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Direct Observation of Key Reaction Intermediates on Gold Clusters
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Nanosized gold clusters have attracted attention in the past decade
due to their unique cluster size effects on chemical activities.
Whereas gold has been known to be an inert material in bulk form,
recent studies revealed that gold clusters smaller thad 3
nanometers catalyze various reactions with high efficiencies even
below room temperature?

Many experimental and theoretical studies have been devoted
to unveiling the mechanism of the gold catalysts. Especially CO
oxidation has been the subject of extensive studies as a model reac-
tion;1~7:19-17 however, the reaction mechanism is still questionable.
Analogous to the Pt-group metal catalystshe reaction path of
the CO oxidation on gold catalysts may involve dissociated oxygen I
on the surface, and the higher CO oxidation probability of smaller 3 5 6 7
clusters can be attributed to the increased dissociation probability Number of Au atoms
of OXYQe” _W'th decrea_smg gold cluster SFZ&JSAn alternative Figure 1. A magnified view of the mass spectra of Aanion clusters for
CO oxidation mechanism of gold catalysts includes molecularly the lower mass regime (@ n < 9) after reaction with @ The grids indicate
adsorbed oxygen such as activated peroxo-species. Haruta suggestelde masses of Auclusters; thus, the peaks deviating from the grids
that CO reacts with molecularly adsorbed oxygen on gold catalysts correspond to the reacted A?" clusters.
to form carbonate species (gQ, which are then converted to G®
and recent theoretical studies also supported this mechafism.

It is important to note that the charge transfer from supports to
deposited gold clusters is crucial for enhanced catalytic actiities,
indicating that the free anionic gold clusters are similar to the active
supported gold catalysts in terms of electronic structure. CO
oxidation probabilities of free anionic Au clusters are comparable
to those of gold catalysts, strongly suggesting that gas-phase Au
clusters are ideal model systems for mimicking the gold catalysts
consisting of gold clusters and suppofts.

To shed light on the adsorptive behaviors of oxygen on gold
catalysts, we performed experimental studies using gas-phase Au
(n = number of gold atoms) clusters. Our experimental setup has
been described in detail elsewhé?é® Au, anions are produced
with a PACIS (pulsed arc cluster ions source) and mass-selected
using a reflectron time-of-flight spectrometer (mass resolutixm
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The mass spectra of Au clusters forn = 1-27 taken after
being exposed to £Oshow that Ay~ clusters with even numbers
of gold atoms easily react with oxygen up to= 20 with an
exception of Aus~, whereas the odd-numbered clusters are gener-
ally inert (Figure 1). For odd-numbered clusters, exceptions are
Au;~ and Ay~ clusters, which can react with,@ some extent.
Au,~ clusters withn > 20 do not react with oxygen. The correlation
between the size-dependent variation of oxygen adsorption reactivity
and electron affinity of gold clusters far < 20 has been well-
established previousRthat is, a lower electron affinity results in
a higher free energy of the Aut—0O, bond, because the oxygen
adsorption takes place via the charge transfer from the gold clusters
to the antibondingr* orbitals of O,. In the absence of an additional
barrier for Q adsorptior?, a larger Ay——0O, bond free energy
results in a higher oxygen adsorption reactivity. The inert charac-

. ; teristics of Ay~ for n > 20 can also be explained along this charge
= 400). G was inserted into the extender to generate@u l'l' P g 9

. . . ) transfer model, considering the higher electron affinities of these
clusters. The vibrational temperature of the clusters is e.stllmate.d t%larger clusteral
e s oot vunch 2 3o Fure 2 photoslecton specact @y (1= 1.2.4) srs
detached electrons are rﬁeasur(,ed using a “magnetic bottle”-typeare presented. First, we focus on the clusters with 2, 4. The
time-of-flight electron spectrometer. The peaks in the photoelectron ph oto_e Iectrqn spectra for A0, and _Au;Oz‘ clusters show
. L L vibrational fine structures, corresponding to 179 and 152 meV,
spectra correspond to vertical transitions from the anionic ground respectively. These values are higher than those known for the

state to the allowed states of the neutral species h"’_“"r!g the S8MGhemisorbed di-oxygen species on metal single-crystal surfaces.
geometry as the anion. The peak at the lowest binding energy

e >7 Note that the superoxo- (O, O—0 bond order= 1.5) and peroxo-
corresponds to the transition into the neutral ground state, and its P © ) P

o ) . like species (&, the O-O bond order= 1) on various metal
position is the vertical detachment energy. For example, in the case P @ )

