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Interactions of Au cluster anions with oxygen
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Experimental andheoretical evidence is presented for the nondissociative chemisorptionai O

free Au cluster anions (A, n=number of atomsyith n=2, 4, 6 at room temperature, indicating

that the stabilization of the activated di-oxygen species is the key for the unusual catalytic activities

of Au-based catalysts. In contrast to Auwith n=2, 4, 6, G adsorbs atomically on Au monomer
anions. For the Au monomer neutral, calculations based on density functional theory reveal that
oxygen should be molecularly bound. On Au dimer and tetramer neutrals, oxygen is molecularly
bound with the O—0 bond being less activated with respect to their anionic counterparts, suggesting
that the excess electron in the anionic state plays a crucial role for the O—O activation. We
demonstrate that interplay between experiments on gas phase clusters and theoretical approach can
be a promising strategy to unveil mechanisms of elementary steps in nanocatz:

I. INTRODUCTION cluster anions, we have studied oxygen adsorption on Au
] ) ) ) cluster anions consisting of 1, 2, 4, and 6 Au atoms using
Gold (Au) particles, which are inert in the bulk form, raviolet photoelectron spectroscofWPS) and density
become efficient catalysts for various chemical reactions ig,ctional theory(DFT) calculations. In particular, A
, e ) : . AT,
the size range below 2-3 nin: This unusual size- Ay - and Ay~ have recently been shown to be very active
dependent catalytic behavior of Au is currently one of they,yard cO-oxidation at room temperature, and thus are suit-
most ?_(ggnswely studied subjects in chemistry, andypie model systems to study interaction mechanisms of the
physics.™* However, no generally accepted picture for the z_pased catalysts'* We demonstrate that the formation of

O, adsorption on Au nanoclusters has appeared yet, which igqtivated molecular oxygen is an important step for the cata-
believed to be responsible for the size-selectivity of AU'Iytic reactions of Au nanoparticles.

based catalysi¥. In spite of extensive studies in the past, it
is still controversial, whether Odissociates or not on Au-
based catalysts at room temperattiré.

Catalytically active Au particles were suggested to be  To synthesize AYO,, Au clusters were produced in the
negatively charged through the charge transfer from defeqbulsed Arc Cluster lon Sourd®ACIS)?* and subsequently
sites of the oxide supports to Aut was recently shown that exposed to @. In agreement with previous results, even-
the mass-selected Au cluster anions {Aun=number of numbered Au cluster anions smaller than,Au generally
gold atoms)in the gas phase exhibit comparable catalyticreact with G, whereas most of the odd-numbered ones are
activities to those of oxide-supported Au particles, confirm-inert in O, environments?*%° There are, however, some
ing the importance of the negative charge on Au clusters foexceptions for this even/odd rule of the chemical activities.
the catalytic activitieS:"*~**This result suggests that AU  Au, is inert toward Q adsorption, and AU~ and Au~
in the gas phase is a good model system to unveil the origipartially form Au,0,” (n=1,3). The temperature of the
of the size-dependent variations of chemical activities an@lusters is estimated to be room temperature. The mass of
reaction mechanisms of Au nanocataly$ts*It is important  clusters was selected using a time-of-flight mass spectrom-
to mention that the sizes of the gas phase clusters can kger, and the UPS spectra of the mass-selected clusters were
better controlled with respect to those of the metal islandsaken using UV Laser pulg@hoton energy=4.66 or 6.4 eV).
grown on oxide surfaces, even though efforts have recentlyhe energy resolution of our UPS spectra is about 0.1 eV.
been made to deposit mass-selected clusters to obtain mono- For theoretical studies, we have used the self-consistent
dispersed clusters on the surféceMoreover, gas phase linear combination of atomic orbital-molecular orbital ap-
cluster data allow direct comparisons with theoretical resultsproach. The total energies are calculated using DFT with the
Therefore, size-dependent changes of the chemical activitiegeneralized gradient approximation for exchange—
can be much more precisely followed by studying gas phasgorrelation potential, which is taken as Perdew—Wang 91
clusters. prescription(commonly referred to as PW81The atomic

To shed light on adsorption properties of oxygen on Auorbitals are represented by a Gaussian basis. We have used

the 6-311++G(8f,3pd) basis set for oxygen and the

@Author to whom all correspondence should be addressed. Electronic mai§tUttg6art relativistic effective cor_e F_)Otential basis set for
young.kim@uni-konstanz.de gold~° The structures for the anionic and neutral clusters
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TABLE . Establishing the accuracy of the basis set and exchange correlathe anion to the singlet and triplet state of the neutral, respec-
tion potential by comparing the experimental values of ionization potentialtive|y For Au.~. the experimentally determined vertical de-
(IP), electron affinity EA), bond lengthd), and binding energyBe). tachment enLgrgiy corresponds to the calculated transition en-

