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Density functional theory investigation of gold cluster geometry
and gas-phase reactivity with O 2

David H. Wells, Jr., W. Nicholas Delgass, and Kendall T. Thomsona)

School of Chemical Engineering, Purdue University, West Lafayette, Indiana 47907

~Received 24 July 2002; accepted 18 September 2002!

We have conducted a density functional theory investigation into the gas-phase reactivity of small
gold cluster ions in the interest of understanding gold cluster reactivity in several catalytic systems.
Previously unreported geometries for Au9

2 and Au10
2 anions are obtained and reported from

geometry optimizations. Predicted values of the vertical detachment energy match well with
experiment, as does a rough simulation of its ultraviolet photoelectron spectrum—we found that
comparison of predicted spectra with experimental data is a more sensitive analysis of geometry
differences. Several binding sites for O2 with different energies are identified on Au10

2 , but we show
that the strongest binding site and orientation is predicted by frontier orbital theory. In addition,
weakly stable adsorbed states for O2 on the anion clusters Au9

2 , Au10
2 , and Au11

2 are predicted in
agreement with frontier orbital theory. The calculated binding energies are consistent with the
experimentally observed patterns in adsorption of O2 on anionic Au clusters. The binding energy for
O2 to Au10

2 was calculated to be 19 kcal/mol, higher than for O2 to either Au9
2 ~4 kcal/mol! or Au11

2

~5 kcal/mol!, and the calculated O–O bond length was found to increase from its gas-phase value
of 1.27 angstroms to 1.38 angstroms when adsorbed on the Au10

2 cluster, approaching the calculated
bond length of 1.41 angstroms for the gas-phase superoxide ion O2

2 . © 2002 American Institute
of Physics. @DOI: 10.1063/1.1520137#
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I. INTRODUCTION

The remarkable catalytic properties of small gold p
ticles ~&5 nm! are well documented. Catalysts made fro
highly disperse gold on titania and TS-1 are active for re
tions such as CO oxidation1 and the epoxidation of propylen
with H2 and O2.

2–4 The reaction rates in these systems
highly dependent on the Au particle size,5 and are completely
different from the behavior of bulk Au.6 Describing such
unusual activity at an atomic level is a challenge.

With an eye towards eventual understanding of th
complicated chemical systems, we turn to a simpler sett
the gas-phase reactivity of small Au clusters with O2 mol-
ecules. The geometry and chemistry of gas-phase clus
may differ from supported particles, but their study provid
insight into the unique reactivity of gold ensembles, in p
ticular the strong dependence of reaction rate with part
size. The reaction rate of gas-phase AuN

2 anion clusters with
O2 shows a marked pattern of even–odd reactivity7–9 for N
&20. The even-numbered anion clusters adsorb one m
ecule of O2 per cluster, while the odd-numbered anions sh
extremely small or zero reactivity.8 The issue of whether the
odd-number anions might show some slight interaction w
O2 is not fully resolved. Some have found no adsorption
odd-number anions~N up to 20!.10 After consideration of the
experimental uncertainty, however, Lee and Ervin found t
odd-numbered anion clusters of Au might have a low re
tivity with gas-phase O2 for anion clusters with up to 7 gold
atoms.9 Their measured effective bimolecular rate const

a!Electronic mail: thomsonk@ecn.purdue.edu
10590021-9606/2002/117(23)/10597/7/$19.00
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for Au7
2 with O2 was<0.1160.09 (310211 cm3 s21), very

near their limit of detection.
Proposed explanations of this reactivity pattern point

the electron affinity of the Au clusters as a key variable. T
bonding process envisioned involves donation of one e
tron from an even-N gold anion cluster to the 1pg* molecular
orbital of O2, leaving the cluster with a stable, closed-sh
electron configuration. The adsorbed O2

2 superoxide ion po-
larizes the Au cluster further stabilizing the complex. Th
electron transfer process is not energetically favorable for
odd-numbered cluster; since the odd-number anion clu
already has a closed-shell configuration, electron tran
would first require an energetically costly electron prom
tion. As predicted by this simple picture, there is good qua
tative correlation between electron affinity~of AuN

