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Joint experimental and theoretical studies have been carried out to identify the stability of
aluminum gold clusters. The experimental studies where the AlnAu– clusters are generated
via laser vaporization in a flow reactor and subsequently reacted with oxygen indicate that
Al6Au– is an exceptionally stable species that is not only resistant to etching by oxygen but
also grows in intensity when AlnAu– clusters are exposed to oxygen. Theoretical studies indi-
cate that the six aluminum atoms in Al6Au– form an octahedron and that the Au atom oc-
cupies a hollow site above the triangular face of the octahedron. It is shown that it takes
much larger energy to remove an Al or a Au atom compared to that for neighboring sizes,
and this accounts for its resistance to oxygen. The special stability is rooted in the electronic
spectrum that is marked by a large HOMO-LUMO gap of 1.38 eV, and the system is best de-
scribed as a nearly free electron gas of 20 electrons.
Keywords: Gold aluminum clusters; Cluster stability; Cluster magic numbers; Laser vaporiza-
tion; Oxidation; Mass spectrometry; Ab initio calculations.

Gold exhibits a striking progression of behaviors in going from a single
atom to the bulk solid. Bulk Au is the most noble metal, resistant to oxida-
tion and corrosion, and has been used for centuries for making utensils,
ornaments, and as currency. Unlike the bulk, however, small Au nanoparticles
are reactive1, and small Aun clusters are known to be potential catalysts for
the conversion of CO to CO2. A single Au atom has a high electron affinity
of 2.30 eV that is 0.7 eV smaller than iodine atoms and is indicative of high
reactivity. In addition to Au, the other useful metal is aluminum, the third
most abundant element in the earth’s crust. It has high affinity for oxygen,
and bulk Al surfaces in nature are covered with an oxide layer. The reactive
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nature of aluminum continues to smaller sizes, and aluminum
nanoparticles and small clusters are generally reactive to oxygen. The only
known exception to this oxidation are selected clusters2–5, for example,
Al13

–, Al23
–, Al37

–, .... These sizes, usually called the magic numbers6,7, owe
their unusual resistance to oxygen corrosion, to the finite sizes, and to
quantum effects that lead to filled electronic shells in clusters much in the
same way as in atoms. Indeed, theoretical studies indicate that the elec-
tronic structure of metal clusters can be described within a simple model
where the positive ionic core charge is smeared uniformly over a sphere of
the size of the cluster. The electronic levels in such a potential well, order as
1s21p61d102s21f142p6 – compared to 1s22s22p63s23p63d10 – in atoms. Clusters
containing 2, 8, 18, 20, 34, 40 electrons then correspond to closed elec-
tronic shells and are indeed found to exhibit chemically inert behavior. The
chemical stability of the aforesaid aluminum sizes can thus be attributed to
the number of valence electrons that result in closed electronic shells. In
addition to shell closure, the observed electronic behavior in clusters in
which the number of valence electrons deviates from filled shell sizes is
found to be reminiscent of open-shell atoms, and this has led to the idea
that chosen atomic clusters could be regarded as superatoms4,8. Over the
past few years, it has been shown that Al13

– mimics an inert gas atom3, Al13
exhibits behaviors reminiscent of a halogen atom3,9,10, Al14 behaves like
group II elements4, and that Al7

– exhibits multivalent behavior8. Identifica-
tion of these species is currently an important undertaking in cluster sci-
ence, as it is envisioned that they can form the building blocks of new
nanoscale materials.

