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Abstract: We report on the size-dependent interaction of carbon monoxide molecules with hydrogen covered
vanadium clusters containing between 5 and 20 atoms. Structural information on these hydrogen covered
vanadium clusters and their complexes with CO is obtained from infrared multiple photon dissociation
spectroscopy, complemented with density functional theory calculations for the Vs to Vg cluster sizes. The
non-dissociative or dissociative binding of CO on the metal clusters is detected by the presence or absence
of the »(CO) stretching band in the infrared spectra. It is found that the CO molecule dissociates on bare
vanadium clusters, while it adsorbs intact on all saturated hydrogen covered Vs " clusters, with the
distinctive exceptions of Vs*, Vo, V11T, and Vigt. We show that dissociative chemisorption is prevented
when the potential binding sites of atomic C and O atoms are blocked by H atoms.

Introduction a starting point, one finds that, at room temperature, all metals
Metal nanoparticles plav. or promise to plav. an important to the left of the diagonal CoRu—Re in the periodic table
P piay, or p pay, P dissociate CO.At elevated temperatures, Co, Ru, and Ni also

roI;a Imta fwmile rlfmghe d?f syr?tetmrs, 'nfrl]u?'r;? lhetirdogr):ner?ut? dissociate CO, and, for example, supported Ru, Co, and Fe
catalysts, Tuel cells, nydrogen storageé materiais, a agne Cnanoparticles are used in the Fisch&ropsch process.

devices including high-density recording media. The presence The reaction of gas-phase clusters of the late transition metals
f r n the nanoparticl rongly aff he nano- ; Rt \ X
of adsorbates on the nanoparticles strongly affects the na oCo, Ni, Rh, and Au with CO has been studied using IR

particle properties with respect to these applications. Indeed, . X
spectroscopy at room temperature, and, in analogy with sup-

the interaction of an adsorbate with a nanopatrticle is one of the . . 7 .

crucial issues in nanoscience. The chemical nature of the porte_d nanoparticles and metal surfaces, non-d|SSOC|atlve chemi-

nanoparticle-adsorbate interaction is of fundamental chemical sorption h_as been observedln contrast, it has _be‘?” sh_ov_vn
by a combined spectroscopy/DFT study that CO is dissociatively

interest, especially for catalysisThe interaction bears resem- : -~
blance to both the metaligand interactions in coordination chemisorbed on small clusters of the early transition metal Nb.
Previous studies on the reaction of With transition metal

chemistry and to the surfac@adsorbate interactions studied in . . . L
y clusters have been discussed in two revi@#sThe reactivity

the field of surface science. With the nanoparticles getting £ Ho t dt ii tal clust A v d d th
smaller, free clusters are an important testing ground for basic of Mz toward transition metal clusters strongly depends on the

adsorption phenomena. size of the cluster and correla_ltes with the_ energy reqmred_ to
. . . promote an electron from the highest occupied molecular orbital
In this Article, we study gas-phase transition metal clusters

o . . . (HOMO) to the lowest unoccupied molecular orbital (LUMO)
and their interaction with hydrogen and carbon monoxide. The of the cluster! Vibrational spectra of Flm complexes have

determination of the bonding sites and ground-state geometriesbeen measured using a tunable Qaer covering the spectral

of metal hydrides yl_elds ""F’O”*%”t information for _the study of range from 885 to 1090 cr. Several absorption features were
hydrogen storage in nanoparticle systéfis. addition, the observed in this spectral range that were ascribed toH-e
interaction of free clusters with CO and; lgrovides detailed P 9

mOdel. systems for F|scheﬁ'ropsch SyntheSlS’ WhICh. IS a (4) Hansen, P. L.; Wagner, J. B.; Helveg, S.; Rostrup-Nielsen, J. R.; Clausen,
catalytic process to transform supported metal nanoparticles that "’ g, s : Topsee, HScience2002, 295, 2053.

i - i _ (5) Broden, G.; Rhodin, T. N.; Brucker, Gurf. Sci.1976 59, 593.
trans;arm .mIXture.S of CQ and antO Iong .Cham hydrocar (6) Fielicke, A.; von Helden, G.; Meijer, G.; Pedersen, D. B.; Simard, B.;
bons?# Using the interaction of a surface with an adsorbate as Rayner, D. M.J. Chem. Phys2006 124, 194305.
(7) Fielicke, A.; von Helden, G.; Meijer, G.; Pedersen, D. B.; Simard, B.;
Rayner, D. M.J. Am. Chem. So@005 127, 8416.