0 ) and the
reactivity of Aun

2 toward O2. Larger electron affinity means
an electron is more difficult to remove from the anion a
subsequent reactivity towards oxygen is lower. This is w
explained in the paper by Salisburyet al.8

Early ab initio studies of small gold clusters focused o
the characteristics of bare Au clusters.11–13 Bravo-Pérez
et al.11 using Mo” ller–Plesset~MP2 and MP4! real-space
methods predicted planar structures for the neutral 4-a
(D2h), 5-atom (C2v), and 6-atom (D3h) clusters. Gro¨nbeck
and Andreoni,12 using periodic density functional theor
~DFT! methods, local spin density approximation~LSDA!,
and Becke–Lee–Yang–Parr~BLYP!, also predicted that neu
tral clusters with up to 5 atoms had planar geometri
though in some cases different DFT methods lead to differ
planar geometries. Gro¨nbeck and Andreoni predicted that a
ionic Au clusters up to 5 atoms would also be planar. Th
7 © 2002 American Institute of Physics

IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10598 J. Chem. Phys., Vol. 117, No. 23, 15 December 2002 Wells, Delgass, and Thomson
reported several cases where Jahn–Teller distortions m
highly symmetric singlet structures unstable. Ha¨kkinen
et al.,13 using periodic plane wave DFT codes, studied cl
ter sizes up to 10 atoms. They predicted that anion Au c
ters (AuN) with N below 7 atoms would be planar structure
with a transition to nonplanar three-dimensional structure
N57. In Häkkinen’s and our work, calculated values for ve
tical detachment energies~VDE! are typically within 0.2 eV
of experiment. It has also been reported, as expected,
optimal computed geometries are sensitive to the electr
structure method employed. For example, the neutral 4-a
cluster yields two different optimal geometries:D2h using
MP211 or PBE-GGA,12 andC2v using LDA12 or BLYP.12

More recently, computational studies have addressed
reactivity of gas-phase and supported Au clusters interac
with O2.14–16 Using DFT~Becke 3-parameter exchange a
Lee–Yang–Parr correlation! with the LANL2DZ
pseudopotential/basis set for Au and O, Okumuraet al. re-
ported an adsorption geometry for O2 on an icosahedral 13
atom neutral gold cluster.14 The O2 molecule is attached in
an end-on bent arrangement. The binding energy depend
the spin state of the ensemble. With doublet spin, the bind
energy is 11.8 kcal/mol while for quartet spin, the bindi
energy is 12.1 kcal/mol. Higher spin states were not repor
In Okumura’s study the 13-atom cluster goemetry was h
fixed and only O atom positions optimized. Based on
Mulliken electron densities for this configuration, transfer
some electron density from the cluster to the adsorbed2

molecule was observed, while the 13-atom cluster itself
a substantial build-up of electron density away from the c
towards the surface Au atoms.

In this paper we present DFT calculations on Au clus
geometries~cation, neutral, and anion! and the interaction of
anion Au clusters with O2. We predict previously unreporte
geometries for Au9

2 and Au10
2 , and support the results with

comparison of predicted UPS spectra to experimental da

II. COMPUTATIONAL METHOD

We used density functional theory~DFT! methods from
theGAUSSIAN 98suite17 programs. We conducted calculation
using B3LYP~Becke’s 3-parameter exchange functional w
Lee–Yang–Parr correlation energy functional!. Two different
effective core psuedopotentials~ECP! for gold were utilized:
the Stegens/Basch/Krauss ECP triple-split valence basis
~CEP-121G!18 and the Los Alamos LANL2DZ double-spli
basis.19–21 In the LANL2DZ basis set for Au, the O atom
are represented by Dunning/Huzinaga full double-zeta b
sets. The cluster geometries were obtained using B3L
CEP-121G. Different starting geometries were used for e
cluster size and no symmetry constraints were imposed.
timal geometries and spin multiplicities for Au9, Au10, and
Au11 clusters in the anion charge state were obtained. T
different spin multiplicities were investigated~generally
singlet/triplet or doublet/quartet depending on the clus
size!. Only relaxed geometries in the lowest spin multiplici
were sought in the case of the neutral and cation clust
Having established optimal geometries and spin multipl
Downloaded 13 Dec 2002 to 128.46.108.100. Redistribution subject to A
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ties at this level of theory, we used the B3LYP/LANL2D
combination to relax anion clusters with absorbed O2.

