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ABSTRACT: Enormous progress has been made in catalytic oxidation
reactions involving nanosized gold particles. However, the reaction
mechanism of O2 with neutral gold clusters remains complicated. Here, we
have performed an unbiased structure search for Aun

Q and AunO2
Q (n = 2−

10, Q = 0, −1) clusters by means of CALYPSO structure searching method.
Subsequently, the lowest-energy candidate structures were fully optimized at
the B3PW91/Au/LANL2DZ/O/6-311+G(d) level of theory to determine
the global minimum structures. Based on the ground-state structures of Aun

−

and AunO2
− (n = 2−10), we have simulated the photoelectron spectra (PES)

using time-dependent density functional theory. The good agreement between simulated PES and the corresponding
experimental data suggest that the current ground-state structures are the true minima. The locally maximized value of the
adsorption energy in Au5O2, where the unpaired electron of Au5 can transfer to O2, makes it the most promising candidate of the
chemisorbed complex. A comprehensive analysis of molecular orbitals and chemical bonding of the Au5O2 cluster reveals that O2
can be chemisorbed onto the neutral Au5 cluster.

1. INTRODUCTION

As the noblest of all metals, gold has fascinated humankind
since ancient times due to its enchanting color and chemical
stability.1−5 In the extended state, gold does not, for instance,
form any stable oxides at ambient conditions, though some
have been proposed for low temperatures or high pressures.6,7

Added interest in gold has arisen because, different from the
properties of bulk counterparts, gold at the nanometer scale
possesses a rich array of new properties. Haruta et al.
discovered that Au can express extraordinary catalytic activity
when it is dispersed on certain catalyst supports.8 Subsequently,
nanosized gold particles have been found to exhibit unusually
strong catalytic capabilities in a wide variety of chemical
reactions such as CO oxidation,9−11 propylene epoxidation,12

water−gas shift,13,14 and hydrogenation of unsaturated hydro-
carbons.15 Among these, CO oxidation catalyzed by nanosized
gold particles has attracted considerable attention.
In the past decade, many experimental and theoretical studies

of CO oxidation have been devoted to revealing the essence of
the catalytic activity of Au nanoparticles.16−24 Haruta et al.
suggest that CO reacts with molecularly adsorbed oxygen on
gold catalysts to form carbonate species (CO3

−), which are

then converted to CO2.
25 To reveal the catalytic mechanism of

gold, it is therefore important to fundamentally understand the
interaction of gold clusters with O2. A systematic study of the
interaction between Aun

− and O2 supported by photoelectron
spectroscopy calculations revealed that O2 was chemisorbed to
Aun

− clusters where n is an even number.22 Subsequently, the
group of Wang determined there are two modes of O2

activation by small even-sized Aun
− clusters: superoxo and

peroxo chemisorption, with O2 binding to Aun
− via one or both

oxygen atoms.23 Lee et al.24 theoretically studied the geo-
metrical and electronic characteristics of AunO2

− clusters (n =
2−7). Most of the theoretical studies have shown an even−odd
alternation of several observables for anionic clusters, which is
consistent with experimental reactivity observations. However,
despite the enormous progress that has been made, the picture
for the neutral clusters is still not entirely clear because of the
shortage of direct experimental probes for the uncharged
species. Then, theoretical studies are of paramount importance
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for these systems. Landman et al. hold that neutral Au clusters
are insufficient to activate molecular oxygen.26 Jena and co-
workers argued that, because of the high electronegativity of
Au, electron transfer should take place from O2 to Au2 and Au4
in the neutral Au2O2 and Au4O2 clusters.27 Ab initio
calculations support that neutral Au clusters can interact with
O2.

28,29 Vibrational spectroscopy has been used to study O2
adsorption on small neutral Aun clusters, and it was concluded
that adsorbed oxygen is activated due to charge transfer from
the gold cluster.30 Very recently, structural transformations of
Aun clusters upon O2 adsorption have been surveyed
computationally, focusing on isomerization and transition
pathways.31 Clearly, more accurate theoretical calculations are
needed to understand whether and how neutral gold clusters
interact with oxygen molecules.
In order to explore the mechanism of oxygen adsorbed on

neutral Aun clusters, we have carried out a systematic study on
small gold clusters. Here, we obtained the ground-state
structures of Aun

Q as well as AunO2
Q (Q = 0, − 1) clusters in

the size range of n = 2−10 by employing the crystal structure
analysis by particle swarm optimization (CALYPSO) method
and density functional theory (DFT). In the first part of this
work, we studied the ground state geometric structures of Aun

Q

and AunO2
Q (n = 2−10, Q = 0, −1) clusters. For the anionic

clusters, we simulated the PES of Aun
− and AunO2

− (n = 2−10)
and compared them with experimental results. Subsequently,
the inherent stability and the adsorption energy were
calculated. On the basis of the calculated results, there is a
promising candidate among the neutral AunO2 clusters that can
chemisorb oxygen particularly strongly. In order to gain further
insight into the reaction mechanisms of the neutral species,
detailed chemical bonding analysis is presented. Finally, we also
explored the adsorption mechanism behind the electronic
properties of neutral and anionic AunO2 clusters and provide
relevant information for unraveling the mechanistic details of
CO catalysis by oxygenated gold clusters.