TUtrecht University. (8) Pedersen, D. B.; Rayner, D. M.; Simard, B.; Addicoat, M. A.; Buntine, M.
* Fritz-Haber-Institut der Max-Planck-Gesellschaft. A.; Metha, G. F.; Fiélicke, AJ. Phys. Chem. 2004 108 964.
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(2) Schlapbach, L.; Ztel, A. Nature 2001, 414, 353. (11) Concejéo, J.; Laaksonen, R. T.; Wang, L.-S.; Guo, T.; Nordlander, P.;
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Hz and CO Coadsorption on Vanadium Clusters

modes!?2 On neutral and charged vanadium clusters, the
adsorption of H, D,, and CO has been studied using flow tube
and ion trap techniqués-2° By studying the collision-induced
dissociation of cationic vanadium hydride complexes, the
binding energy of Hto Vs™ has been determined to be 24
0.3 eV, implying dissociative chemisorptidhReaction rates
for the adsorption of B H,, and CO toward neutral and charged
vanadium clusters have been measuféf182°From these and
other studies, it has been found that individual &hd CO

molecules chemisorb dissociatively on clusters of the early

transition metals V and N$13-16.19.21

We report here on saturated hydrogen complexes of gas-phast
cationic vanadium clusters and on the effects of coadsorption

of H, and CO. A saturation behavior in the reaction with

hydrogen has been observed before for niobium, iron, and cobalt 300

clusters223 However, so far there are no conclusive explana-
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Figure 1. Mass spectra of fully hydrogen saturategHv," complexes with

tions for the saturation stoichiometries, for example, in terms mass/charge ratios between 300 and 600. The top spectrum shows part of
of cluster structure or H adsorption geometries. We apply the mass distribution of cluster complexes in the molecular beam where

infrared multiple photon dissociation (IR-MPD) spectroscopy
to measure vibrational spectra of the hydrogen saturated cation
vanadium clusters (\W") and their complexes with CO (W~
CQO") containing up to 20 vanadium atoms in the 5@200

7,10 indicates the ¥H,6" complex, etc. The lower mass spectrum shows

. the changed mass distribution upon overlap of the molecular beam with a
Geam of IR radiation resonant with an infrared active mode of the cluster

complexes. The arrows indicate photoinduced fragmentation.

cm ! range. The spectral range covered in the experiment Neutral, anionic, and cationic clusters are produced in this process.

includes the range of the-€G0 stretch vibration (16062200
cm 1) and of the \-H stretch and deformation modes (700
1500 cntl). The experimental work is complemented with

Reactions with Hand CO are initiated by adding either purg 6t

CO or a mixture of 0.1% CO in Hvia a pulsed valve into a small
flow reactor channel downstream of the cluster source. The extent of
complex formation is controlled by adjusting the gas flow through the

density functional theory (DFT) calculations to obtain informa- y4jve. After passing the reactor channel, the molecular beam is
tion on the geometry and chemical bonding in the saturated expanded into vacuum and shaped by a skimmer and an aperture before
vanadium hydrides and the monocarbonyl vanadium hydride entering the extraction region of a time-of-flight mass spectrometer. A
complexes. It is shown that it is possible to induce a transition counter-propagating pulsed IR beam delivered by FELIX is focused

from dissociative to molecular chemisorption of CO by coad-
sorbing hydrogen on the metal cluster.