IP (eV) EA (eV) d @A) BE (eV) ergy from the singlet state of the anion to the doublet of the
Theor. Expt. Theor. Expt. Theor. Expt. Theor.  Expt. neutral. For Ay, t.he peaks at 2.8 and .4'2 evin th? UPS
spectrum are consistent with the theoretically determined en-
Au 9.46 922 233 231 ergies arising from the transitions from the doublet to singlet
o 14.08 1362 172 146 and doublet to triplet transitions, respectively. The good
0, 12.33 1207 044 045 122 121 t bet th d i t d trat
AuO 247 23002 agreement between theory and experiment demonstrates a
Au, 206 202 256 247 212 2131 high reliability of the computational method in the present
Au, 282 277 work.

B. Chemisorption of atomic oxygen on Au cluster

were optimized without symmetry constraint using the@nons (Au,07)

GAUSSIAN 98 code?’ The convergence for energy and force To shed light on the electronic and geometric structures
are 0.00001 eV and 0.003 eV/A, respectively. To check thef the Au cluster anions reacted with a single oxygen atom,
accuracy of the exchange—correlation potential, we calcudPS studies and DFT calculations were carried out, as
lated the ionization potentiallP), electron affinity(EA),  shown in Fig. 2. In our cluster source, the partial pressure of
binding energyBE) and bond lengtltd) of Au, O, O,, AuO,  atomic oxygen generated by the dissociation of molecular
Au,, and Ay, and these are compared with the experimen-oxygen in the arc is eventually quite high, leading to the
tal data, as shown in Table I. The good agreement betweeiormation of gold monoxide clustefé:?

theory and experiment provides confidence on the accuracy Analogous to the case of the pure Au cluster anions,
of our numerical procedure. peak positions in the UPS spectra of /1 are in agree-
ment with the calculated transition energi€sy. 2), demon-
strating that our calculation method is suitable for dealing
with the interactions between oxygen and Au clusters. It is
interesting to note that upon the chemisorption of atomic
oxygen, the geometric structure of Au is significantly
modified. The Au—Au bond length located nearest to the
oxygen atom is changed from 2.76 to 2.63 A upon oxygen
adsorption. Contraction of the metal-metal bonding upon

In Fig. 1, the calculated structures of pure Au cluster . "
. L oxygen adsorption has also been found on transition metal
anions consisting of 1-4 Au atoms are presented. The

Au—Au bond lengths are generally about 2.6-2.7 A, Whichsurfaces, which can be.roughly explained by the transfer of
- electrons from antibonding bands of metals to oxygen, lead-
are significantly shorter than the bulk value.Aushows a

slightly bent structure, and the Au exhibits a triangle ing to the enhanced metal-metal bondifign addition to

frame with the fourth Au atom attached to the apex of thethe change in bond length, the triangle structure becomes

triangle. These results are in line with previous studfes. slightly distorted upon oxygen adsorption.
For Au™, the calculated detachment energy from the sin-

glet state of the anion to the doublet of the neutral amount AULO,)

to 2.33 eV, which is in agreement with the experimentally* ™ "2

determined vertical detachment enefg@y31 eV). For Ay, In Fig. 3, the UPS spectra of A®,” (produced in @

the experimentally found peaks at 2.1 and 4 eV can be astmospherewith n=1, 2, 4, 6 taken using a laser with a

signed to the vertical detachments from the doublet state gihoton energy of 4.66 eV are compared. UPS spectra for

IIl. RESULTS AND DISCUSSIONS

In the following, we discuss our results on Ay
Au,O™, and Ay,0, . The results are contrasted with calcu-
lations of the interaction of ©with the neutral Au clusters.

A. Bare Au cluster anions

. Chemisorption of O , on Au cluster anions
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FIG. 1. Calculated transition energies from the anionic to the neutral state for thewtn n=1-4, and their equilibrium structures. Experimentally taken

UPS spectrdphoton energy:6.4 eV)are displayed for comparison.
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FIG. 2. Calculated transition energies from the anionic to the neutral state for thg Aui@® n=1-4, and their equilibrium structures. Experimentally taken
UPS spectrdphoton energy6.4 eV)are displayed for the comparison.