The purpose of this paper is to present a synergistic effort combining ex-
periments and first principles electronic structure studies to identify an in-
triguing stable species. Our experiments demonstrate an interesting finding
that a combination of two highly reactive species, namely Al6

– and a single
Au atom, leads to an unusually stable species Al6Au– that is completely re-
sistant to oxidation. An Al atom has a valence electronic structure of 2s2

2p1, and pure aluminum clusters are known to undergo a transition from a
monovalent to a trivalent state11. A single Au atom has a valence electronic
configuration of (5d10) 6s1 and contributes a single valence electron. Ac-
cording to the confined electron gas model, outlined above, one could un-
derstand this stability with Al6Au– having either 8 or 20 valence electrons.
Using first-principles electronic structure calculations, we first demonstrate
that the Al6Au– cluster is stable against the formation of AlO2, AlO2

–, Al2O2,
AuO2, and AuO2

– when exposed to O2, indicative of its observed resistance
to etching by oxygen. Further, the cluster is marked by a large HOMO
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(highest occupied molecular orbital)-LUMO (lowest unoccupied molecular
orbital) gap, attesting to its enhanced stability. Finally, through electronic
structure calculations, we propose that the unusual stability is most easily
reconciled within a 20-electron model.

METHODS

A fast flow reactor mass spectrometer coupled to a dual rod laser vaporiza-
tion source, as described in detail previously12–14, is used to probe the stabil-
ity of bimetallic aluminum-gold cluster anions. Briefly, the bimetallic
clusters are formed in a dual rod laser vaporization source by ablating two
metal rods with the second harmonic of a Nd:YAG laser. The laser beam is
split by a 1-inch circular mirror which is cut into half14 for the laser to
strike both rods. Furthermore, a split vertical transverse stage allows for
control of the laser fluence impinging on each beam separately. The clus-
ters are cooled by addition of He carrier gas into the laser vaporization
source.

Once formed, the clusters exit the source through a conical nozzle, and
they enter the flow tube where oxygen reactant gas is added downstream at
a reactant gas inlet. Most of the products and carrier gas are then pumped
away by a high-volume roots pump, but those species that survive are sam-
pled through a 1-mm orifice and focused by a set of electrostatic lenses into
the quadrupole mass analyzer. The products are subsequently detected with
a channel electron multiplier.

First-principles electronic structure investigations on AlnAu– clusters were
carried out within a density functional formalism15. Here, the exchange
correlation contributions were incorporated through a generalized gradient
approximation (GGA) functional proposed by Perdew, Burke, and
Ernzerhof16. The electronic orbitals and eigenstates were determined using
a LCAO molecular orbital approach. Here, the wave function for the cluster
is expressed as a linear combination of Gaussian-type orbitals centered at
the atomic positions in the cluster. The actual calculations were carried out
using the deMon2k software17. In this implementation, an auxiliary func-
tion set is used for the variational fitting of the Coulomb potential18,19. The
numerical integration of the exchange-correlation energy and potential are
performed on an adaptive grid20.

For Au, we used the RECP19-electron pseudopotential from Stuttgart–
Dresden21 that includes scalar relativistic effects. For the effective core po-
tential (ECP) integrals, a half-numeric integrator recently implemented in
deMon2k 22 was used. In the present studies, we employed the double zeta
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valence polarized (DZVP) basis sets23 for Al and O and the RECP19 basis set
for Au 21. The GEN-A2 auxiliary function set for C and O and the GEN-A2*
auxiliary function set for Au were used. The GEN-A2 auxiliary function set
contains s, p, and d auxiliary functions and has been optimized for the
DZVP basis set. The GEN-A2* auxiliary function set possesses a similar
structure as the GEN-A2 set but includes also f and g functions. To deter-
mine the ground state, the configuration space was sampled by starting
from several initial configurations and optimizing the geometry by moving
atoms in the direction of forces. The geometries were optimized without
any symmetry constraint using delocalized internal coordinates with the
Broyden, Fletcher, Goldfarb, and Shanno (BFGS) update in the deMon2K
program24. A structure optimization was converged if the root mean square
of the gradient (RMSG) and the largest component of the delocalized inter-
nal gradient was smaller than 0.0003 and 0.0045 a.u., respectively.
Additionally, either the root mean square of the delocalized internal dis-
placement and the largest component of the displacement must be smaller
than 0.0012 and 0.0018 a.u., respectively, or the change in energy between
the previous two geometries must be smaller than 5 × 10–6 a.u. Since transi-
tion metal atoms are marked by non-zero spin multiplicities, the ground
state determination included investigation over several spin multiplicities.

