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Abstract: The change in the electronic structure of Au,~ clusters induced by the exchange of an Au atom
by hydrogen is studied using photoelectron spectroscopy. Au anion clusters react with one hydrogen atom
but not with molecular hydrogen. The spectra of Au,™ and Au,-1H™ clusters show almost identical features
for n > 2 suggesting that hydrogen behaves as a protonated species by contributing one electron to the
valence pool of the Au,~ cluster. This behavior is in sharp contrast to that of the commonly understood
electronic structure of hydrogen in metals; namely, it attracts an electron from the conduction band of the
metal and remains in an “anionic” form or forms covalent bonding. We discuss the influence of the unique
electronic structure of H on the unusual catalytic behavior of Au clusters.

1. Introduction

Previous studies have shown that metal clusters can readily
bind with molecular hydrogen even though it does not form a

Most of the materials present on the earth contain hydrogen
atoms. Obviously, an understanding of the bonding of hydrogen

with other elements is one of the most fundamental problems strongly on the size and composition of the clusters and can
in chemistry, biology, and physics. Hydrogen shows a similar 41y over several orders of magnitude in a small size rdnge.
valence orbital structure to those of the alkali (Li, Na, K, Rb, powever, detailed studies on electronic structures of H on metal
Cs) and coinage (Cu, Ag, Au) atoms. Yet its properties are very ¢|sters are few?and therefore, no generally accepted picture
different from these metals. For example, H atoms combine 10 for the electronic structures of H on metal clusters is established.
form H, gas under ambient conditions and become an insulating pormation of a covalent bond between H andsAlwas found
liquid at cryogenic temperatures. Alkali and coinage metal i, theoretical studie® For LisH clusters, one electron from
atoms, in contrast, form metallic crystalline phases. In bulk the |j valence orbital is localized on H: in other words, H is
metals or on metal surfaces, hydrogen molecules usually gnionicl3 It is worth mentioning that the hydrogen-cluster
dissociate and bind atomically. The hydrogen atom generally interaction is an important issue in heterogeneous catalysis. For
draws electrons from the conduction band and remains in an example, clusters consisting of Au, which is inert in the bulk
“anionic” form, resulting in the H induced density of states lying  from, are active toward various reactions, in which hydrogen
several electronvolts below the Fermi enetgy.For late plays an important role (e.g., propylene epoxidatidrStudies
transition metals such as Au, Cu, and Ag, dissociation of H of the interactions between hydrogen and Au clusters are
shows relatively large activation barriers, and metal-H bonding essential to unveil the origin of the unusual chemical activities

stable hydride phase in the same sysfe@hemisorption
reactivity of metal clusters toward hydrogen adsorption depends

involves negligibly small charge transférs. At higher pressure
conditions, metal hydrides can forhin contrast, alkali metals
are generally strong electron donors on metal surféces.
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of Au, which is currently one of the most extensively studied
subjects in heterogeneous catalysis and surface chemistry. It is
important to mention that, recently, gas-phase Au anion clusters
were shown to be suitable model systems to shed light on
reaction mechanisms of Au-based cataly3is.
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The properties of clusters of “simple” metals such as Na or atomic orbitals. This is especially valid for alkali clusters and
Au depend strongly on the number of valence elect?dizor clusters of the coinage metals such as Au.
example, clusters with 2, 8, 18... electrons are magic; that is, Here, we examine the changes in the electronic structure
they are stable and chemically inert. These properties can beinduced by adsorption of a single H atom on Au clusters.
explained by the electronic shell modélin which the delo- Previously, the reactivity of hydrogen adsorption was found to
calized “conduction” electrons occupy shells in an almost be sensitive to the electronic structures of metal clusteis.
spherical potential. Magic clusters with high stabilities have the For small Au clusters, for example, cation and neutral clusters
closed shell configurations. These electronic shells can be allow chemisorption of hydrogen molecules, whereas the anion

observed directly using photoelectron spectrosé8p§.The clusters do not>3¢ Geometric structures of an H atom attached
electronic shell model is found to be valid for clusters of many to the small Au clusters have been tackled by theoretical
different metal?’ like the alkali metals (Na, K, Rb, CdJ,the studiest® However, electronic structures of H on Au cluster are
coinage metals (Cu, Ag, Ad§;1%2122group Il and Ill metals  still unveiled. On Au bulk surfaces, a few studies of H
(e.g., Mg, Alf®and bimetallic clusters such as May20:2427 chemisorption are carried out. For molecular hydrogen, no