Au,0,~ with n=2, 4, 6, exhibit vibrational fine structures of With a higher photon energi.4 eV), as indicated in Fig. 4.
about 150-180 meV corresponding to the O-0 stretchind he distinct features of the pure Au cluster anions existing at
frequencies, indicative of the nondissociative adsorption othe binding energies below about 4.7 eV completely disap-
0,. The vibrational frequencies in Fig. 3 are much higherpear upon @ adsorption, and broad features between 3 and
than those found for the di-oxygen species on transitiorf5 €V (marked with Ain Fig. 4jappear, followed by several
metal surfaced! However, note that the vibrational frequen- narrower peaks. Comparing the UPS spectra of thgQ3u
cies in the UPS spectra correspond to those of the neutrafith those of the respective pure Au cluster anions, the va-
clusters having geometries of their respective anions. In thi€nce band structures of Au are completely changed upon
anionic states, the additional electrons occupy the antibind®, adsorption, indicating significantly large interactions be-
ing 27* orbitals of G, further activating the O—O bonding, tween Q and these Au cluster anions. It should be noted that
and decreasing the O—O stretching frequentieEhe fact  not only HOMOs but also other occupied MOs of the Au
that we can observe the strong vibrational structures of O—@luster anions with higher binding energies participate in the
indicates that the O—O bond length should be significantlyO. chemisorption(Fig. 4). As a result of the charge transfer
altered upon the one electron detachment. The addition&fom the HOMOs of the Au cluster anions to oxygen, €n
electron in the anionic state is strongly localized on oxygen@pproach closer to Au atoms, which then allows contribution
in line with recent theoretical studies, which found strongof other localized MOs of the Au cluster anions with higher
resonances of the £27* and the highest occupied mo- binding energies to the {xhemisorption. Due to this strong
lecular orbitalstHOMOs) of the Au cluster anion¥ interaction between Au and oxygen, @an be highly acti-

To obtain a better understanding on chemisorptiorvated, leading to enhanced chemical activities toward vari-
mechanism of @ on catalytically active Au clusters, UPS
spectra of AYyO,™ with n=2, 4 are collected using a laser
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FIG. 3. UPS spectra of O, for n=1, 2, 4, 6 using a laser with a photon
energy of 4.66 eV. Fon=2, 4, 6, vibrational fine structures are resolved, FIG. 4. Comparison of the UPS spectra for,Auand A,0,~ with n=2, 4
which correspond to the stretching frequencies of dioxygen species. (photon energy:6.4 eV).
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FIG. 5. Equilibrium structures of AlD,~ with n=1, 2, 4 obtained from DFT calculations. Transition energies from the anionic to the neutral states are also
shown. For comparison, experimentally taken UPS spéptraton energy 6.4 eV)are displayed.

ous chemical reactions such as CO-oxidation, in which acti- For Au monomer anions, the vibrational frequency is
vation of the O—0 bonding is essential. much lower than those for the other clustéfgy. 3). The 98
To better understand the structure of adsorbed oxygen omeV can be tentatively assigned to the Au—O stretching fre-
these Au cluster anions, first principle calculations were carguency, indicating that © dissociatively adsorbs on Au
ried out. First, we focus on the even-numbered Au clustemonomer anions. In the DFT calculations for Au monomer
anions. Theoretical results show that di-oxygen species aranions, dissociative adsorption of oxygen on Aferming a
attached to Au cluster anions with one oxygen atom, and théinear O—Au—-O structure is energetically more favorable
O-0 bond lengths amount to about 1.30 A, which are sigthan the molecular adsorption by about 0.7 eV, in agreement
nificantly larger than that of an Omolecule(1.21 A) Fig.  with our assignments of the vibrational fine structures in the
5). To establish the accuracy of these calculated structureslPS spectruntFigs. 3, 5, and 6). Again, the electron affinity,
we compare the calculated vertical detachment energies witfine vertical detachment energy, and the vibrational frequency
the peaks in the photodetachment spectra in Fig. 5. Fasf AuO,” from the theoretical calculations are consistent
AuO,", there are two spin multiplet structurésinglet and  with experimental datéTable ).
triplet) that are 0.23 eV apart in energy. The resulting transi-  To study the dissociation process of @s it approaches
tions from the anion with spin multiplicityyl to the neutral an Au monomer anion in detail, we have calculated the total
with spin multiplicities,M = 1, are identified in Fig. 5. Note energies of Au@ as a function of the O—Au—O bond
that the calculated transition energies again compare veryngle. The results are plotted in Fig. 6. Note that the two
well with the measured peaks, demonstrating a high reliabilenergy minima corresponding to molecular versus dissocia-
ity of the theoretical calculations. Electron affinities and ver-tjye adsorption are separated by a large energy barrier of
tical detachment energies of the £y~ from theory agree about 2 eV. In the neutral case, the energy barrier that sepa-
with the experimentally found values within 0.2 €Vable  rates the two minima is also of the same order. The only
I1). The O-O stretching frequencies in the DFT calculationsgifference is that the ©binds dissociatively to Au and
are 142 and 145 meV for the AQ, and AyO; clusters  molecularly to the neutral Au atom. The large energy barriers
which are close to the experimental valu@s0—180 meV). suggest that the dissociative adsorption of @ Au~ can
only be observed under some suitable experimental condi-
tions, for example in the presence of large amounts of atomic

TABLE Il. Comparison of experimental and theoretical electron affinities oxygen in the reagent atmosphere.