One test of the validity of the geometry is the predict
vertical detachment energy~VDE!. For each of the anion
clusters, a separate calculation was made for a correspon
neutral cluster with nuclei positions fixed in the correspon
ing anion configuration. The energy difference between t
‘‘frozen neutral’’ and the relaxed anion is an estimate of t
vertical detachment energy. This energy difference co
sponds to electron ejection followed by rapid relaxation
the remaining electron density. The nuclear ions are assu
to remain fixed on the time scale of the ejection event.
traviolet photoelectron spectra were simulated by Lorentz
broadening of the discrete electron energy levels~Kohn–
Sham orbital energies! given by

F~e!5(
i

c/@~a1e2ei !
21b#,

whereei are the Kohn–Sham energy levels in eV,e is the
energy in eV,a, b, care constants established by qualitati
fit to experimental data~valuesb50.008 eV2 andc51.0 eV
was used in both spectra,c is an arbitrary nondimensional
izing factor as the photoelectron count in the UPS spectr
treated here and in Ref. 22 as nondimensional!. The resulting
spectra were shifted in energy~parametera! to match the
first experimental peak in the UPS spectra. The spectra w
also scaled to match the~arbitrary! scale of the experimenta
data. That the broadening is approximately correct can
seen by the match with the first spectral peak. The scatte
process, particularly for photoelectrons with kinetic energ

FIG. 1. Projection views of the gas-phase clusters: Au91, Au90, and Au92
in their ground-state configurations~note, there is no significance to the line
connecting nuclear positions; these are only an aid for the eye!. Geometries
were optimized at the B3LYP/CEP-121G approximation.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10599J. Chem. Phys., Vol. 117, No. 23, 15 December 2002 Gold cluster with O2
5 eV or more below the energy of incoming photons~i.e., 5
eV down!, is not accounted for in this very simplified ap
proach; thus, the match to experimental data is not expe
to be other than qualitative.

Cluster binding energies were calculated from the clus
and atom total energies as

Eb5@E~AUn* !2nE~Au!#/n,

where sat51,2, or 0, n is the number of atoms in th
cluster,Eb is the binding energy of the cluster in eV,E(Aun* )
is the energy of the cluster in eV, andE~Au! is the energy of
an isolated neutral Au atom in eV.

III. RESULTS AND DISCUSSION

A. Geometry

The lowest energy geometries found for the Au clust
investigated are shown in Fig. 1 through Fig. 3. For Au11,
the geometries of each charge state are all identical, ha
C2v symmetry as shown in Fig. 3. This is not the case for
Au10 clusters. In the Au10

1 cluster ~Fig. 2! the symmetry is
Cs, showing that the symmetry plane present in both
neutral and anion (C2v) has been lost. An alternate Au10

2

structure predicted by Ha¨kkinen and Landman13 is also
shown in Fig. 3. Comparison of these two structures is p
sented below. Our convergence Au9 cation cluster geometry
shown in Fig. 1, hasC2v symmetry, unlike our predicted Au9

0

and Au9
2 geometries, which areC4v .

