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Abstract: Gold nanoparticles are known to be highly versatile
oxidation catalysts utilizing molecular oxygen as a feedstock,
but the mechanism and species responsible for activating
oxygen remain unclear. The reaction between unsupported
cationic gold clusters and molecular oxygen has been inves-
tigated. The resulting complexes were characterized in the gas
phase using IR spectroscopy. A strong red-shift in the observed
n(O-O) stretching frequency indicates the formation of super-
oxo (O2

�) moieties. These moieties are seen to form sponta-
neously in systems, which upon electron transfer attain a closed
shell within the spherical jellium model (Au10

+ and Au22
+),

whereas an oxygen induced self-promotion in the activation is
observed for other systems (Au4

+, Au12
+, Au21

+).

Gold nanoparticles show the surprising ability to catalyze
a range of oxidation reactions under extremely mild con-
ditions, utilizing molecular oxygen as a feedstock and often
with a high degree of selectivity.[1] The mechanism behind the
reactions remains a mystery despite their extensive inves-
tigation. Even in one of the simplest cases, the oxidation of
carbon monoxide, the nature of the active site is much
debated.[2] It is generally accepted that the CO adsorbs to the
gold nanoparticle but the mechanism for activation of oxygen
remains unclear. Proposals vary from the importance of the
three-phase boundary between the gold cluster, supporting
surface and reagent phase[3] to the gold particle interacting
with regions of excess electron density,[4] thereby acquiring
a partial negative charge and enabling it to activate oxygen
itself. Yet other investigations reveal the importance of
positively charged gold centers for the observed activity.[5]

To obtain an experimental handle on these complex
systems, one possible approach is to simplify the problem by
introducing the clusters into the gas phase. These studies have
demonstrated that neutral and negatively charged gold
clusters interact with O2 to form activated superoxo (O2

�)

moieties.[6] Furthermore, reaction kinetics have been
observed for Au2

� that are consistent with a catalytic cycle
for the oxidation of CO by O2.

[7] The cationic clusters,
meanwhile, are reported to only react with oxygen in the
presence of electron donating promoters (for example, N2 or
H2

[8]), with the exception of Au10
+.[9] This is in clear contra-

diction to the results from the surface science community.[5]

Herein we demonstrate the formation of cationic gold
cluster oxygen complexes and characterize them by IR
spectroscopy in the frequency range corresponding to the
internal O�O stretch vibrations. This vibrational mode is
inherently sensitive on the electronic occupation of the O2 p*
(anti-bonding) highest occupied molecular orbital (HOMO).
Changes in this vibrational frequency reflect changes in the
O2 oxidation state. The recorded spectra unequivocally
demonstrate the formation of activated oxygen species with-
out the need for a support interaction or the presence of
a promoting ligand, casting light on the mechanism of this
fundamental reaction. We also present evidence of self-
promoted activation in conditions where multiple ligands are
complexed with the gold cluster.

The cationic clusters are formed by laser ablation of
a solid gold target and quenching of the plasma by a short
helium pulse. After thermalization to�60 8C within a reaction
channel downstream from the cluster source, a pulse of
oxygen is introduced. The total pressure in the channel is
estimated to be about 20 mbar and the partial pressure of O2

will be a few mbar. The reaction time is given by the flow time
through the channel, which is about 100 ms. Complex for-
mation is stopped by expansion into the vacuum and
formation of a molecular beam. The distribution of cationic
cluster species is analyzed by time-of-flight mass spectrom-
etry. Vibrational spectra specific for all species are obtained
by mass-resolved IR multiple photon dissociation (IR-MPD)
spectroscopy. For this, the cluster beam is overlapped by the
pulsed infrared beam from the free electron laser for IR
experiments (FELIX).[10] If the IR light is in resonance with
a vibrational mode of the complex, sequential pumping of this
mode and internal vibrational redistribution results in a heat-
ing of the cluster, leading to fragmentation. Monitoring the
complex signal intensity as a function of IR wavelength allows
for dissociation spectra to be recorded.[11]