Experimental Section

to fill 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. This process is facilitated
by the high density of vibrational states and the fast internal vibrational

The experiments have been performed using a molecular beamredistribution of energy. The photon energy is quickly transferred to a
apparatus coupled to a beamline of the free electron laser for infrared heat bath of other modes such that subsequent absorption of other

experiments (FELIXY* at the FOM Institute for Plasma Physics in

photons is possible on the same transition. In principle, relaxation can

Nieuwegein, The Netherlands. This FEL can produce continuously occur by emitting photons or electrons or by fragmentation. Both

tunable IR radiation (462200 cm?) in a train of macropulses,510

electron emission and fragmentation lead to changes in the cluster

us in length, at a repetition rate of up to 10 Hz. Each macropulse distribution that can be probed using mass spectrometry. The dissocia-
consists of a train of micropulses with a length of a few picoseconds tion energy of metal hydride and deuteride clusters is typically on the
that are typically separated by 1 ns. The experimental setup andorder of several electronvolt$2”-3! and hence many photons have to

measurement procedure has been described in detail Héfefe.

be absorbed to overcome the barrier to fragmentation. For example,

Vanadium clusters are produced by pulsed laser ablation using thethe binding energy of Hon Vs is 2.4+ 0.3 eV} so at a minimum

second harmonic of a Nd:YAG laser and entrained in a flow of He.

(12) Knickelbein, M. B.; Koretsky, G. M.; Jackson, K. A.; Pederson, M. R;
Hajnal, Z.J. Chem. Phys1998 109, 10692.

(13) Dietrich, G.; Dasgupta, K.; Kuznetsov, S’itzenkirchen, K.; Schweikhard,
L.; Ziegler, J.Int. J. Mass Spectrom. lon Processe396 157—-158 319.

(14) Dietrich, G.; Dasgupta, K.; ltmenkirchen, K.; Schweikhard, L.; Ziegler,
J. Chem. Phys. Lettl996 252 141.

(15) Hamrick, Y. M.; Morse, M. DJ. Phys. Chem1989 93, 6494.

(16) Holmgren, L.; Rosg, A. J. Chem. Phys1999 110, 2629.

(17) Liyanage, R.; Conceicao, J.; Armentrout, PJBChem. Phys2002 116,
936.

(18) Zakin, M. R.; Cox, D. M.; Brickman, R.; Kaldor, Al. Phys. Chen1989
93, 6823.

(19) Cox, D. M.; Reichmann, K. C.; Trevor, D. J.; Kaldor, A.Chem. Phys.
1987 88, 111.

(20) Balteanu, I.; Achatz, U.; Balaj, O. P.; Fox, B. S.; Beyer, M. K.; Bondybey,
V. E. Int. J. Mass Spectron2003 229, 61.

(21) Geusic, M. E.; Morse, M. D.; Smalley, R. B. Chem. Phys1985 82,

90.
(22) Morse, M. D.; Geusic, M. E.; Heath, J. R.; Smalley, RJEChem. Phys.
1985 83, 2293.
(23) Parks, E. K.; Liu, K.; Richtsmeier, S. C.; Pobo, L. G.; Riley, S. Lhem.
Phys.1985 82, 5470.
(24) Oepts, D.; van der Meer, A. F. G.; van Amersfoort, P.Iifrared Phys.
Technol.1995 36, 297.

14 photons at 1400 cm have to be absorbed to induce fragmentation.
For the vanadium hydride complexes, fragmentation is observed to be
the dominant cooling process. Irradiation of vanadium hydride com-
plexes with IR radiation of a frequency of 1440 thnleads to
fragmentation of the saturated complexes under loss,ahélecules.

This can be seen in Figure 1 where significant fragmentation is observed
for the V7H1o", VgH12", and H12" complexes upon irradiation with

IR photons with a frequency of 1440 cfand complementing growth

of the V7Hg", VgH1o", and WH1o" complexes. The arrows in Figure 1
illustrate this process.

(25) Fielicke, A.; von Helden, G.; Meijer, G.; Pedersen, D. B.; Simard, B.;
Rayner, D. M.J. Phys. Chem. B004 108 14591.

(26) von Helden, G.; van Heijnsbergen, D.; Meijer, GPhys Chem. 2003
107, 1671.

(27) Liu, K.; Parks, E. K.; Richtsmeier, S. C.; Pobo, I. G.; Riley, SI. Chem.
Phys.1985 83, 2882.