We tried to replicate the alternate Au10
2 geometry re-

ported by Ha¨kkinen and Landman13 by relaxing the pub-
lished structure in doublet and quartet spin multiplicitie
The quartet spin configuration converged readily. Some

FIG. 2. Projection views of the gas-phase clusters: Au101, Optimal Au100,
and Au102 in their ground-state configurations~note, there is no signifi-
cance to the lines connecting nuclear positions; these are only an aid fo
eye!. Geometries were optimized at the B3LYP/CEP-121G approximati
Downloaded 13 Dec 2002 to 128.46.108.100. Redistribution subject to A
ed

r

s

ng
e

e

-

.
f-

ficulty was observed in attempting to tightly converge t
doublet spin configuration. The doublet multiplicity initiall
stabilized at an energy level lower than the optimal qua
spin state, but as the geometry relaxation proceeded, l
shifts in the electronic configuration were observed.23 The
doublet spin also developed negative eigenvalues in the
ergy Hessian matrix, which suggests to us that the rela
geometry of the alternate Au10

2 structure has a Jahn–Telle
instability. Further relaxation was unsuccessful, so the ge
etry prior to the instability was taken as the best achieva
for this arrangement. The final geometry (C4v) is that of two
stacked square planar arrays capped by Au atoms on top
below ~Fig. 3!; however, the square planar arrays are sligh
different in size, which breaks the ground-state degenera

In further assessing the cluster geometries, we cons
only the anion clusters. The Au10

2 cluster is of particular in-
terest since O2 adsorption on this anion has been observ
experimentally.7–9 VDE for Au9

2 to Au11
2 are shown in Table

I. Good agreement is obtained with experimental valu
generally within60.2–0.3 eV. However, we believe VDE
agreement with experiment is not sufficient evidence to id
tify the lowest energy geometry. For example, both the al
nate and optimal Au10

2 configurations result in nearly identi
cal calculated values for VDE, both in fair agreement w
experiment.

A more sensitive test of cluster geometry is the predic
versus the experimental ultraviolet photoelectron spec
Very detailed experimental spectra are available for AN

2

clusters in work done by Tayloret al.22 We have done com-

the
. FIG. 3. Projection views of the gas-phase clusters: Alternate Au12,
Au111, Au110, and Au112 in their ground-state configurations~note, there
is no significance to the lines connecting nuclear positions; these are on
aid for the eye!. Geometries were optimized at the B3LYP/CEP-121G a
proximation.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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Downloaded 13 D
TABLE I. Au cluster data.

Cluster
Energy

~Hartree/cluster!
Preferred

spin

Binding
energy

~kcal/atom!
Calculated
VDE~eV!

Measured
VDE~eV!a

Anions
9 21 225.392 27 singlet 40 3.6 3.8
10 ~optimal! 21 361.522 30 doublet 39 2.8 3.0
10 ~alternate! 21 361.48b 2.75c 3.0
11 21 497.673 36 singlet 39 3.4 3.7
Neutrals
9 21 225.266 50 doublet 36
10 21 361.430 03 singlet 37
11 21 497.551 25 doublet 36
Neutrals with
ions fixed at
anion
location
9 21 225.260 31 doublet
10 21 361.420 47 singlet
11 21 497.549 76 doublet
Cations
9 21 225.045 85 singlet 44
10 21 361.164 88 doublet 42
11 21 497.307 16 singlet 42

aReference 22.
bSee the text.
cReference 13.
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parisons of calculated UPS versus experiment for both
predicted optimal geometry and the alternate Au10

2 cluster
geometry. The calculated spectra are obtained from the
electron energies which have been Lorentzian broadened~as
discussed above! and shifted to match the initial peak to th
observed experimental energy. Examination of the spectr
Fig. 4 that qualitatively, the optimal Au10

2 geometry from our
calculations predicts the two experimental peaks at24 and
24.5 eV. The calculated peaks are separated in energy b
eV and are only shifted slightly~;0.2 eV! from the experi-
mental values. The spectra obtained from the alternate A10

2

geometry shows two peaks in this region as well, but th
separation is much larger~approximately 1 eV! and the offset
from experimental values is10.5 eV in one case and20.5
eV in the other. Neither spectrum does well at lower elect
kinetic energies, presumably due to secondary scattering
other effects not considered here. Our reported optimal
ometry gives a better qualitative fit to UPS experimental d
and also has lower energy, so we have higher confidenc
this geometry.