2. COMPUTATIONAL DETAILS
To identify the ground-state structures of Aun

Q and AunO2
Q (n

= 2−10, Q = 0, −1) clusters, unbiased structure searches were
carried out using the CALYPSO32−36 software, where a high
search efficiency is achieved by implementing the PSO (particle
swarm optimization) algorithm. The validity of this method in
structure prediction has been certified by the successful
identification of the structures in various systems, ranging
from clusters to extended crystal structure.37−41 To predict low-
lying isomers for each cluster size, we followed 50 generations
of structures, where each generation contains 30 structures.
Subsequently, the top 50 isomers are collected as candidates for
the lowest energy structure and reoptimized using the Gaussian
09 package42 if within 5 eV among the initial candidate
structures. Spin unrestricted density functional theory calcu-
lations with the B3PW91 functional43,44 are performed to
reoptimize the geometries. The LANL2DZ45 basis set was
chosen as suitable for the gold atom and 6-311+G (d)46 for the
oxygen atom. Subsequently, frequency calculations were
performed to verify the obtained structures were true minima
on the potential energy surface. Different spin multiplicities, up
to sextet and quintet for the neutral and anionic clusters, were
considered in the geometry optimization process. We simulated
the photoelectron spectra of the anionic Aun and AunO2 clusters
using time-dependent density functional theory (TD-DFT).47

The natural charges of oxygen molecule (NC(O2)) were

calculated by natural bond orbital (NBO). Adaptive natural
density partitioning (AdNDP)48 bonding analyses were
performed using the Multiwfn 3.3.849 program package, to
gain further insight into the nature of the bonding.

3. RESULTS AND DISCUSSIONS
3.1. Geometric Structure. The ground-state structures of

Aun
Q and AunO2

Q (n = 2−10, Q = 0, −1) clusters are exhibited
in Figures 1 and 2, respectively, together with their low-lying

isomers. Each isomer of the neutral cluster is denoted by the
label nx, where n stands for the number of gold atoms and x
represents alphabetically the xth low-lying isomer of the cluster
(e.g., “a” for the lowest energy isomer). Similarly, the anionic
species are denoted by nx−.
As seen in Figure 1, pure gold clusters, whether neutral or

anionic, all favor planar structures up to at least n = 10 in our
work. This is due to strong hybridization of the atomic 5d and
6s orbitals of Au because of relativistic effects.50,51 The
transition from 2D to 3D structures in gold clusters is debated
in the computational literature, but a consensus seems to put
the onset of 3D cluster structures around n = 11.52−61 The
structures we find are in agreement with previous studies.62−64

The corresponding electronic states, symmetries, average
binding energies Eb, and HOMO−LUMO energy gaps Egap
are summarized in Table S1 (see the Supporting Information).
The ground-state structures of Aun with n ≤ 8 have the same
configurations for neutral and anionic clusters, except for Au3
and Au7, where the structures show some deformations due to
the acquisition of an electron. Likewise, the acquisition of an

Figure 1. Optimized low-energy structures for Aun
Q clusters (n = 2−

10; Q = 0, −1). The ground state of the neutral and anionic clusters is
labeled by “na” and “na−” for each n, respectively. The relative energies
of each isomer are given in eV.
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electron changes the energetic order for Au9/10, switching 9a to
9b− and 10a to 10c− and vice versa. Similarly, the second-most
stable structures nb are the same as those of nb−, for n = 3, 4, 7,
8, and 10. Among the metastable structures, there are also some
three-dimensional structures. As for the AunO2

Q (n = 2−10, Q
= 0, − 1) clusters, in Figure 2, the ground-state structures are all
quasi-planar geometries; that is, the Au atoms form a plane, and
only the oxygen molecule potentially departs from the Au
plane. We have also obtained some structures which contained
two separate oxygen atoms and not an oxygen molecule; such
structures are never the lowest-energy structure. This is not
unexpected: the O−O bond is much stronger than the Au−O
bond, so the oxygen molecule does not segregate and bind to
multiple Au atoms. Note that only molecularly adsorbed
oxygen on gold catalysts can react with CO to form carbonate
species (CO3

−), which are subsequently converted to CO2.
25

From now on, we only focus on structures that contain oxygen
molecules. It is apparent that an oxygen molecule makes mainly
two kinds of bonds with Au clusters (an exception is Au4O2
where both oxygen atoms are bonded to the same Au atom). In
the first kind of bonding arrangement, O2 forms a bent-
triatomic unit with one Au atom (as in the 3a− structure); in
the other, O2 binds to two Au atoms to form a cyclic structure
(as in the 3a structure). This agrees with the conclusion
reported by Mills et al.29 and the classification by Pal et al.23