RESULTS AND DISCUSSION

The mass spectra for the AlnAum clusters without reactant gas addition are
shown in the top panel Fig. 1. As seen in these spectra, bimetallic clusters of
AlnAum with n = 3–24 and m = 0–2 are produced in varying compositions by
ablating the two metal rods in our flow reactor system.

Upon the addition of increasing amounts of oxygen at a reactant gas in-
let, certain species begin to arise from the mass spectrum as being stable,
similar to the experiments reported previously in our laboratory for the sta-
bility of Aln

+/–, AlnNm
–, AlnCm

–, and AlnXm
– (X = halogen)2–5,25–27. From the

spectra shown in Fig. 1, one can see that with the addition of increasing
amounts of oxygen, most of the species begin to decrease in intensity and
disappear from the distribution. However, there are species that are not
“etched” by the oxygen and even increase in intensity with further oxygen
addition. Looking at the spectrum which corresponds to the addition of
100 sccm (standard cubic centimeters per minute) of oxygen, it is shown
that, in the middle panel of Fig. 1, the species that stand out after the oxy-
gen addition are Al13

–, Al6Au–, Al10Au–, Al12Au–, Al14Au–, and Al16Au–. How-
ever, Al6Au– is the only species in Fig. 1 that does not diminish in intensity
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FIG. 1
Mass spectra of the unreacted and reacted AlnAum

– species



with the further addition of oxygen at the reactant gas inlet, as shown in
the 200 sccm spectrum (bottom pane, Fig. 1). Al10Au–, Al12Au–, Al14Au–, and
Al16Au– are all shown to decrease in intensity between the spectrum where
50 sccm oxygen has been added and that with 200 sccm oxygen. As
pointed out above, looking at Al6Au– in the context of the confined nearly
free electron gas model, this cluster can correspond to either an 8 or 20
electron species, with Al contributing either one or three electrons, while
Au donates a single electron.

In order to probe the stability of Al6Au–, we carried out theoretical studies
on pure Aln– and AlnAu– clusters containing 4, 5, 6, and 7 Al atoms. The geo-
metries and ground state spin multiplicities of pure Aln

– clusters have been
previously investigated, and our results agree with those investiga-
tions11b,28. For the clusters containing a Au atom, the Au atom was placed
at the on-top, bridge, and hollow locations above the pure Aln clusters. The
geometry was optimized by moving atoms until the convergence criterion
was reached. The calculations were repeated for various spin multiplicities
to determine the ground state. As shown later, the oxygen etching can lead
to the formation of neutral as well as ionic species. The investigations,
therefore, covered both the anionic and neutral species. While the detailed
results will be presented in a later publication, here we focus primarily on
the stability of Al6Au–.

Figure 2 shows the ground state geometries of neutral aluminum, anionic
aluminum, and anionic aluminum-gold clusters containing a single Au
atom. Also shown are the spin multiplicities and the bond lengths (in Å).
Note that, in all cases, the Au atoms occupy the hollow sites above the Aln
surface. Figure 2 also shows the highest occupied molecular orbital (HOMO)
in AlnAu– clusters. Note that most of the contribution comes from the Al
sites. In order to ascertain the accuracy of the theoretical studies, we calcu-
lated the vertical electron affinity of Al6Au– for which experimental values
exist. Our calculated value of 2.78 eV is in excellent agreement with the
measured value of 2.83 eV 29.