Figure 1 gives the dissociation spectra recorded in the
Au10O2

+, Au10(O2)2
+, and Au22O2

+ mass channels. The
reported spectra are deconvoluted from the raw data such
that the effects of a cluster fragmenting into a lower coverage
complex are accounted for. The most prominent feature in all
three spectra is around 1065 cm�1, consistent with the
presence of a superoxo moiety.[12] An additional, weaker
feature is seen for Au10(O2)2

+ at 1523 cm�1 and corresponds to
the presence of a physisorbed dioxygen ligand, indicating that
it is simply a spectator species to the cluster complex. This is
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true for all of the higher coverage complexes (Au10(O2)m
+,

m = 3–6; not shown). The spectrum for Au22O2
+ is signifi-

cantly more complex, with two satellite features being
present. One of these is red-shifted to 875 cm�1 whilst the
second is blue-shifted to around 1359 cm�1. The band
positions have estimated uncertainties of � 5 cm�1, given by
the bandwidth of the laser and the uncertainty of the laser
calibration. These additional modes are either an indication
of isomerism in the oxygen binding location[6a,b,13] or are due
to combination/difference bands with other vibrational
modes. The absorption in Au22O2

+ is also broader than for
Au10O2

+, again suggesting isomerism. All experiments have
been repeated with 18O2 and show shifts consistent with the
observation of dioxygen-related vibrations (example spectra
for Au4(

18O2)m
+ are shown in the Supporting Information,

Figure S1).
Along with these species, oxygen complexes are also

observed for all of the smaller cationic gold clusters (AunO2
+;

n = 2–12), with Au10O2
+ being a maximum in the reactivity.

The reactivity drops off rapidly after Au10O2
+, but with

conditions optimized for the production of larger cluster
complexes, species as large as Au24O2

+ are observed (see the
Supporting Information, Figure S2 for a mass spectrum).

Figure 2 gives the IR-MPD spectra recorded in the
Au4(O2)m

+, Au12(O2)m
+, and Au21(O2)3

+ mass channels.
Unlike Au10

+ and Au22
+, the superoxo mode is not observed

for the species containing a single oxygen ligand. Instead it is
seen to be dependent upon the number of ligands complexed
with the gold cluster. For Au21(O2)1-2

+, no bands are seen,
indicating either a dissociative adsorption or a sufficiently
weakly interacting physisorbed complex such that the for-
mally IR-inactive O�O stretch is not observed. With the
addition of the third oxygen, however, two modes appear, one
at 1063 cm�1, characteristic for a superoxide, and a second,
blue-shifted at 1363 cm�1. The Au12O2

+ complex shows
a single band consistent with a physisorbed dioxygen
moiety. With increasing oxygen coverage the intensity of
this feature decreases whilst a second feature at 1063 cm�1

grows in. Finally for Au4(O2)m
+ only a single feature at

1470 cm�1 is observed for the m = 1 case whilst for m� 2
a new mode is observed at 1260 cm�1, which red-shifts with

oxygen coverage towards 1240 cm�1. Such frequencies are
halfway between the frequency of a superoxo moiety and the
stretching frequency of the physisorbed complex. With
increasing oxygen coverage, the physisorbed mode is seen
to split into two features separated by about 30–40 cm�1,
although this may be an experimental artefact. A third feature
is also present in the Au4(O2)m

+ spectra, at 1720� 10 cm�1.
This absorption is clearly present for m = 3 and 4 and
potentially also for m = 1 and 2. Such a frequency could
correspond to the formation of a dioxygenyl moiety (O2

+) or
be a combination band of the physisorbed mode and an
internal mode.