The lowest-energy structures of AunO2
− clusters (n = 2, 4, 6)

exhibit the former (superoxo) binding and n = 8 and 10 exhibit
the latter (peroxo) binding motif. At the turnover point n = 8,
the lowest-energy structure exhibits peroxo chemisorption,
while the 8b− isomer exhibits superoxo chemisorption. This
phenomenon is consistent with the transition discussed by Pal
and co-workers.23 In the metastable structures 5c−, 6b−, and
7b−, the O2 bonds to Au clusters in the same cyclic way as seen
in 3a. In the ground-state structure of the Au10O2

− cluster, the
parent Au10

− is not the global minimum D3h isomer but the
10c− structure; this agrees with earlier findings65 that the low-
lying isomers are reactive with O2 and the global minimum can
only form a physisorbed Au10(O2)

− van der Waals complex. For
the neutral AunO2 clusters, if n = 2, 4, 6, 8, 9, and 10, O2 forms a
bent-triatomic unit with one Au atom across all relevant
structures, except for 9c and 10c. For the global minimum
structures of AunO2 (n = 3, 5, 7) clusters, O2 binds to two Au
atoms to form a cyclic structure. In particular, the ground-state
structures 3a and 5a are of C2v symmetry.

3.2. Photoelectron Spectra. In order to verify the
accuracy of all of the ground-state configurations obtained in
this work, the PES of the global minima of anionic Aun

− as well
as AunO2

− clusters have been simulated using the TD-DFT
method. The theoretical vertical detachment energies (VDEs)
were obtained as the energy differences between the neutrals
and anions both at the geometries of the anionic species. At the
same time, the corresponding binding energy of the first peak
position of the simulated PES represents the value of the VDE.
The simulated spectra of the ground-state structures of anionic
Aun

− clusters are displayed in Figure 3, along with available

experimental spectra63 for comparison. Generally, the theoreti-
cal PESs of Aun

− clusters are in agreement with the
measurements. The simulated spectrum of Au3

− shows three
major peaks and fits well to the experimental result. For the
Au4

− cluster, there are three major peaks, and the third peak of
the simulated spectrum corresponds to a weak shoulder of the
experimental spectrum. As for the Au6

− and Au9
−, the positions

of the simulated peaks are coincident with the experimental
ones, disregarding splitting of the peaks. For n = 2, 5, 7, and 8,

Figure 2. Optimized low-energy structures for AunO2
Q clusters (n =

2−10; Q = 0, −1). The ground state of the neutral and anionic clusters
is labeled by “na” and “na−” for each n, respectively. The relative
energies of each isomer are given in eV. The red spheres represent
oxygen atoms.

Figure 3. Calculated photoelectron spectra of Aun
− (n = 2−10)

clusters, together with the available experimental data63 for
comparison. The blue curves show the theoretical results, while the
gray curves represent the experimental results.
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there are more peaks in the experimental spectra, but the first
peaks are always in good agreement, which indicates that the
ground-state structures we obtained are the true minima, while
the experimental spectra might involve several isomers. As an
important evaluation criterion of our theoretical results, the
location of the first peak in the simulated PES is of particular
importance, which represents a transition from the ground state
of the anionic clusters to their neutral ground state ones. The
theoretical as well as experimental VDE values of Aun

− and
AunO2

− clusters are collected in Table 1. The values for all Aun
−

clusters agree very well with the experimental data, and all
differences are within 0.20 eV. These observations suggest that
the structures of Aun

− clusters obtained here are the true
minima structures.
Compared to the PES of the Aun

− clusters, the PESs of
AunO2

− clusters contain substantially more peaks, as seen in
Figure 4. In the simulated PES of Au2O2

−, there are six obvious
peaks, with the first peak located around 3.13 eV. This onset
and the increase in spectral strength around 5 eV agree very

well with the experimental data. In the experimental PES of
Au3O2

−, there is a very small peak around 3.90 eV, close to the
first peak of pure Au3

−, which suggests that this peak originates
from a physisorbed Au3

−(O2) species.
22 In agreement with this,

the simulated PES of the Au3O2
− cluster shows five major peaks

with a first peak corresponding to a VDE of 3.90 eV, in
accordance with the physisorption picture. For Au4O2

−,
ignoring the relative intensities of the peaks, the peak structure
and positions are similar to the experimental data. For n = 5
and 7, there are fewer features in the simulated spectra
compared to the experimental results. There is also a missing
feature between 3.50 and 4.00 eV in the PES of Au6O2

−. For
Au8O2

− and Au10O2
−, the shapes and the positions of the first

peak coincide with the experimental data. Summarized in Table
1, we conclude that the theoretical VDE values of the AunO2

−

clusters agree well with the experimental values. Most
differences are less than 0.20 eV, with a maximum of 0.22 eV
for n = 3. As stated above for the anionic Aun

− clusters, these
results confirm that the lowest-energy structures obtained are
true ground-state structures and provide further support to the
accuracy of our calculations.