B. Anion clusters with adsorbed O 2

Having established reasonable ground-state geome
for the N59, 10, and 11 anion clusters, we next consid
their reaction with O2 in the gas phase. An early report o
gas-phase reactions between small gold clusters and
ecules like H2 and O2 by Kaldor et al.7 found O2 adsorption
on AuN

2 clusters withN even. Later, more quantitative work8

determined that O2 relative reactivity with Au anion cluster
follows the general pattern

6.4;20;8.12;18;14;10;2.odd sizes
ec 2002 to 128.46.108.100. Redistribution subject to A
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and established that nondissociative dioxygen adsorp
was the only significant interaction between O2 and the clus-
ter. As Coxet al.have noted,5 O2 adsorption on AuN

2 clusters
correlates with electron affinity of the~neutral! cluster. This
even–odd pattern in O2 reactivity/electron affinity of AuN

2

FIG. 4. UPS for Au10
2 clusters—Experimental and predicted spectrum.~a!

Optimal Au10
2 geometry.~b! Alternate Au10

2 geometry. Predicted UPS usin
B3LYP/CEP-121G with identical Lorentzian broadening of the Kohn–Sh
orbital energies applied independent of energy~see the text!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10601J. Chem. Phys., Vol. 117, No. 23, 15 December 2002 Gold cluster with O2
clusters is associated with the filling of electronic shells,22,24

and leads to the conceptual model discussed in the Intro
tion. Considering that each Au atom in the cluster contribu
one electron valence shell~6s! and adding the additional an
ion electron, an even number of electrons~and closed-shel
stability! results for clusters with an odd number of atom

FIG. 5. ~Color! Au10
2 cluster with O2 adsorbed at the rear binding site

Frontier orbitals shown are the Kohn–Sham orbitals for O2 ~LUMO! and the
optimal Au10

2 cluster~HOMO! suggesting the preferred overlap.~a! 23 kcal/
mol binding energy without BSSE correction.

FIG. 6. Views of other adsorption geometries for O2 and Au10
2 ~higher en-

ergy, but still stable binding energy!. ~a! 10 kcal/mol binding energy uncor
rected for BSSE.~b! 7 kcal/mol binding energy uncorrected for BSSE.
Downloaded 13 Dec 2002 to 128.46.108.100. Redistribution subject to A
c-
s

.
Consequently, the odd-number anion clusters either do
adsorb O2 at all, or adsorb O2 only weakly. For our calcula-
tions, the electron affinity of the neutral cluster is appro
mately the same as the vertical detachment energy of
equivalent anion cluster. The difference between the elec
affinity and the vertical detachment energy is the energy
ference associated with relaxing the neutral cluster. For
clusters considered here, the difference amounts to 0.1
eV ~vertical detachment energies being greater; see Tabl!.
The appealing qualitative correlation between reactivity a
electron affinity or vertical detachment energy has its sh
comings, however. For example, the measured VDE of
Au5

2 cluster, 3.0 eV, is the same as that of a Au10
2 cluster.

Though the neutral clusters have the same electron affin
the have very different reactivities toward O2.

8 The odd-
numbered 5-atom cluster has very low or no reactivity
ward O2 while the even-sized 10-atom cluster is reactive.

One additional factor to consider in the reactivity of O2

and AuN
2 clusters is electron spin. Wigner’s spin selecti

rule25 predicts a spin inversion barrier for the interaction
odd-sized anion Au clusters~singlet ground state! with triplet
oxygen if the product complex is singlet. In fact, the weak
bound complexes of O2 with Au9

2 and Au11
2 were predicted

to have triplet states as the lowest energy states, so the
barrier should not be a factor in their formation. Nor does
spin barrier exist for the even-sized clusters, since they h
a doublet ground state and reaction with triplet oxygen c
lead to the product with doublet spin multiplicity.