The shell closing (or 18 electron rule for organometallic chemisorption is observed and only physisorption océéfbut
compounds) also plays a pivotal role in the adsorbate-clusteratomic hydrogen is chemisorbed readif§?:3°For many transi-
systems or organometallic compouridis®? For example, the  tion metals including Cu, Ag, and Au, H chemisorption results
observations that Ni(CQ) Fe(COj, and Cr(COy are more in the appearance of an additional feature in the band structure
stable than other carbonyl compounds can be explained in termswhich is assigned to covalent metadl bond formatiorf. Based
of closed shell configuration, taking into account that CO on this result, one may expect that hydrogen should form a
provides two electrons into the electronic shells of metals. covalent bond with Au anion clusters. On the other hand, Au
is noteworthy that, in inorganic or cluster compounds, CO often atoms have a larger electron affinity compared to that of
acts as a strong electron dorf®?%31:32Consequently, coad-  hydrogen, and thus Au clusters may behave differently toward
sorption of CO and other electron-withdrawing adsorbates suchH than bulk Au does. Our photoelectron experiment opHu
as oxygen can become cooperative rather than competitive onclusters shows that hydrogen behaves like a monovalent metal
small metal clusters, which is different from the results on metal atom, donating an electron to the valence pool of the Au clusters.
single-crystal surface®.Note that a strong metalCO bonding
is a consequence of the withdrawal of electrons from the metal 2- Experimental Details
surface via ther-back-donatior#* A question may be raised if We studied structures of mass-selected,Aand Au,1H~ using
other adsorbates such as H which are known to exist in the photoelectron spectroscopy. The experimental set up has been described
anionic state or form covalent bonding on transition metal in detail elsewheré? Au,~ anions are produced with a pulsed arc cluster
surfaces can also act as a strong electron donor in the clusteion source and mass selected using a time-of-flight spectrometer (mass
compounds. resolutionm/Am = 400). H, was inserted into the extender tube. A

The shell orbitals form by superposition of atomic s and p considerable_ amount of molecular hydrogf_sr_1 is dissociated in the electric
orbitals, for example, in the case of Au, the 6s and 6p orbitals, &'C generating H atontS. At these conditions AlH™ clusters are
Valence d orbitals are more localized and will be neglected for observed with |_ntens_|t|es sufficient for spectroscopy. The temperature

. . . L of the clusters is estimated to be about room temperature. A selected
further discussioA®° Size dependent variations of structures

. inl h unch is irradiated by a ultraviolet (UV) laser pulse (photon enetgy
and properties are mainly caused by the strong dependence o .66 eV), and the kinetic energies of the detached electrons are measured

the (s,p)-derived density of states on the number of contributing sjng a “magnetic-bottle™type time-of-flight electron spectrometer with
an energy resolution of about 2%. For larger Au clusters with 3,
the mass resolution is not sufficient to separate, Aand AuyH~
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Figure 2. Photoelectron spectra of pd~ and Au,~ clusters (photon en-

4 ) 3 ) 2 ) 1 ) 0 ergy = 4.66 eV). The spectra of clusters with the same total number of
atoms exhibit a surprising similarity. For the discussion of the marked
features, see text.

Binding Energy (eV)

Figure 1. Photoelectron spectra of Au (a), AuH™ (b), Au,~ (c), and

AuzH™ (d). The photon energy is 4.66 eV. For the discussion of the marked ground state to the one of nonground-state singlet of neutrals.

features, see text. . -
The neutral AuH dimer has a bond length of 1.52 A, a binding

energy of 3.10 eV, and a vibrational frequency of 2278 &m

which are in line with experimental values of 3.32 eV and 2305

cm™L. Mulliken analysis reveals that the charge on the H atom

in neutral AuH is+0.13. In the metallic host, this is around

—0.5. In the AuH cluster, the charge on H #80.2 and that on

Au amounts to—1.2. Thus the added electron in Aokprefers

the anionic electron ground state to the neutral quirfieg/4)

state?2 H chemisorption induces a large change in the spectrum
of AuH™, and four features are observed (see peak®An

Figure 1b). The appearance of feature A at a low binding energy
(BE) indicates a strong decrease of the vertical detachment
energy (VDE) down to 0.6t 0.2 eV with respect to the bare ) 7
Au atom. This feature exhibits a vibrational fine structure © reside on the Au atom rather than on the H atom. This arises