The bands at 1063 cm�1 are characteristic for the superoxo
ligand and confirm the presence of the same activated
dioxygen species as identified for O2 bound to neutral and
anionic gold clusters.[6a,b] This is surprising given the formally
required electron removal from the gold cluster to form the
superoxide, which should be energetically unfavorable for an
already positively charged cluster. Even for anionic gold
clusters, such electron transfer is only possible for the even-
sized, open-shell clusters that have a sufficiently low electron
affinity.[6a,c,d, 14] The neutral clusters show a reversed pattern,
with only certain odd-sized clusters forming the superoxo
species. With the driving force appearing to be the formation
of an ion–ion complex and a further stabilization of the now
cationic cluster core by structural rearrangement.[6b] Such
a reaction, however, has been speculated to occur in cationic
silver clusters.[15]

To obtain more insights into the mechanism of O2

activation at the cationic gold clusters, supporting quantum

Figure 1. IR-MPD spectra recorded for Au10O2
+, Au10(O2)2

+, and
Au22O2

+ in the range of the O�O stretching vibrations. The dots are
the raw data points, corresponding to an average of about 400 single
measurements; the lines are their five-point binomially weighted
running average. The most intense peaks correspond to depletion to
about 20 % of the initial intensity.

Figure 2. IR-MPD spectra recorded for Au4(O2)m
+, Au12(O2)m

+, and
Au21(O2)3

+. These clusters only demonstrate a superoxo-like mode
when multiple oxygen ligands are complexed with the cluster.
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chemical calculations using density functional theory (DFT)
were performed (for details, see the Supporting Information).
Owing to the increase in complexity and configuration space
as the cluster system increases in size, we have limited these
investigations to Au4O2

+, Au4(O2)2
+, and Au10O2

+ only. The
predicted structures for these complexes are given in Figure 3.

Species containing weakly physisorbed oxygen are known to
be difficult for DFT to accurately reproduce,[16] often suffer-
ing from spin-contamination effects. As such the assigned
structures are the lowest energy species found which are not
significantly affected by spin contamination. In cases where
electron transfer occurs, that is, when the spins are strongly
coupled, this is seen to be a minor problem. The O�O
stretching frequencies agree qualitatively with the experi-
ment. The structures for Au4O2

+ and Au4(O2)2
+ are based on

the known structure for bare Au4
+,[17] with the first oxygen

moiety predicted to be bound by 0.26 eV to one of the three-
coordinate gold atoms. The predicted stretching frequency of
1517 cm�1 agrees with a weakly activated dioxygen moiety (cf.
n(O�O) = 1556.23 cm�1),[12] similar to that observed in neu-
tral Au4O2.

[6b] The second oxygen ligand is seen to bind at
a two-coordinate site and in so doing causes the first O2 unit to
switch from h1 to h2 binding. This in turn results in a red-shift
of the stretching frequency for the h2-bound dioxygen. This
shift is not predicted to be as strong as observed experimen-
tally, but is still significant from the initial value. This gradual
activation is also reflected in the charge transfer analyzed by
a natural population analysis, showing a partial charge for
Au4O2

+ on the dioxygen ligand of approximately zero. Upon
addition of the second dioxygen, however, the h2-coordinated
dioxygen becomes charged by �0.15e. The charge on the h1-
bound dioxygen, conversely, is zero, reflecting the differing
activation of the dioxygen moieties. None of the found stable
minima for Au4O2

+ and Au4(O2)2
+ predicted an oxygen

vibration which is blue shifted compared to the value of
free O2, thus the observed feature at 1720 cm�1 is assigned to

being a combination of the 1470 cm�1 mode and one of the
Au-(O2) stretching vibrations (predicted to be around 240–
300 cm�1).