(EA), vertical detachment energié¥DE), and vibrational frequencie)

for AUO,~, AU,O,, and AuO,. Qur results_ suggesF tha@ activated molecular oxygen is
an important intermediate in Au-based catalysts. On Pt-
EA (eV) VDE (eV) f (meV) group metal surfaces, CO oxidation usually takes place
Theor. Expt. Theor. Expt.  Theor. Expt. thro_ugh t.he L_angmuir—HinsheIwood mechanism, in which

v o a0 365 aae p o5 108 O, first dissociates and then reacts with CO to form,C®
ALLO, 596 504 335 311 140 169-189 On Au cluster anions, in contrast, the stabilization of the

Au,O, 3.44 350 382 3.70 145 142-162 Aactivated molecular oxygen at room temperature can open
new reaction channel¢e.g., CO oxidation mediated by
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FIG. 6. Energy diagram for the dissociation of oxygen molecule on anionic
and neutral Au monomer calculated based on DFT calculations. E. Interaction mechanism

We now examine electronic structures of neutral and an-

carbonate-like speciedyesponsible for the low temperature ionic Au,O, clusters to answer two fundamental questions in
CO oxidation. Molecular adsorption of oxygen can play anano-gold catalysis: what role does the extra electron play
vital role for the enhanced activities of gold clusters towardand what role does the reduced size play? Note that the elec-
many other catalytic reactions such as partial oxidation ofronic ground state of Qis in the triplet state, having two
propy|ene, in which formation of hydroperox|de iGZ) is Unpalred electrons in the degeneraﬁé" bntlbondlng orbit-
suggested to be importafitNote that for the formation of ~als. It can be expected that charge transfers from metal sys-
the hydroperoxide, nondissociative adsorption of oxygen i¢ems to these orbitals would occur wheny @ adsorbed,
essential. which is favorable for electron pairing and adsorption. How-
ever, it should be noted that Au is the most electronegative
metal, comparable to selenium, and only slightly more elec-
tropositive than sulfufS) and iodine(l). Its electron affinity
DFT calculations are carried out for the, @dsorption is actually greater than that of O, and therefore it can form
on neutral Au clusters to study the role of the additionalcompounds such as ACs" where gold becomes anionit.
charge in the anionic state for the Ghemisorption. As men- Due to the high electronegativity of Au, charge transfers take
tioned before, for Au monomer, molecular adsorption isplace from oxygen to Au, when an,0molecule interacts
more stable than the dissociative adsorption f @hich is  with even-numbered neutral Au clusters, forming partially
different from the result of Au monomer anioffSig. 6). An  negatively charged Au. In A®, and Ay0O,, Mulliken
additional charge on Au plays a crucial role for the dissociapopulation analysis indicates that there are 0.08 and 0.04
tion of O,. It is interesting to note that it is not only the electrons transferred from,Qo Au, and Au,, respectively.
activation barrier for the dissociative adsorption on AuThe minor charge transfer results in very weak interactions
monomers, which is influenced by the existence of the addigiving small energy gains of 0.45 and 0.41 eV for,Aand
tional charge, but the metastable and ground state in th&u,, respectively(see Table IlI).
chemisorption can be exchanged depending on the charge In contrast to the case of neutral clusters, anionic clusters
state in the Au monomer. can better facilitate electron donation to adsorbates, resulting
The calculated structures of,@dsorbed on Au dimers in stronger interactions between Au and oxygen through
and tetramers show that the O—O bond lengths in the neutrérge charge transfers. For 40, ", 0.36 electrons are trans-
states are shorter with respect to the O—O bond lengths iferred to Q, and the Au—Q@ interaction energy and the O-O
their anionic counterparts by about 0.05(Big. 7). Obvi-  bond length increase to 1.25 eV and 1.31 A, respectively. For

D. O, adsorption on Au neutral clusters



6515

TABLE Ill. Comparison of electronic and structural parameters for anion Ay clusters are crucial for the activation of the O—0O bond-
and neutral clustersiq is the charge transfer from Au cluster tg @ol- g \We demonstrate that interplay between cluster physics in
ecule.AE is the energy gain when O2 interacts with Au clusit. is the binati ith th tical hi .. trat
bond length between the two O atonk¥? is the nearest distance between combinaton .Wl eor_e ICal approach Is a promising s .ra :
Au and O. egy to unveil mechanisms of elementary steps on various

nanocatalysts.
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