£ AU thi Kis located at 2.3 eV bindi d surfaces can be identified by the-@ stretching frequencies of
of Al , TS peakls ‘ocaled at 2.5 €V binding energy, COmespond- g4 454 4n4 135150 mev, respectivel§?-231t should be recalled
ing to the electron affinity. Vibrational fine structures of this feature

can be assianed 1o vibrational modes of the neutral Species in thethat the vibrational fine structures in the photoelectron spectroscopy

cometr ofgthe anion P correspond to those of the final states, that is, the neutral cluster
9 y ' with an anionic geometry. On the basis of a simple assumption
t University of Konstanz. that the additional electron in the anion state occupies the anti-

*Virginia Commonwealth University. bondings* orbital of O,(ad), the G-O formal bond order of the
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Figure 2. Photoelectron spectra for AQ,™ clusters ( = 1, 2, 4). Fine

structures correspond to the vibrational frequencies of the neutral state in
the geometry of the anion.

O, spontaneously dissociates above room temperature, forming
relatively strong metatO bondings, and CO oxidation on these
metal surfaces can take place via CO adsorption on the surface,
followed by its diffusion on the surfaces and reaction with a
thermally activated atomic oxygen on the surfé&eOn gold
clusters, in contrast, di-oxygen species are first stabilized, and CO
further activates the ©0 bonding to yield C@g) and O(ad}>"

In conclusion, we provided direct evidence for the existence of
oxygen molecularly bound to free Auand Ay~ clusters at room
temperature, indicating that the CO oxidation mechanism on the
small gold clusters involves di-oxygen species rather than atomic
oxygen. The stabilization of the di-oxygen on gold clusters is most
likely not only responsible for the high activity toward CO oxidation
but also other reactions such as partial oxidation of propylene. We
also show that experiments using free gas-phase clusters can provide
crucial information for obtaining a molecular-level understanding
of catalysts consisting of nanomaterials.

anionic clusters decreases by 0.5 with respect to the neutral ones, Acknowledgment. This project was supported by the Deutsche

which corresponds to the reduction of about 50 meV in theQD
stretching frequencie’®-24 The vibrational frequencies of oxygen
molecules bound to the Auand Au~ clusters should then become
quite close to those of the superoxo- and peroxo-like species on
the surface, respectively, in line with recent theoretical calcula-
tions>°

The vibrational frequency of the AQ,~ cluster (98 meV) can
be assigned either to atomic (A® stretching) or to molecular
oxygen (O-O stretching); thus, our data do not provide direct
evidence for the chemical states of oxygen. If dissociation of oxygen

takes place on the gold monomer anions, we can conclude that the

interaction between £and Au~ is stronger than those of larger
gold clusters. The same conclusion holds for the formation of di-
oxygen species bound to Ay because the much lower vibrational
frequency for the AW, clusters (98 meV) is evidence for a
weaker O-O bonding, or stronger ©-Au;~ bonding. It is
important to mention that the electron affinity of Auis higher
than that of Ay—,2%25and therefore the stronger bonding between
O, and Au~ is not explained in terms of the electron affinity and
the charge transfer model.

To acquire more detailed information on the structures ¢f0Au
(n =1, 2, 4), first principle calculations are carried out for the
equilibrium geometries and total energies corresponding to the
ground state as well as the vertical and adiabatic electron affinities
based on density functional theory with generalized gradient
correction for exchange and correlation potential (Gaussian 98

software). In the case of gold monomer, the ground-state structure

is a linear chain with dissociated oxygen atoms, whereas oxygen
binds in the molecular form on gold dimer and tetramer. While the
details of these results will be published elsewhere, the calculated
vibrational frequencies and electron affinities agree very well with
experiments, providing proof of the accuracy of the calculated
geometries.

We compare the CO oxidation mechanism on Pt-group bulk
metals with that on gold nanoclusters. On Pt-group metal surfaces,
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