(28) Liu, F.; Liyanage, R.; Armentrout, P. B. Chem. Phys2002 117, 132.

(29) Liu, F.; Armentrout, P. BJ. Chem. Phys2005 122 194320.

(30) Concejéo, J.; Loh, S. K.; Lian, L.; Armentrout, P. B. Chem. Physl996
104, 3976.

(31) Concejéo, J.; Liyanage, R.; Armentrout, P. B:hem. Phys200Q 262
115.
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(

i Vaa rJ ( VgHg™ is the only complex in the size range< 5—20) studied

[ o 1o that shows two well-resolved bands, implying a highly sym-
' metric structure. Other clusters seem to have a less symmetric
h— structure. IR-MPD spectra of bare vanadium clusters show
\/_\/\A\ \ \A'V\/m{_ exclusively modes below 450 crh and we therefore assign
' the absorption bands in the 760500 cnT?! range to \V-H
stretch and deformation vibratiofs33
The far-infrared spectra of bare,Vclusters as compared to
- calculated IR spectra led to the determination of the structures
WW for small vanadium cluste$.For many of these clusters, there
7,10 is a direct relation between the number of triangular facets on
the bare clusters and the observed hydrogen saturation number.
> This strongly suggests that the hydrogen atoms mainly occupy
|| || \[ \/ V three-fold hollow sitesy® coordination) on the cluster surface.
The only exception is the & cluster, which has a hydrogen
6,8 saturation stoichiometry of 8, but the metal cluster has 6
triangular facets. Therefore, at least some hydrogen has to be
two-fold (u?) coordinated to the metal cluster. Comparison of

b
—
Y
_—
—

* "V’\f_"\/\ A IR-MPD spectra and calculated vibrational spectra supports this
%'c-a- U assignment and will be discussed below.

5 56 The reaction of vanadium clusters with hydrogen in the
© 5 presence of a small amount of CO (0.1%) yields mainly
N 500 000 im0 2000 00 ooo | 1s00 2000 saturated vanadium cluster hydrides and, to a small fraction,

Photon energy / em”’ Phaton energy { cm ' their complexes with single CO molecules. Although &hd

Figure 2. IR-MPD spectra (black) of fully saturated.M" (left panel) CO may compete in the reaction with the clusters, the high
and the corresponding M,COt complexes fom = 5—9 (right panel, excess of Hrelative to CO leads in most cases to the initial

bottom to top). Values afiandm for the fully saturated clusters are denoted  formation of the hydrogen saturated complexes like in the

asn,min the graph. The spectra erlcted in red are calculated IR spectra absence of CO. This indicates that the CO reacts mainly with

for the structures shown in Figure 3. The calculated spectrum of

V7H10CO" is a linear combination of the two isomers depicted. preformed hydrogen covered clusters. The IR-MPD spectra of

the complexes of cationic vanadium cluster hydrides with CO

The mass spectrometer extraction pulse is timed such that spectra(VnHmCOY) are shown in the right panel of Figure 2 for=

are recorded of a part of the cluster distribution that is exposed to a 5—9. The spectra of the ¥1,CO" complexes closely resemble

macropulse of IR radiation (lower trace in Figure 1). Mass spectra of the spectra of the corresponding hydride complexes in the-700

a reference distribution that is not exposed to IR radiation are recorded 1700 cnt?! range for most WHCO" complexes. Significant

on alternate shots to compensate for shot to shot variations in the clusterchanges in this range are only found in the spectra sig¥

intensities (upper trace in Figure 1). Tracking the intensity of complexes o+ gnd V/H1,CO™. The hydrogen saturation stoichiometry

icr:)r:hfr r::]tas; c?fpti(:rlLlj?meDa fig?g)rfrﬁ; thi(lztl?raflre;}nueengz Z”Z\g'snt;ee of a Vs cluster decreased from 8 to 6 in the presence of CO,
structi i} spectra. sp range covered | indicating competitive adsorption of CO and.H

experiment includes the range of the-O stretch vibration (1600 . .
2200 cn1?) and of the V-H stretch and deformation modes (700 The spectra of CO adsorbed on vanadium clusters without