We have predicted several different stable binding c

FIG. 7. Adsorption geometries for O2 with Au9
2 and Au11

2 ~both triplet spin!.
~a! 8 kcal/mol binding energy uncorrected for basis set superposition e
~BSSE!. ~b! 9 kcal/mol binding energy uncorrected for basis set superp
tion error ~BSSE!.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10602 J. Chem. Phys., Vol. 117, No. 23, 15 December 2002 Wells, Delgass, and Thomson
figurations for O2 on Au10
2 clusters. Figure 5 and 6 show

three configurations. One of these, Fig. 6~a!, is similar to the
bent-end-on binding configuration calculated by Okum
et al.14 However, in this case, we find that the bent-end-
arrangement is not the most stable. Frontier orbital the
suggests a better binding site. As illustrated in Fig. 5, the b
frontier orbital overlap is obtained at the ‘‘wide’’ end of th
10-anion cluster. This is where the greatest HOMO densit
found and the HOMO overlap with the O2 LUMO is sym-
metry allowed. Electron transfer from the cluster to oxyg
is consistent with a weakened O–O bond. The calcula
binding energy of O2 on the Au10

2 cluster is 23 kcal/mol. A
separate calculation for the electronic structure of O2 utiliz-
ing the additional basis set functions of the Au10

2 cluster gives
an energy 4 kcal/mol lower than a stand-alone calculation
O2. Accounting for this basis set superposition error~BSSE!
decreases the binding energy from 23 to approximately

FIG. 8. Mulliken electron distribution on Au10
2 before and after adsorption

of O2 ~done at the B3LYP/LANL2DZ level!.
Downloaded 13 Dec 2002 to 128.46.108.100. Redistribution subject to A
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kcal/mol. The same 4 kcal/mol value is used in maki
BSSE adjustments for the other cluster/O2 complexes.

Adsorption of O2 on the odd-size anion clusters in ou
investigation depended on spin multiplicity. No bound co
plexes of O2 with Au9

2 or Au11
2 were found where the fina

ensemble had singlet spin. Weakly bound complexes w
triplet spin are shown in Fig. 7. When the BSSE correct
for the Au10

2 complex with O2 is applied, these binding ene
gies were reduced to approximately 5 kcal/mol Au11

2 ) and 4
kcal/mol ~Au9

2!—both substantially lower than the value fo
the 10-atom anion cluster of 19 kcal/mol. The binding of2

to the Au9
2 cluster has the bent-end-on configuration, simi

to the configuration found for O2 on neutral Au13
0 by Oku-

muraet al.,14 and they predicted a binding energy for O2 of
about 12 kcal/mol~no mention of BSSE corrections!. This is
comparable to the weakly bound energies of O2 found in our
work for Au9

2 ~8 kcal/mol!, Au11
2 ~9 kcal/mol!, and the weak

adsorption sites on the Au10
2 cluster ~front 10 kcal/mol and

side 7 kcal/mol!.
The Mulliken charge distribution obtained for our mo

stable configuration shows the shift of electron density
companying adsorption of O2 on the Au10

2 cluster. Figure 8
illustrates that electron density is not distributed uniform
on the bare anion cluster. Electron richer regions appea
the apexes of the structure, while the center~two stacked
triangles! is neutral to electron deficient. This electron de
sity distribution is distorted upon adsorption of oxygen as
O2 molecule draws electron density away from the clus
particularly from the two Au atoms most closely coordinat
with O2. Activation of the O2 bond is also seen in the stretc
of the O–O bond distance from 1.27 angstroms~calculated
using the same DFT method and pseudopotential! in the gas
phase to 1.37 angstroms when adsorbed in the AuN

2 cluster at
the highest binding energy site. This stretched bond lengt
approaching that of a free superoxide ion O2

2, 1.41 ang-
stroms~calculated!. Table II gives the bond distances for th
other weakly bound configurations which are not stretched
the same extent. Activation of the O–O bond may be
important step for Au in the epoxidation of propylene wi
H2 and O2. It has been speculated5 that peroxy species ar
formed on small gold clusters from H2 and O2. Further work
will be needed to explore this possibility.
TABLE II. Properties of bound O2 in Au10
2 .