3.3. Relative Stabilities. As an effective criterion of the
inherent stability of a cluster, the average binding energies (Eb)
of the Aun

Q clusters as well as the AunO2
Q (n = 2−10; Q = 0,

−1) clusters are defined as follows:

= + − +E nE E E n(Au O ) [ (Au) (O ) (Au O )]/( 2)n nb 2 2 2
(1)

= − + +

− +

− −

−

E n E E E

E n

(Au O ) [( 1) (Au) (Au ) (O )

(Au O )]/( 2)
n

n

b 2 2

2 (2)

E is the total energy of the corresponding cluster or atom.
Larger values of Eb represent stronger chemical stability. To
facilitate comparison across the clusters, the binding energies
for the AunO2

Q (n = 2−10; Q = 0, −1) clusters are plotted in
Figure 5a, with the corresponding values summarized in Table

2. From this figure, we can see that all neutral AunO2 clusters
have lower binding energies than their anionic counterparts,
and Eb of the AunO2

Q (n = 2−10; Q = 0, −1) clusters generally
increases with cluster size. As an obvious outlier from a mostly
linear trend, Au5O2 can be considered as a local optimum.

Table 1. Calculated Vertical Detachment Energy VDE (eV)
for Anionic Aun and AunO2 Clusters, together with the
Experimental Data for Comparison

VDE (eV) VDE (eV)

cluster theo. exp. cluster theo. exp.

Au2
− 2.08 2.01a Au2O2

− 3.13 3.29b

Au3
− 3.68 3.88a Au3O2

− 3.68 3.90b

Au4
− 2.85 2.75a Au4O2

− 3.66 3.78b

Au5
− 3.17 3.09a Au5O2

− 3.27 3.15b

Au6
− 2.20 2.13a Au6O2

− 3.26 3.40c

Au7
− 3.52 3.46a Au7O2

− 3.49 3.45b

Au8
− 2.82 2.79a Au8O2

− 4.00 4.00c

Au9
− 3.95 3.83a Au9O2

− 4.01
Au10

− 4.09 3.91a Au10O2
− 4.06 3.90d

aReference 63. bReference 22. cReference 23. dReference 65.

Figure 4. Calculated photoelectron spectra of AunO2
− (n = 2−10)

clusters, along with the available experimental data [(n = 2−5 and 7),22
(n = 6 and 8),23 and (n = 10)65] for comparison. The blue curves show
the theoretical results, while the gray curves represent the experimental
results.

Figure 5. Size dependence of (a) the averaged binding energies Eb and
(b) second-order energy differences Δ2E, (c) HOMO−LUMO energy
gaps Egap, and (d) absolute value of the adsorption energy Eads for the
lowest energy AunO2

Q (n = 2−10; Q = 0, −1) clusters.
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A more sensitive quantity reflecting the relative stability of
clusters, the second-order differences of the energy (Δ2E) are
calculated for all AunO2

Q (Q = 0, −1) clusters as

Δ = + −− +E E E E(Au O ) (Au O ) (Au O ) 2 (Au O )n n n n
2

2 1 2 1 2 2
(3)

Δ = +

−

−
−

−
+

−

−

E E E

E

(Au O ) (Au O ) (Au O )

2 (Au O )
n n n

n

2
2 1 2 1 2

2 (4)

Figure 5b shows the size dependence of Δ2E for the AunO2
Q (n

= 2−10; Q = 0, −1) clusters. For the neutral clusters, two
distinct peaks are found at n = 3 and 5, indicating that the
clusters Au3O2 and Au5O2 are more stable than their neighbors.
For the anionic species, there is an obvious odd−even
oscillation, a phenomenon corroborating that AunO2 clusters
with even n are more stable than those with odd n.
The HOMO−LUMO energy gap (Egap) is a reflection of the

energy cost for an electronic excitation from the highest
occupied molecular orbital (HOMO) to the lowest unoccupied
molecular orbital (LUMO), and thus serves as further support
to the stability of a cluster. A large Egap often tends to correlate
with remarkable chemical stability. We have calculated the Egap
values for the neutral and anionic AunO2 clusters and
summarize them in Table 2. Figure 5c gives the Egap values
of AunO2

Q (Q = 0, −1) clusters as functions of cluster size. The
trend for the anionic clusters shows the standard even−odd
oscillation behavior. For anionic AunO2

− clusters, four local
maxima Egap values of 3.24, 2.60, 1.88, and 2.23 eV are found at
n = 2, 4, 6, and 8, respectively. Correspondingly, the AunO2

− (n
= 3, 5, 7, 9) are less stable, which agrees with the results of Δ2E.
As for the neutral AunO2 clusters, there are three obvious peaks
for n = 3, 5, and 7, which suggests that the AunO2 (n = 3, 5, and
7) clusters possess stronger chemical stability than their
neighbors. The most stable anionic clusters Au2/4/6O2

− even
exhibit larger band gaps than their neutral counterparts, assisted
by acquisition of the additional electron.
AunO2

− clusters with even n are molecularly chemisorbed
complexes, and AunO2

− clusters with odd n can be seen as
weakly bonded van der Waals complexes. The molecularly
chemisorbed complexes are more stable than the weakly
bonded van der Waals complexes. For neutral clusters, the
even/odd argument should be reversed, and the conclusions of
the stability analysis above indicate indeed that Au3O2, Au5O2,
and Au7O2 clusters have a great chance to be chemical
adsorption products. The neutral Au5O2 cluster is the most

promising among these. It is worth noting that our results
generally fit well with earlier conclusions29 that O2 binds more
strongly to clusters with an odd number of electrons than with
an even number.