1500 cmY). hydrogen adsorption show no detectable absorption features in
the range of the(CO) stretching vibration (16562200 cnt?),
indicating that CO is dissociatively chemisorbed on all bare
Reactions of the vanadium clusters with molecular hydrogen vanadium clusters. In contrast, for most of the CO complexes
lead to successive addition oftholecules to the cluster until ~ Of the hydrides a band corresponding to the @ stretching
a cluster size-specific coverage is reached. For example, vV Vibration of atop ') bonded CO between 2120 and 2170¢ém
can be saturated with 8 hydrogen atoms: \and Vst bind is observed. The presence ofvfCO) band implies that it is
maximally 10 and 12 hydrogen atoms, respectively. A typical Possible to molecularly chemisorb CO on cationic vanadium
mass spectrum of vanadium cluster cations saturated withclusters by coadsorbing hydrogen molecules. On hydrogen
hydrogen is shown in the upper trace of Figure 1 along with covered cationic vanadium clusters containing 5, 9, 11, and 19
the saturation stoichiometries of M,/ (n = 6—11). Irradiation ~V atoms, nov(CO) stretching band was observed, indicating
of this complex distribution with IR light of a frequency of 1440 dissociative chemisorption of CO on these cluster sizes.
cm ! leads to fragmentation of the saturated complexes under To probe the origin of the size-dependent stabilization of CO
loss of H, molecules (lower trace in Figure 1). on hydrogen covered vanadium clusters with respect to the
The IR-MPD spectra of the M, and ViHCO* complexes behavior on the bare metal clusters and to obtain information
are constructed from the changes of their initial intensity when on the binding geometries of the adsorbed species, we performed
scanning the IR frequency and are shown in Figure 2 for the density functional theory (DFT) calculations using the TUR-
size range oh = 5—9. The spectra of the larger.My* and ~ BOMOLE quantum chemistry packag&=® All calculations
VnHnCO* complexesif = 10—20) are shown in Figure S1 in — —
the Supporting Information. Several absorption bands are (32) g'e",\‘,’l‘g"]efGK'Sm( R S 6 bagapy - nemer, M- von Helden,
identified between 700 and 1500 ch For the vanadium (33) Ratsch, C.; Fielicke, A.; Kirilyuk, A.; Behler, J.; von Helden, G.; Meijer,
hydride complexes, no bands are observed at higher frequencies., ,, S Scheffler, M.J. Chem. Phys200§ 122, 124302,

; ; (34) Ahlrichs, R.; Ba, M.; Haser, M.; Horn, H.; Kémel, C.Chem. Phys. Lett
The observed absorption bands are not in all cases fully resolved. "~ 1989 162, 165.

Results and Discussion
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VsHgCO™ and VH1", for which the calculations indicate that
the lowest energy isomers have a triplet spin state. However,
the experimental spectra are in better agreement with isomers
with a singlet spin state that are only 0.12 and 0.20 eV higher
in energy, respectively. This is close to the expected accuracy
of the calculations.) Typically the energy difference between
spin states is small, less than 0.2 eV, and it is therefore not
possible to assign a particular spin state to a cluster on the basis
of energetic considerations alone. The calculated cross-sections
were converted to transmission scale to allow for a direct
comparison with the experimental spectra. The calculated
spectra, folded with a Gaussian peak shape of 30'amidth,

that are in best agreement with the experimental data are shown
in Figure 2 directly above the experimental IR-MPD spectra.
No frequency scaling is applied. The intensity of the calculated
CO stretching peak in Figure 2 has been scaled to 20% of the
calculated value for ease of comparison. This intensity scaling
accounts for the considerable lower IR laser intensity used in
the dissociation experiments in the range ofit{€0) vibration

(15 mJ/pulse at 2200 crivs typically 60 mJ/pulse in the range
from 600 to 1500 cmt). The intensity ratios between different
peaks may be different in the calculated and experimental spectra
due to the fact that the calculations give single photon cross-
sections, while IR-MPD is a multiple photon process.