(arrows) corresponding to a vibrational frequency of 24p0  due to the large electron affinity of Au which is 2.3 eV.
200 cnt which can be assigned to the At stretching'3-45 Figure 1 parts ¢ and d illustrate the change induced by H

To complement the experimental work and gain an under- Chemisorption for Ag™. In the spectrum of bare Aa (Figure
standing on the electronic structure of hydrogen, we have 1€). P€ak A atlow BE is observed corresponding to a VDE of
calculated the geometry and total energies of neutral and anionic2-0 €V***®H-chemisorption induces a strong increase of the
AuH cluster and compared these toAusing density functional ~ VPE up t0 3.6= 0.1 eV (peak A in Figure 1d). The energy
theory and generalized gradient approximation for exchange andPOsitions of peaks A and B in Figure 1c correspond to the
correlation potential. The atomic orbitals were represented by c@lculated VDEs (2.13 and 3.86 eV) resulting from the transition
Gaussian basis. We have used the Stuttgart Relativistic Smallffom the doublet state of the Auto the singlet and triplet state

Core ECP basis set (commonly referred to as RSC Bééis) of the neutral counterpart. The calculated binding energy and
Au and 6-31%+G basis for H available in the Gaussian 98 Pond length of Ay of 1.06 eV and 2.56 A are also consistent

code for our computatior. This choice yields the ionization ~ With the experimental values of 1.15 eV and 2.47 A, respec-

potential and the electron affinity of Au to be 9.46 and 2.33 tvely. _

eV, respectively. These agree well with the corresponding FOr the dimers, the exchange of an Au atom by an H atom
experimental values of 9.22 and 2.31 eV. The ground state of results in a considerable change of the spectra. However, these
the AuH- cluster is found be a spin doublet with a bond length differences almost vanish for the larger species. Figure 2_disp|ays
of 1.64 A. The vertical detachment energies from the doublet SPectra of Ay~ and Auy,1H™ clusters forn = 3—8. A first
anion to the singlet and triplet states of the neutral AuH having INSPection suggests that the spectra of the Atd™ clusters are

the geometry of the anion lie at 0.84 and 3.78 eV, respectively. Similar to those of the respective Auclusters. Linear Ay
These results are consistent with peaks A and C in Figure 1b.has a high VDE (feature A at 3.9 e¥)and a relatively high
Peak B in Figure 1b could not be assigned based on theVDE is also observed for At~ (feature A at 3.6 eV).
theoretical calculations. Since one ends up with the ultimate Following the even/odd alternation, the VDE is relatively low
ground state of each spin state in our calculations, peak B shouldor Aua™ (2.8 V) as it is for AgH™ (2.6 eV). The spectra of

most likely result from the excitation from anionic doublet the four-atom clusters are very similar except for the small
differences in BE of the d-orbital emission (features marked

(43) Ross, R. B.; Ermler, W. Cl. Phys. Cheml1985 89, 5202-5206. B??).
44) Ramos, A. F.; Pyper, N. C.; Malli, G. IPhys. Re. A 1988 38, 2729- y . ..
“4) 2730. P v 8 For the five-atom clusters, the VDEs are again similar (peaks

(45) Schwertfeger, P.; Dolg, M.; Scharz, W. H. E.; Bowmaker, G. A.; Boyd, P. - i
DOW. 3 Chamn. Pyeio8g o1 17681774, marked A), but the spectrum of Ad~ looks different compared

(46) Dolg, M.; Stoll, H.; Preuss, H.; Pitzer, R. M. Phys. Chem1993 97,
5852-5859. (48) Ho, J.; Ervin, K. M.; Lineberger, W. Cl. Chem. Phys199Q 93, 6987
(47) Frisch, M.; et alGaussian 98Gaussian Inc.: Pittsburgh, PA, 1998. 7002.
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antibonding character of this orbital is reduced by strong s/p
01 o Au’ hybridization and relativistic effects compared to ;Agand
n Cu.
3’6-_ The spectrum of AuH (Figure 1b) can be discussed in terms
g 3.24 of the interaction of the H 1s orbital located at 13.6 eV (far
= ] / ‘ beyond the range of our experiment) and the Au 6s orbital.
g ,s] Again, bondingo and antibonding™* orbitals are formed, and
] w the additional electron occupies the antibondisfy orbital.
2.4 ]H \ / Removal of this antibonding electron gives rise to excitations
1 : into various vibrational states explaining the observed fine
2.0