3.4. Adsorption Analysis. Based on the optimized
geometries, we have calculated the natural charges of the
oxygen molecule and the adsorption energy of O2 on Au
clusters, which is defined as the energy difference between the
adsorption system with the individual cluster and oxygen
molecule:

= − −

= −

E E E E

Q

(Au O ) (Au O ) (Au ) (O ),

0, 1
n

Q
n

Q
n

Q
ads 2 2 2

(5)

Eads is the adsorption energy of the corresponding cluster. The
results of both Eads and natural charges of the oxygen molecule
are summarized in Table 3. By construction, the more negative

the adsorption energy, the more stable the corresponding
adsorption reactions. For better observation, we have plotted
the absolute value of adsorption energy in Figure 5d for all
AunO2

Q clusters. The adsorption energy of the AunO2
− clusters

reveals the even−odd oscillation behavior, which again
highlights the conclusion that small gold cluster anions with
even-numbered atoms can molecularly chemisorb O2, whereas
clusters with odd-numbered atoms are inert toward O2.

23 The
results of natural charges of O2 in anionic clusters are in line
with this conclusion. From Table 3, we can see that the charges
of O2 are always negative and the absolute value of the charges
are much larger for even n than for odd n, which shows the
more significant charge transfer from the parent Aun

− cluster to
the oxygen molecule. The anion species are better electron
donors than the corresponding neutral species, because the
electron affinities are always smaller than ionization poten-
tials.29 Thus, the AunO2

− clusters with even-number n have
larger absolute values of adsorption energies. For neutral AunO2
clusters, the absolute value of adsorption energy of AunO2 with
n = 3, 5, and 7 is relatively larger than those of their adjacent
neutral clusters. This is consistent with the conclusion that Aun
clusters with an odd number of electrons hold the promise of
chemisorbing an O2 molecule, for charges transferring from Aun
to O2 is the dominant mechanism of the chemisorption
process.66 Correspondingly, the natural charges of the oxygen
molecule in AunO2 clusters with n = 3, 5, and 7 have the largest
absolute values (with the exception of n = 4). The large charge
transfer in the Au4O2 cluster is probably due to its special
geometry and oxygen binding motif, and since it does not

Table 2. Calculated Electronic States, Symmetries, Averaged
Binding Energies Eb (eV), and HOMO−LUMO Energy
Gaps Egap (eV) for the Ground-State AunO2

Q (n = 2−10, Q =
0, −1) Clusters

AunO2 AunO2
−

n sta. sym. Eb Egap sta. sym. Eb Egap

2 3A″ Cs 0.93 2.44 2A″ Cs 1.12 3.31

3 2A2 C2v 0.98 3.13 3A C1 1.23 1.57

4 1A′ Cs 0.96 2.12 2A C1 1.34 2.60

5 2A2 C2v 1.30 3.10 3A C1 1.38 1.34

6 1A C1 1.23 1.53 2A Cs 1.51 1.88

7 2A C1 1.41 2.65 3A C1 1.53 0.85

8 3A″ Cs 1.51 2.49 2A C1 1.61 2.23

9 2A C1 1.50 2.27 3A″ Cs 1.63 1.16

10 3A C1 1.56 3.36 2A C1 1.66 1.38

Table 3. Adsorption Energy Eads (eV) of the Oxygen
Molecule and the Natural Charges of O2 NC(O2) in the
Ground-State AunO2

Q (Q = 0, −1) Clusters

AunO2 AunO2
−

n Eads NC(O2) Eads NC(O2)

2 −1.83 0.00 −2.67 −0.65
3 −2.11 −0.42 −1.79 −0.17
4 −0.85 −0.44 −2.44 −0.59
5 −2.32 −0.53 −1.87 −0.33
6 −0.29 −0.20 −2.51 −0.65
7 −2.01 −0.53 −1.70 −0.20
8 −1.75 0.02 −2.43 −0.58
9 −1.88 −0.17 −1.73 −0.21
10 −1.74 0.02 −2.27 −0.56
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possess a high negative value of adsorption energy or high
inherent stability, we will not analyze it in detail here. The large
negative values of the natural charges of O2 of AunO2 clusters
with n = 3, 5, and 7 give confidence to the conclusion that O2 is
chemisorbed onto the parent Aun cluster. Using the relatively
large absolute values of adsorption energies as a criterion to
indicate the chemisorption of O2 molecules, these results give
further support to the assumption that O2 molecules can be
chemisorbed onto neutral Aun clusters, especially in the case of
Au5O2, which possesses the largest absolute value of adsorption
energy.
3.5. Chemical Bonding Analysis. According to the

analysis above, the neutral Au5O2 cluster exhibits an unexpected
stability along with a large absolute value of adsorption energy
and charge transfer and can therefore be regarded as the most
promising candidate of chemisorption between neutral Aun
clusters and a O2 molecule. To gain insight into its bonding
properties, the corresponding molecular orbitals (MO) of
Au5O2 were analyzed and are presented in Figure 6. Despite