Cluster w/O2

Adsorption
site

Pseudopotential/
basis set

Binding energy
~kcal/mol!a

O2 bond length
~angstroms!

Au10
2 side LANL2DZb 7 1.308

Au10
2 front LANL2DZb 9 1.367

Au10
2 rear LANL2DZb 23 1.370

O2 Molecule
3O–O CEP-121Gc 1.273
3O–O LANL2DZb 1.268

aUnadjusted for BSSE~calculated to be 4 kcal/mol for the Au10
2 /O2 rear bonded complex!.

bReferences 19–21.
cReference 18.
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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10603J. Chem. Phys., Vol. 117, No. 23, 15 December 2002 Gold cluster with O2
IV. CONCLUSIONS

We predict a new minimum energy geometry for Au9
2

and identify relatively weak binding sites for O2 on this clus-
ter as well as on an Au11

2 cluster. We have also predicted
new stable geometry for Au10

2 . Predicted values of the verti
cal detachment energy match well with experiment, as do
rough simulation of its UPS spectra. Comparison of p
dicted UPS with experimental data is more sensitive to
ometry differences. No Jahn–Teller instabilities are se
with the new structure. Several binding sites for O2 with
different energies are identified on Au10

2 , but the stronges
binding site and orientation is predicted by frontier orbi
theory. The strongest bonding of O2 with the Au10

2 cluster is
edge-on attachment to the HOMO region of the cluster.
the three clusters studied, Au9

2, Au10
2 , and Au11

2, the Au10
2

cluster binds O2 the tightest~19 kcal/mol including BSSE
correction! and is also experimentally the more reactive clu
ter size in this group of anions. O2 does not dissociate com
pletely on the Au10

2 cluster, but the bond length is stretche
from 1.27 angstroms to approximately 1.38 angstroms a
adsorption. Activation of O2 may be important in explaining
the role of Au in epoxidation of propylene using H2 and O2

over Au/TS-1 catalysts.

ACKNOWLEDGMENTS

One of the authors K.T.T. would like to thank Shell O
Company for fellowship funding which enables this r
search, and acknowledges Purdue University Compu
Center’s Research Computing Division, whose IBM SP cl
ter was used for the majority of the calculations. D.H.
thanks Professor Tom Ziegler, University of Calgary, for
helpful discussion on Jahn–Teller effects.
Downloaded 13 Dec 2002 to 128.46.108.100. Redistribution subject to A
a
-
-
n

l

f

-

er

g
-
.

1M. Haruta, T. Yamada, T. Kobayashi, and S. Iijima, J. Catal.115, 301
~1989!.

2T. Hayashi, K. Tanaka, and M. Haruta, Am. Chem. Soc. Div. Pet. Ch
41, 71 ~1996!.

3E. Stangland, K. Stavens, R. Andres, and W. Deglass, J. Catal.191, 332
~2000!.

4T. A. Nijhuis, B. J. Huizinga, M. Makkee, and J. A. Moulijn, Ind. Eng
Chem. Res.38, 884 ~1999!.

5M. Haruta, Catal. Today36, 153 ~1997!.
6B. Hammer and J. K. Norskov, Nature~London! 376, 238 ~1995!.
7D. M. Cox, R. Brickman, K. Creegan, and A. Kaldor, Z. Phys. D: A
Mol. Clusters19, 353 ~1991!.

8B. E. Salisbury, W. T. Wallace, and R. L. Whetten, Chem. Phys.262, 131
~2000!.

9T. H. Lee and K. M. Ervin, J. Phys. Chem.98, 10023~1994!.
10W. T. Wallace and R. L. Whetten, J. Am. Chem. Soc.124, 7499~2002!.
11G. Bravo-Pe´rez, I. L. Garzo´n, and O. Novaro, J. Mol. Struct.493, 225

~1999!.
12H. Grönbeck and W. Andreoni, Chem. Phys.262, 1 ~2000!.
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