5 6
Number of Atoms (n)

Figure 3. Comparison of the vertical detachment energies (VDES) of the
bare Ay~ (circles) and reacted Au;H™ (stars) clusters as extracted from
the photoelectron spectra. The absolute uncertainty of the VDE is
+0.1 eV.

to that of Au~. Like in the other spectra, a distinct peak (A)
appears at low BE, but at higher BE a continuous signal with
weak superimposed maxima (market) & visible. A similar
behavior is observed for the six-atom clusters. The main features
A and B are at comparable BEs for &uand AuH™, but in
the spectrum of AtH™ there are several additional weak peaks
(marked A, arrows). We assign these weak features to different,
less abundant isomers. Such isomers are known to exist for bar
Au,~ cluster aniong?30In the spectrum of Ay, a weak feature
(A") is visible, which is assigned to an almost degenerate isomer
of the tetramer aniof%° The topic of different coexisting
isomers of AyH~ clusters and their formation has been
addressed in a recent paper.

The main peaks (A,B) are very similar for the four-atom
clusters, AyH™ and Ay, and for the six-atom clusters, Ad~
and Au~. For the larger clusters displayed in Figure 2, the even/

odd alternation continues and the shell closing expected at eight

electrons (Aw-, AugH™) manifests itself by a relatively high
VDE. For these larger clusters € 7, 8), the similarity between
the spectra of the AiH™ and Au,™ clusters is again obvious,

if we tentatively assign weak additional peaks (markepté
different isomers. In Figure 3, the VDEs are plotted for the
Au,—1H™ and Ay~ clusters supporting the similarity of the
electronic structures of these clusters. The electronic structure
of these alloy clusters is determined by the number of delocal-
ized electrons and this number is not changed, if a Au atom is
replaced by a monovalent atom. Here, H acts like an alkali or
a coinage metal atom.

4, Discussion

structure (arrows in Figure 1b). The low BE of this orbital
corresponds to an increased bondiagtibonding splitting
caused by the shorter bond length of-Ad compared to that

of Au—Au*34 and a higher binding energy of the AuH
molecule as discussed above. In additierp<ybridization and
relativistic effects are weaker and do not stabilize the antibond-
ing orbital as in the case of Au.

For a number of Au atomsn) higher than 3, electronic
structures of Ay~ and Aw,-1H™ were shown to be similar
(Figure 2). One may assume that the geometries of Adlr
and Ay~ are also similar, since there is a strong coupling
between geometric and electronic structures. This assumption
can be confirmed by comparison with calculations, in which
energetics and geometric structures oftAuwere studied, even
though electronic structures of these compounds were not

etackled.10 The case with the most pronounced similarity of the

photoelectron spectraiis= 4: the spectra of AiT and AuH ™.

For Au,~, theory predicts a planar structure with a base triangle
of three Au atoms and a fourth atom attached at the apex of the
triangle?%50The same structure has been calculated foHxu

with the H replacing the top Au atom with a slightly shorter
bond length? For the cases of Ag and AuH ™, the calculated
geometries are very similar too: Auhas a planar triangular
structure?®3%and AuH™, a similar structure with the H atom
replacing a corner Au atod?. Accordingly, for the two sizes
(n= 4, 6), the geometries of the bare and hydrogenated cluster
anions are similar as are the photoelectron spectra. It is important
to note that these calculations were performed for many different
isomers'® Among many isomers, the structures mentioned above
correspond to the clusters with the highest concentrations in
our experiments. For more details, please see ref 10.

In our photoelectron spectra, we observe the uppermost
occupied orbitals of the cluster valence band. This binding
energy regime is dominated by the (s,p)-derived density of states,
and these states can be viewed as a superposition of 6s and 6p
orbitals of the Au atoms in the cluster. If one atom is removed,
the hole manifold of states is changed as proven by the