their different shapes, they are combinations of two sets of
atomic orbitals: mostly d-type Au orbitals and p-type O orbitals.
For the LUMO, the bottom two Au atoms possess s-type
character, and there is a strong Au−Au bond over two of the
middle three Au atoms. For the occupied MOs HOMO,
HOMO−2, and HOMO−4, the O pz orbitals (taken as in-
plane) interact with the Au 5dz2 orbitals to form Au−O σ
bonding. The HOMO−n for n = 1, 7, and 9 involve the same
dyz and dxy atomic orbitals of Au atoms and the py atomic
orbital (taken as out-of-plane) of the O atomic orbitals, while
the HOMO−5 is formed primarily by dxy orbitals of Au atoms.
The remaining MOs shown involve bonding and antibonding
combinations with the O pz atomic orbitals. The Au−Au
interaction (mainly the interactions of the d orbitals) of the
HOMO−2, HOMO−4, and HOMO−6 contribute to the
stability of the C2v structure. On the basis of the MO
configuration, the Au5O2 cluster possesses two σ bonds and one
antibonding π* bond (HOMO−1) between Au and O atoms,
because one of the three σ bonds and the antibonding σ* bond
(HOMO−8) cancel each other. These molecular orbitals
indicate that there are strong interactions in the cyclic
arrangement between the O atoms and the Au atoms they
are bound to.
To improve our understanding of the bonding properties in

the Au5O2 cluster further, we performed a chemical bonding
analysis using the AdNDP approach, which is a visual and
efficient algorithm to interpret the nature of molecular orbitals.
The AdNDP approach obtains electron pairs by partitioning

the electron density matrix into nc−2e terms (n ranges from 1
to the maximum number of atoms in the system), and the
electron pair serves as a unit to describe the chemical bonding.
Figure 7 gives the representative results of AdNDP for Au5O2

(the remaining can be seen in the Supporting Information,
Figure S1), and the following discussion is about the revealed
chemical bonds. The occupation numbers (ONs) of all
chemical bonds maintain the ideal values 2.00 |e|, which is an
illustration of the validity of the AdNDP analysis we obtained.
There are two kinds of localized 2c−2e bonds: one Au−Au σ
bond and one Au−Au π bond. The rest of the valence electron
density is, except for one lone pair (LP), totally delocalized.
There are five delocalized σ bonds and three delocalized π
bonds (only considering the representative results). Except for
the 6c−2e σ bond, 7c−2e σ bond, and 7c−2e π bond shown in
the bottom row of Figure 7, the remaining delocalized bonds
describe the chemical bonding among Au atoms only. The 6c−
2e σ bond, 7c−2e σ bond, and 7c−2e π bond then visualize the
strong bond between Au and O atoms, which make the C2v
structure of Au5O2 so stable. Accordingly, the Au5O2 cluster
does not exist in the form of a weakly bonded van der Waals
complex but a chemisorbed complex for the strong interactions
between O and Au atoms.

4. CONCLUSIONS
In summary, we have reported a detailed investigation of the
neutral and anionic Aun

Q and AunO2
Q (n = 2−10, Q = 0, −1)

clusters on the basis of the CALYPSO structure searching
method and density functional theory. The ground-state
structures of neutral and anionic Aun clusters are planar, and
there are two ways the oxygen molecule binds to the parent
gold clusters. The reasonable agreement between our simulated
photoelectron spectra and the experimental PES give forceful
support that the ground-state structures we obtained are truly
global minima. Based on the optimized geometries, we have
calculated the inherent stability and the corresponding
adsorption energies. The results showed that neutral gold
clusters with an odd number of electrons bind O2 more
strongly, because the presence of an unpaired electron makes
them better electron donors. Furthermore, the molecular
orbital and chemical bonding analysis of the Au5O2 cluster

Figure 6. Molecular orbitals and energy levels of the neutral Au5O2
cluster.

Figure 7. AdNDP chemical bonding analysis of the neutral Au5O2
cluster. LP represents lone pair localized bond. ON stands for the
occupation number.
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confirm the chemical adsorption of an oxygen molecule to a
neutral gold cluster. We hope this work can provide the
reference for further theoretical and experimental investigations
of the adsorption behavior between O2 and neutral gold
clusters.
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(59) Götz, D. A.; Schaf̈er, R.; Schwerdtfeger, P. The Performance of
Density Functional and Wavefunction-Based Methods for 2D and 3D
Structures of Au10. J. Comput. Chem. 2013, 34, 1975−1981.
(60) Hansen, J. A.; Piecuch, P.; Levine, B. G. Communication:
Determining the lowest-energy isomer of Au8: 2D, or not 2D. J. Chem.
Phys. 2013, 139, 091101.
(61) Johansson, M. P.; Warnke, I.; Le, A.; Furche, F. At What Size do
Neutral Gold Clusters Turn Three-Dimensional? J. Phys. Chem. C
2014, 118, 29370−29377.
(62) Lee, H. M.; Ge, M.; Sahu, B. R.; Tarakeshwar, P.; Kim, K. S.
Geometrical and Electronic Structures of Gold, Silver, and Gold-Silver
Binary Clusters: Origins of Ductility of Gold and Gold-Silver Alloy
Formation. J. Phys. Chem. B 2003, 107, 9994−10005.
(63) Hak̈kinen, H.; Yoon, B.; Landman, U.; Li, X.; Zhai, H. J.; Wang,
L. S. On the Electronic and Atomic Structures of Small AuN

