR-MPD spectra of CgHn* complexes forn = 4—20
each nickel atom. The structures of thesflis" and NiD1g* (bottom to top). The values(m) correspond to the number of cobalt

complex can be described in similar terms where the five nickel and hydrogen atoms in the complex, respectively.
atoms in NéH16™ span a trigonal bipyramid and the 6 Ni atoms

in NigH1g™ span a tetragonal bipyramid. SoH260" no band at~1200 cnttis observed, which indicates
C. Complexes withn = 3 — 20. 1. Scandium. The that SggH,s0™ does not contain any internal hydrogen atoms.
experimental IR-MPD spectra of $¢,0" (n = 3—20) and 2. Vanadium.The spectra of the hydrogen saturated vanadium

SGHMO2" (n= 3—18) are given in Figure 5. Several absorption clusters are given in Figure 6 for complexes containing between
features are identified in the 864250 cnt! range. The spectra 4 and 20 metal atoms. Several cluster size specific absorption
of SqHO" and SgHmO> complexes are very similar. This  bands are observed in the 550450 cnt?! range. The spectra
suggests that the S¢d bonds are not significantly influenced  of most species show complicated band patterns, indicating that
by the presence of an additional oxygen atom. As outlined the vanadium hydride complexes do not have a high degree of
above, an oxygen atom bridge,] bound to scandium gives  symmetry. As described above, the ne@lysymmetric \iHg™
rise to an absorption band around 640énThis band is only is an exception. The structures oftNigt, VgH12™, and VeH1o"
observed for S#HsO", SgH40,", SgH,O™, and SgHO,™, have been discussed in the literattit&hese complexes contain
implying that the oxygen atom is 3-fold, or higher, coordinated predominantly faceis) bound hydrogen atoms, and also at least
to the other scandium complexes. As pointed out above, theone bridge ;) bound hydrogen atom. The experimentally
lowest energy isomers of §4;0" and SgH;00*" contain a face observed band at1400 cnt! for these complexes is due the
(us) bound oxygen atom. None of the 550" spectra show stretch vibration of bridgeu) bound hydrogen atoms. The
any indication for high-symmetry structures. The most intense vibrational spectra of clusters containing 4, 5,9 12, 14, and
absorption band shifts to lower frequency with increasing cluster 16—18 vanadium atoms all show an absorption band at
size. ~1400 cnt?, and these complexes therefore likely contain some
The vibrational spectrum of tetrahedrally coordinated hydro- bridge () bound hydrogen atoms.
gen ina-SchHy 34 has been measured using neutron scattering. 3. lron. The experimental IR-MPD spectra of Jrg,"
The frequencies of two modes associated with tetrahedrally complexes witm = 4—15 are shown in Figure 7. For fé,",
coordinated hydrogen atoms were reported to be 834 andFeHg", and FgH4" it has been shown above that the bands at
1189 cntl, respectively® For the largest cluster complex ~1400 and~1200 cnt?! are due to collective stretching and
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in quasi 3-fold hollow site§® As outlined above, part of the
hydrogen atoms are bridge, 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 KHaturated
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 1050450 cnT?! 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 ofHGd,
CosHgt, and CgH,4" indicates that for these complexes bands
in the 1060-1110 and 13861410 cnt! ranges are due to
bridge {12) bound hydrogen atoms. An absorption band with a
frequency of~1400 cnt! is present in the spectra of several
of the larger cobalt hydride complexes, implying that part of
the hydrogen atoms are bridge) bonded in those complexes.
Hydrogen is known to adsorb in 3-fold hollowd) sites on a
Co (10D) surface’® Vibrational spectra of these species
measured with HREEL® show adsorption features around
1150 cnt. Calculations on Cg,*, CosHat, and CeH4™ that
contain face #s) bonded hydrogen atoms show that the
——— stretch vibration of 3-fold coordinated hydrogen atoms lies in

800 1200 1600 2000 2200 2400 the 1200-1320 cnr! range. Absorption bands in the 1100
Frequency /cm” 1300 cnt?! range are present in the spectra of most cobalt
Figure 9. IR-MPD spectra of NHw+ complexes fon = 4—15 (bottom hydride complexes. This strongly suggests that part of the
to top). The valuesr; m) correspond to the number of nickel and hydrogen atoms are facesj bound in cobalt hydride complexes
hydrogen atoms in the complex, respectively. that have an absorption band in this range.