The structure for Au10O2
+ is only slightly distorted from

the known bare-metal structure,[17] with the oxygen molecule
bound in a h2 fashion and a predicted O�O frequency of
1174 cm�1, that is, a superoxo moiety. The Au-(O2) bond
dissociation energy is calculated to be larger for Au10O2

+ than
for Au4O2

+, albeit only slightly (0.1 eV). This is in agreement
with the relative mass spectrometric abundances of the
complexes being comparable, indicating a similar level of
reactivity for these two species. The natural population
analysis for the Au10O2

+ cluster shows a greater charging
(�0.42 e) of the oxygen moiety than in Au4(O2)2

+.
Two modes of interaction are thus observed for the

cationic gold clusters with molecular oxygen; in one the first
dioxygen ligand reacts to form a superoxo moiety and
a doubly charged gold cluster. Such an interaction should be
expected to be unfavorable thermodynamically as the ioniza-
tion energies (IEs) of the cationic gold clusters are high.[18]

That this mode of interaction is only observed for Au10
+ and

Au22
+ is attributed to the removal of an electron resulting in

a closed-shell within the spherical jellium model containing
the “magic” numbers of 8 (1s21p6) and 20 (1s21p61d102s2)
electrons, respectively, lowering the IEs of these clusters. The
absence of such binding for Au4

+, which would lead to the
“magic” electron count of 2 (1s2), is attributed to the generally
higher IEs of the smallest clusters.[19]

The preservation of the jellium shell structure of Au10
2+ by

formation of Au10O2
+ is illustrated in Figure 4. The jellium

type or “superatom” orbitals of the eight-electron closed shell
system of Au10

2+, including the LUMO are shown, as well as
the mapping of these orbitals onto those of the cluster
complex Au10O2

+. The low-lying 1s superatom orbital hybrid-
izes with the low-energy p-bonding orbitals of the dioxygen to
form a s-bonding and anti-bonding orbital pair. The triply
degenerate set of orbitals comprising the 1p6 electrons of
Au10

2+ have this degeneracy lifted. Two of these orbitals are
largely non-bonding in their interaction with the O2 whilst the
third points along the axis of the Au10-O2 bond and is raised in
energy relative to the other two. Energetically the next orbital
is a non-bonding orbital centered exclusively on the dioxygen.
Finally the LUMO of Au10

2+ leads to a bonding interaction
with the orthogonal p* orbital of O2, and is the HOMO of
Au10O2

+.
The alternative interaction instead involves initial phys-

isorption which, at higher coverage, changes to activation.
This most likely arises as a result of a solvation induced
depression of the second IE. Such a mechanism is supported
by the observation that when three Ar atoms are bound to
Au4

+, a superoxo mode is observed for the first O2 ligand
(Supporting Information, Figure S3). For Au21

+ this is some-
what surprising as it is already a “magic” 20 electron cluster.
However, removal of two electrons (by formation of two
superoxo species) would lead to 18 electrons, corresponding
to the closed-shell 1s21p61d10 configuration.

In summary, we have shown that the cationic gold clusters
react with molecular oxygen without the aid of a support
effect or a co-adsorbate and that these clusters are capable of

Figure 3. Structures for Au4(O2)
+, Au4(O2)2

+, and Au10O2
+. The struc-

ture for Au10O2
+ was obtained from a basin-hoping global optimization

algorithm with the constraint that the oxygen molecule was not
allowed to dissociate; otherwise atoms were free to move independ-
ently. The calculated oxygen stretching frequencies, O�O bond lengths,
and oxygen binding energies (ZPE corrected) are given. For Au4(O2)2

+,
the binding energy is for the second dioxygen molecule.
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activating the oxygen molecules towards further reaction
through the formation of superoxide moieties. This activation
appears linked to the second IE of the corresponding cluster,
as species that attain “magic” electron counts spontaneously
form the superoxide whereas others require an initial
solvation induced depression of the second ionization
energy in a self-promoting mechanism.
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Figure 4. Mapping from the Au10
2+ superatom orbitals onto the

orbitals of the Au10O2
+ cluster complex, demonstrating the preserva-

tion of the superatom character after the interaction. For Au10O2
+ the

occupied orbitals of the majority spin states are shown, the minority
states are almost identical. The d-type orbitals located at the gold
cluster are omitted for clarity.
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