− (N = 4−
14) Clusters: A Photoelectron Spectroscopy and Density-Functional
Study. J. Phys. Chem. A 2003, 107, 6168−6175.
(64) Liu, Z.; Qin, Z.; Xie, H.; Cong, R.; Wu, X.; Tang, Z. Structure of
Au4

0/−1 in the gas phase: A joint geometry relaxed ab initio calculations
and vibrationally resolved photoelectron imaging investigation. J.
Chem. Phys. 2013, 139, 094306.
(65) Huang, W.; Wang, L. S. Au10

−: isomerism and structure-
dependent O2 reactivity. Phys. Chem. Chem. Phys. 2009, 11, 2663−
2667.
(66) Salisbury, B. E.; Wallace, W. T.; Whetten, R. L. Low-
temperature activation of molecular oxygen by gold clusters: a
stoichiometric process correlated to electron affinity. Chem. Phys.
2000, 262, 131−141.

The Journal of Physical Chemistry C Article

DOI: 10.1021/acs.jpcc.7b09022
J. Phys. Chem. C 2017, 121, 24886−24893

24893

http://dx.doi.org/10.1021/acs.jpcc.7b09022
http://pubs.acs.org/action/showLinks?pmid=21231754&crossref=10.1103%2FPhysRevLett.106.015503&coi=1%3ACAS%3A528%3ADC%252BC3MXhtlSjsrw%253D&citationId=p_n_85_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2FS0301-0104%2800%2900272-X&coi=1%3ACAS%3A528%3ADC%252BD3cXosVWmur4%253D&citationId=p_n_152_1
http://pubs.acs.org/action/showLinks?pmid=19045137&crossref=10.1063%2F1.2990745&coi=1%3ACAS%3A528%3ADC%252BD1cXht1KlsLnF&citationId=p_n_132_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.75.235409&coi=1%3ACAS%3A528%3ADC%252BD2sXnsFantLw%253D&citationId=p_n_122_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.75.235409&coi=1%3ACAS%3A528%3ADC%252BD2sXnsFantLw%253D&citationId=p_n_122_1
http://pubs.acs.org/action/showLinks?pmid=22938215&crossref=10.1063%2F1.4746757&coi=1%3ACAS%3A528%3ADC%252BC38Xht1CgtLzP&citationId=p_n_97_1
http://pubs.acs.org/action/showLinks?pmid=21561201&crossref=10.1103%2FPhysRevLett.106.145501&coi=1%3ACAS%3A528%3ADC%252BC3MXlsVKntrk%253D&citationId=p_n_84_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp035437i&citationId=p_n_147_1
http://pubs.acs.org/action/showLinks?pmid=23720388&crossref=10.1002%2Fjcc.23338&citationId=p_n_137_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja040197l&coi=1%3ACAS%3A528%3ADC%252BD2MXjs1yg&citationId=p_n_127_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fja040197l&coi=1%3ACAS%3A528%3ADC%252BD2MXjs1yg&citationId=p_n_127_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp034826%2B&coi=1%3ACAS%3A528%3ADC%252BD3sXms1Cju74%253D&citationId=p_n_144_1
http://pubs.acs.org/action/showLinks?pmid=23744130&crossref=10.1039%2Fc3nr01500a&coi=1%3ACAS%3A528%3ADC%252BC3sXhtVWht7%252FK&citationId=p_n_134_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.448975&coi=1%3ACAS%3A528%3ADyaL2MXht1SjtLY%253D&citationId=p_n_107_1
http://pubs.acs.org/action/showLinks?pmid=19421523&crossref=10.1039%2Fb823159a&coi=1%3ACAS%3A528%3ADC%252BD1MXktFWjsL0%253D&citationId=p_n_151_1
http://pubs.acs.org/action/showLinks?system=10.1021%2Fjp505776d&coi=1%3ACAS%3A528%3ADC%252BC2cXht1GltbrK&citationId=p_n_141_1
http://pubs.acs.org/action/showLinks?pmid=15740245&crossref=10.1063%2F1.1830451&coi=1%3ACAS%3A528%3ADC%252BD2MXht12gs7Y%253D&citationId=p_n_131_1
http://pubs.acs.org/action/showLinks?pmid=10003333&crossref=10.1103%2FPhysRevB.46.12947&coi=1%3ACAS%3A280%3ADC%252BC2sfmtVWjtg%253D%253D&citationId=p_n_104_1