bending vibrations of bridgeu) bonded hydrogen atoms, Interestingly, the vibrational spectra of {ddis" and CaHis™
respectively. The exact positions and spacing of these bandsare rather different, suggesting that bulk adsorption behavior is
depend on the particular complex. Bands indicative of bridge Notyet been reached for cobalt clusters with more than 17 metal
(u2) bound hydrogen atoms are also present in the vibrational atoms. For several complexes ¢g", CosHg", CosHo",
spectra of FgHs", FeHs™, and FesHy,t. Calculations on  COwoHio", CouHio’, and CagHie") a broad band is observed
FeHs", FeHst, and FeHs© containing face 4z bound at lower frequency. Such a broad band is not present in the
hydrogen atoms (see Supporting Information), show that the Vibrational spectra of the hydrogen complexes of the earlier
collective stretch vibration of 3-fold coordinated hydrogen atoms  transition metals. Considering the rather poor agreement between
lies in the 1206-1300 cnt? frequency range. Absorption bands the experimental and the calculated spectrum ofHgo, we
at higher frequencies are clear indications for bridg# ound cannot definitely assign this band.
hydrogen atoms. Part of the hydrogen is therefore expected to 5. Nickel. The IR-MPD spectra of NHy/NinDmt complexes
be bridge f2) bound in FeHe", FesHs", FesHist, and with n = 4—15 are shown in Figure 9. The spectra of most
FesH12T. The presence of faceud) bound hydrogen atoms  complexes are remarkably similar1AD—D) band is observed
cannot be excluded. Additional qguantum chemical calculations for clusters up to NDyg". In the low-frequency range, there is
are required to verify how hydrogen is bound in the larger an intense absorption band-a¥50 cn1! in the spectra of alll
complexes. It is interesting to note the difference between the complexes (except for NjHzo") and (at least) two bands in
spectra of FeH;,™ and FesHi2™. Both Fa,™ and Fes™ bind the 800-1600 cm! range. As outlined above, the DFT
12 hydrogen atoms but the spectra of the hydride complexescalculations assign the band at 750 émto a v(Ni—Hp)
are different. Therefore the hydrogen adsorption sites have tovibration. However, the disappearance of the other tell-tale
be different, which in turn implies a different metal cluster feature of molecularly chemisorbed,Hhe v(D—D) band, for
structure. DFT calculations have indeed predicted that thg Fe clusters with 10 or more nickel atoms could indicate that only
cluster does not have icosahedral symmetry whereas the Fe atomically bound hydrogen is present for the bigger complexes.
cluster doe$? Other possible reasons include a shift of the-I stretch

It is known from low-energy electron diffraction (LEED) vibration to higher/lower frequency or that the-D stretch
studies that H atoms adsorbed on a Fe(110) surface are boundibrations have only little intensity. If the intramolecular axis

15,20

14,20

13,18

12,20
11,20

10,20

8,20
7,14

6,18

5,16

4,12

ALELLHEE i

lon Intensity / %
~
wv

TABLE 1: Experimental Vibrational Frequencies (cm~1) and Their Assignments for the SgH,O", VoHn ", FesH,™, CoHm™,
and Ni,H,,™ Complexes

mode Sc \ Fe Co Ni
v(M—H,) 650-760
»(D—D) 2420-2515
Y(M—uzH) 1100-1110 1426-1430 1356-1400 1385-1400
v(M—uzH) 1270-1280 1156-1230 1216-1270
O(M—uzH) 1130-1220 1036-1110

S(M—psH) 810
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of H, molecularly chemisorbed on an extended surface is parallel ~ Supporting Information Available: Fabrication process of
to that surface, the HH stretch vibration will only have very  the%8Ni rod, tables of vibrational spectral data, tables of atomic
little intensity due to the induced dipole in the metal. Consider- coordinates. This material is available free of charge via the
ing the presence of the intense absorption band in the spectrdnternet at http://pubs.acs.org.
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