The optimized cluster geometries as found from the calcula-
tions are shown in Figure 3. ForgMg™, the lowest energy
structure has octahedral symmetry and therefore a relatively
simple IR spectrum, in agreement with experiment. The
hydrogen atoms bind on top of the facets of the octahedron

b SN
e ISal,
,./ \g.?'}:

V,H,,CO* formed by the V atoms. The band centered at 1275coan
Figure 3. Geometric structures of isomers of saturategy* (left) and be as&gnt_ed to a collective antisymmetric stretch mode O_f three-
V HmCO"™ complexes (right) fom = 5—9 selected on the basis of the  fold coordinated %) H atoms. The band observed experimen-
comparison of experimental and calculated IR spectra. tally at 800 cn! corresponds to a collective bending mode of

three-fold coordinateduf) H atoms. The calculated structures
were performed using the BP86 parametrization of the exchange-of the other complexes are less symmetric. The vibrations in
correlation functional and a triplg-valence plus polarization  the 700-1400 cnt regime involve collective motion of many
(TZVP) basis set! As a starting point for the calculations, we  gifferent atoms; that is, the vibrations are not localized, and it
used the geometries of the bare vanadium clusters as identifieds not straightforward to assign modes to absorption bands.
by a combined theoretical/IR-MPD stuihand placed hydrogen  Experimentally, many of the cluster complexes (see Figure 2
atoms in three-fold hollow() sites. For \§ complexes, an  for the experimental spectra ofMs*, V7H1ot, VeH1ot, VeH1s™,
additional similar metal cluster geometry was used that was and their complexes with CO) show an absorption band around
found to be degenerate in eneffyThe ground-state structures 1450 cnrl. This absorption feature can only be reproduced in
of several geometric isomers in different spin states have beenthe calculations by assuming that some of the hydrogen atoms
optimized for every cluster complex. We note that in this process hind in bridging () sites. The structures ofe#s™, V/Hio",
only a small portion of the configurational space is probed, and v/gH,,* and \kH:," shown in Figure 3 contain at least one
it is possible that the actual structures are different from the nydrogen atom in a bridging site. We therefore conclude that
structures shown in Figure 3. In many cases, several differenthydrogen predominantly binds in three-fold hollow sites, but a
structures are close in energy, and theory might not be accurateminor number of two-fold coordinated hydrogen atoms can be
enough to correctly predict the most stable complex. Moreover, present.
for kinetic reasons, the experiment may favor metastable species. The calculations find that CO is dissociatively chemisorbed
The IR spectra are sensitive to the geometry and the electronic;, VsHsCO", in agreement with the competitive adsorption of

state of the g:luster complex,. and the energy differences between-5 4q H and the absence of detectable absorption features
low energy isomers are typically on the order of-©1leV. In in the range of thev(CO) stretching vibration (16562200
case a structure could not be assigned on the basis of energeti m1). For VgHgCO", all three-fold hollow sites are occupied

considerations alone, a structure was assigned on the basis ofiith hydrogen atoms and CO is molecularly chemisorbed to
the comparison of the calculated and experimental spectra. These o Jatal atom. Its experimental IR spectrum is relatively

selected structures correspond, in most cases, with the IowestSimple due to the high symmetry of the complex, and well
energy isomers found in the calculations. (The exceptions arereproduced by the calculations;N;cCO" is the only cluster

(35) Eichkorn, K.; Treutler, O.; Oehm, H.; Haeser, M.; Ahlrichs@Rem. Phys. complex in this S_ize ra_nge for Whi_Ch we were not able to fu"y
Lett. 1995 240, 283. deplete the ion intensity by exciting the CO stretch mode at

(36) Ficnkom, K, Weigend, F.; Treutler, O.; Ahlrichs, Rheor. Chem. Acc. 2163 cn1?, which is an indication for the presence of isomers.