For Figure 1, at a first glance no systematic trends of H Pronounced size dependence of the spectra of the bage Au

chemisorption can be extracted. In one case, the VDE increase
by 1.7 eV, and in the other, a decrease by 1.6 eV is observed
upon H-chemisorption. However, a comparison of the spectrum
of Au,~ (Figure 1c) with that of AuH (Figure 1b) might shed
some light on the chemisorption mechanism. The spectrum of
the bare dimer can be understood in terms of bond formation
by the interaction of the two 6s orbitals forming a bonding
and an antibonding* orbital.#248 The additional electron in
the anionic state occupies the antibondirigorbital and gives

rise to the appearance of peak A (Figure 1c) at low BE. The

(49) H&kinen, H.; Landman, UPhys. Re. B 2000 62, R2287-R2290.
(50) H&kinen, H.; Moseler, M.; Landman, WPhys. Re. Lett.2002 89, 033401.
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&Iusters. The manifold of s/p-derived orbitals remains almost

unchanged upon replacement of an Au atom by another atom,
only when the new atom contributes to the manifold of states
in a manner similar to how an Au atom does, resulting in no
changes in electronic and geometric structures.

Since we only observe the uppermost occupied orbitals,
changes might be occurring for s/p-derived orbitals at higher
binding energies, especially for the lowest molecular orbital of
the conduction “band”. In preliminary calculations, indeed a
strong disturbance of the molecular orbital of AT (with
respect to Ag") has been foune The lowest molecular orbital

(51) Fischer, D. Private communication.
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in the conduction “band” is shifted toward a higher binding to be an important reaction intermedidfeTo maximize the
energy and localized close to the H atom adsorption site. yield of hydroperoxide, the rates of the H O, — HOO and
However, already the orbitals next higher in energy are very H + O,H — HOOH reactions should be enhanced. On Pt-group
similar in shape and symmetry for At~ and Au~.51 metals, hydrogen adsorption lowers the rate of oxygen adsorp-
Only the dimers seem to be different (Figure 1b,c). The tion, or vice versa, most likely because H is an electron acceptor
difference has been explained by the increased bonding like oxygen, leading to the competitive adsorption of both
antibonding splitting of thes-orbitals in Au—H, which is a reagent$? Consequently, the HOOH formation involves a high
consequence of the high BE of the H 1s orbital. In the larger activation barrier. On Au clusters, HOOH formation can be
species, most likely the same thing happens: the BE of the facilitated as a consequence of the cooperative adsorption of H
“lower edge of the conduction band” is higher for an,A{H™ and Q. It is worth mentioning that Au clusters do not react
cluster compared to an Au cluster due to the contribution of  with H; but only react with H, implying that, in real catalysis,
the H 1s orbital. Correspondingly, the most antibonding orbital dissociation of hydrogen occurs on defects of oxide support
(“upper edge of the conduction band”) has a symmetrically materials, and the atomic H can then diffuse onto the Au
increased BE analogous to the dimer case. However, in all largerparticles. Alternatively, K only dissociate in the presence of
clusters, this antibonding orbital is not occupied and the effect the precovered oxygen on Au nanoclusters.
is not visible in our experiment. All the s/p-derived orbitals ]
between the most bonding and the most antibonding orbital 5- Conclusion

remain almost unchanged, if an Au atom is replaced by an H =y presented photoelectron spectra of bare,"Aand
atom. If the Au atom is simply removed, these orbitals change Aun_H- clusters. The spectra of the clusters with the same
dramatically. Therefore, H contributes like a metal atom to most (441 number of atoms exhibit a surprising similarity. The
delocalized orbitals in a Au cluster. replacement of an Au atom by an H atom induces minor
Previously, CO was shown to be a two-electron donor on gjecironic and geometric structural changes as it would be
coinage metal clustef8:%°20ne of the important conse-  oyhected for a monovalent metal atom. Therefore, our data

quences of this result is that coadsorption of CO with other jgicate that single hydrogen atoms in the environment of an
electron-accepting adsorbates such as oxygen can be noncomy,, ¢juster behave like metal atoms.

petitive but cooperativé® Our result shows that, on Au clusters,

H provides an electron to the valence electron pool of Au  Acknowledgment. The support of the Deutsche Forschungs-

clusters, which can result in cooperative adsorption between Hgemeinschaft is acknowledged. We thank Wanda Andreoni
and oxygen, analogous to the case of CO apa@@adsorption Dominik Fischer and Quiang Sun for their fruitful discussions.

on Au anion clusters. This can be closely related to the high
activities of Au clusters toward various reactions in which H

fadsorption in inv_olved. For the partial (_)xidation_ of pr_opylene (52) Mitsui, T.; Rose, M. K. Fomin, E.: Ogletree, D. F. Salmeron, S,
in H, and Q environments, hydroperoxide §8-) is believed Sci. 2002 511, 259-266.
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