http://pubs.acs.org/action/showLinks?pmid=10003333&crossref=10.1103%2FPhysRevB.46.12947&coi=1%3ACAS%3A280%3ADC%252BC2sfmtVWjtg%253D%253D&citationId=p_n_104_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.82.094116&coi=1%3ACAS%3A528%3ADC%252BC3cXht1CitrrK&citationId=p_n_99_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.82.094116&coi=1%3ACAS%3A528%3ADC%252BC3cXht1CitrrK&citationId=p_n_99_1
http://pubs.acs.org/action/showLinks?pmid=24811660&crossref=10.1063%2F1.4874158&coi=1%3ACAS%3A528%3ADC%252BC2cXnsFCmsLk%253D&citationId=p_n_89_1
http://pubs.acs.org/action/showLinks?pmid=24811660&crossref=10.1063%2F1.4874158&coi=1%3ACAS%3A528%3ADC%252BC2cXnsFCmsLk%253D&citationId=p_n_89_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.464913&coi=1%3ACAS%3A528%3ADyaK3sXisVWgtrw%253D&citationId=p_n_101_1
http://pubs.acs.org/action/showLinks?pmid=26794267&crossref=10.1038%2Fsrep19656&coi=1%3ACAS%3A528%3ADC%252BC28Xht1Ckurc%253D&citationId=p_n_96_1
http://pubs.acs.org/action/showLinks?pmid=22492976&crossref=10.1073%2Fpnas.1118168109&coi=1%3ACAS%3A528%3ADC%252BC38Xmslyjt7g%253D&citationId=p_n_86_1
http://pubs.acs.org/action/showLinks?pmid=25939773&crossref=10.1039%2FC5CP00728C&coi=1%3ACAS%3A528%3ADC%252BC2MXntVCitrg%253D&citationId=p_n_93_1
http://pubs.acs.org/action/showLinks?pmid=22162017&crossref=10.1002%2Fjcc.22885&coi=1%3ACAS%3A528%3ADC%252BC3MXhsFykurjN&citationId=p_n_119_1
http://pubs.acs.org/action/showLinks?pmid=22162017&crossref=10.1002%2Fjcc.22885&coi=1%3ACAS%3A528%3ADC%252BC3MXhsFykurjN&citationId=p_n_119_1
http://pubs.acs.org/action/showLinks?pmid=24950336&crossref=10.1038%2Fnchem.1925&coi=1%3ACAS%3A528%3ADC%252BC2cXmsVKmsrk%253D&citationId=p_n_90_1
http://pubs.acs.org/action/showLinks?crossref=10.1103%2FPhysRevB.62.R2287&citationId=p_n_126_1
http://pubs.acs.org/action/showLinks?pmid=18728862&crossref=10.1039%2Fb804083d&coi=1%3ACAS%3A528%3ADC%252BD1cXhtVektLvL&citationId=p_n_116_1
http://pubs.acs.org/action/showLinks?pmid=18728862&crossref=10.1039%2Fb804083d&coi=1%3ACAS%3A528%3ADC%252BD1cXhtVektLvL&citationId=p_n_116_1
http://pubs.acs.org/action/showLinks?pmid=19691387&crossref=10.1063%2F1.3204488&coi=1%3ACAS%3A528%3ADC%252BD1MXhtVSiurfI&citationId=p_n_133_1
http://pubs.acs.org/action/showLinks?pmid=24028116&crossref=10.1063%2F1.4819789&coi=1%3ACAS%3A528%3ADC%252BC3sXhtl2rurrE&citationId=p_n_150_1
http://pubs.acs.org/action/showLinks?pmid=24028116&crossref=10.1063%2F1.4819789&coi=1%3ACAS%3A528%3ADC%252BC3sXhtl2rurrE&citationId=p_n_150_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.457082&coi=1%3ACAS%3A528%3ADyaL1MXmtl2ks7k%253D&citationId=p_n_123_1
http://pubs.acs.org/action/showLinks?pmid=24028093&crossref=10.1063%2F1.4819693&coi=1%3ACAS%3A528%3ADC%252BC3sXhtlKrtLzI&citationId=p_n_140_1
http://pubs.acs.org/action/showLinks?pmid=24028093&crossref=10.1063%2F1.4819693&coi=1%3ACAS%3A528%3ADC%252BC3sXhtlKrtLzI&citationId=p_n_140_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.475855&coi=1%3ACAS%3A528%3ADyaK1cXhsV2js7w%253D&citationId=p_n_113_1
http://pubs.acs.org/action/showLinks?pmid=15836131&crossref=10.1063%2F1.1857478&coi=1%3ACAS%3A280%3ADC%252BD2M3gtlGitQ%253D%253D&citationId=p_n_130_1
http://pubs.acs.org/action/showLinks?crossref=10.1016%2Fj.cpc.2012.05.008&coi=1%3ACAS%3A528%3ADC%252BC38XnvFGis7o%253D&citationId=p_n_98_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.438980&coi=1%3ACAS%3A528%3ADyaL3cXksFCnu7c%253D&citationId=p_n_110_1
http://pubs.acs.org/action/showLinks?crossref=10.1063%2F1.438980&coi=1%3ACAS%3A528%3ADyaL3cXksFCnu7c%253D&citationId=p_n_110_1