(37) Schifer, A.; Huber, C.: Ahlrichs, RJ. Chem. Phys1994 100, 5829. Moreover, it is the only cluster complex whose IR-MPD
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spectrum exhibits a weak absorption at 1650 tr&or all other hydrogen, these tilted precursor states cannot form, nor are there
cluster complexes, the highest observedH/absorption band  sites available for the C and O atom, leading to molecular instead
is around 1450 cmt. In the calculations, this feature can be of to dissociative chemisorption. Only for vanadium clusters
accounted for by a CO molecule that is bridge bonded to this where the hydrogen saturation stoichiometry matches the
cluster in a tilted configurations€ coordinated). The energy  number of triangular facets (clusters with 6, 7, and 8 vanadium
difference between configurations with atop apfbridging atoms) av(CO) vibration is observed.
CO is only~0.2 eV, and it is likely that both isomers coexist Clusters with 5, 9, 11, and 19 vanadium atoms do not show
in the molecular beam. Together with the experimental evidence, a band in the range of the(CO) vibration. For \{Hy", the
we conclude that the spectrum in Figure 2 has contributions saturation stoichiometryng) is 8. However, in the presence of
from at least two different isomers of;M10CO™. Structures CO, the maximum number of hydrogen atoms that can bind to
with three-fold coordinated CO were found to be unstable and the cluster is only 6, indicating competitive adsorption of CO
can therefore not be the origin of the band observed experi- and H. For VgH1,CO", we have seen that CO does dissociate
mentally at 1650 cm. because the surface is not completely covered with hydrogen
The geometry with the tilted bridgg?) bonded CO molecule (14 sites available and only 12 are occupied by hydrogen atoms).
could resemble a precursor state to dissociation that is stabilizedFor Vi1Hn", the saturation stoichiometrynf is 14, and the bare
by the coadsorbed hydrogen atoms. In fact, structures veryvanadium cluster has 17 triangular fac€tShe exact structure
similar to the complex with the tilted bridge3) bonded CO  of the bare \(g" cluster is not known, and it is therefore not
molecule have been observed experimentally for CO adsorbedpossible to relate the number of triangular facets with the
on Fe(100), Fe(001), and Cr(113)4! At the low temperatures  hydrogen saturation stoichiometry. For these cluster sizes, on
employed in these experiments, the precursor state for dissociawhich CO is dissociatively chemisorbed, not all available sites
tion is stabilized. Tilted bridge) bonded CO molecules have —are blocked with hydrogen.
also been predicted to play an important role in the dissociation conclusion
of CO on transition metal&:*3
For VgH1,CO™, good agreement between the calculated and
the experimental IR spectrum is obtained for a structure where
10 hydrogen atoms bind in three-fold hollow sites while two
hydrogen atoms are bridge bonded. The band pattern that is
observed experimentally is also reproduced by the calculations.
CO is molecularly chemisorbed to one of the V atoms. For
VgH1,CO", we did not observe an absorption band in the range
of the CO stretch vibration, indicating dissociative chemisorption indicates dissociation of coadsorbed CO molecules
of CO. Bare \4™ has 14 three-fold hollow sité8,while the :

. ; . We therefore conclude that blocking of available adsorption
highest hydrogen saturation number that could be achieved under . 2 . e
. - sites by hydrogen causes the transition from dissociative to
our experimental conditions was 12. As can be seen from the

g, molecular chemisorption of CO on vanadium clusters and leads
calculated geometry of 1, (Figure 3), 2 hydrogen atoms o . -
. h : to the stabilization of the CO complex against thermodynami-
are coordinated in a convex site spanned by 4 V atoms, cally favorable dissociative chemisorption. There have to be at
effectively blocking 2 three-fold hollow sites. The adsorption y pton.

he . least two vacant three-fold hollow sites on the cluster to
energy of an additional hydrogen molecule is not enough to . .
i accommodate the C and O atoms to enable dissociation of CO.
cause a rearrangement of theH{," cluster that could be

followed by adsorption of the additional hydrogen molecule. These results show that the interaction of CO molecules with

Upon adsorption of CO, the hydrogen ligands can undergo avanadlum clusters can be controlled by coadsorption of hydrogen

rearrangement, as is indicated by the calculated cluster geom_mole(:ules without changing the fundamental electronic structure

etries, and CO adsorbs dissociatively. Complexes with dissoci- of the nanoparticle. Th'S. Is probably a more gene_ral effect, and
. . - we are currently studying the H/CO coadsorption on other
ated CO will always be lower in energy due to the formation
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