In order to examine the stability of clusters, we calculated the energy re-
quired to remove a single Al, a single Al–, or a Au atom from the AlnAu–

clusters. In Fig. 3a and 3b, we show the results of our investigations for
pure Aln

– and for AlnAu– clusters, respectively. Note that Aln
– clusters show a

maximum for the removal of an Al at n = 6, but they do not show any max-
ima at n = 6 for the removal of an Al–. On the other hand, the AlnAu– clus-
ters exhibit a maximum both for the removal of an Al atom and Al– and
also for the removal of an Au atom. While it takes 3.97 eV to remove an Al
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atom from Al6Au–, it only takes 2.28 eV to remove an Al atom from Al7Au–.
Similarly, while it takes 5.8 eV to remove an Al– from Al6Au–, it only takes
4.6 eV to remove an Al– from Al7Au–. Finally, while it takes 3.87 eV to re-
move a Au atom from Al6Au–, it only takes 3.06 eV to remove a Au atom
from Al7Au–. This suggests that the observed growth of the Al6Au– upon ex-
posure to oxygen, seen in the experiments where the clusters are exposed to
oxygen (see Fig. 1), is most likely due to etching of the larger species. In or-
der to more critically examine the etching of the clusters by oxygen, we
considered the energetics of the following fragmentation channels.
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FIG. 2
Ground state geometries of Aln, Aln

–, and AlnAu– clusters. The bond lengths are in Å and super-
scripts indicate the spin multiplicity. Also shown is the electron charge density in the HOMO
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FIG. 3
A) The gain in energy in adding an Al (�) or an Al– (�) to Aln

– (n = 5–7) clusters. B) The gain
in energy in adding an Al (�), and Al– (�) or a Au (�) to AlnAu– (n = 5–7) clusters



AlnAu– + O2 → Aln–1Au– + AlO2 (1)

AlnAu– + O2 → Aln–1Au + AlO2
– (2)

AlnAu– + O2 → Aln–2Au– + Al2O2 (3)

AlnAu– + O2 → Aln
– + AuO2 (4)

AlnAu– + O2 → Aln + AuO2
– (5)

For each of these channels, we compared the total energy of the reactants
with the expected product. Note that, since the experiments are carried out
under cold conditions, we only examined the reaction products where the
O–O bond remains intact. For example, while the ground state of Al2O2 is a
rhombus structure with no O–O bond, the formation of the ground state
structure involves the breaking of the O–O bond. Our studies confirm that
there is a barrier of 0.26 eV that can not be overcome under ordinary condi-
tions. Similarly, while the ground state of AlO2 is a triangular structure with
no O–O bond, the formation of the ground state involves a barrier of 1.25 eV
for the breaking of the O–O bond. Consequently, we only considered
products with the O–O bond intact. Our calculated energies indicate that the
reactions (1) and (2) are exothermic for Al5Au– with energies of 0.34 and
0.72, respectively. The same is true for Al7Au– where the corresponding en-
ergies for the reactions (1), (2), and (3) are 0.55, 0.33 and 0.50 eV, respec-
tively. For Al6Au–, on the other hand, the reactions (1), (2), (4), and (5) are
energetically prohibited by 1.14, 0.87, 3.39, and 3.59, respectively. How-
ever, the reaction (3) is exothermic by 0.29 eV. Since the ground state of
Al2O2 has Al sites separated from each other by more than 3 Å while the
Al–Al distance in Al6Au– is shorter, we investigated, in detail, such a pro-
cess. An O2 molecule was brought towards the Al6Au– cluster perpendicular
to an Al–Al bond. The gain in energy was only 2.66 eV, while it takes 6.46
eV to remove 2 Al atoms, indicating that such a possibility is kinetically
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prohibited. Hence, reaction (3) is not possible under conditions of the ex-
periment, and Al6Au– appears as the magic species.

In order to further probe the mechanism underlying the stability of
Al6Au–, we now consider the formation of Al6Au– by starting from the pure
Al6 and Au. To this end, we show in Fig. 4 the one-electron levels in Al6,
Al6

–, the Au atom, and those in Al6Au–. The continuous lines correspond to
the filled states, while the dotted lines correspond to unfilled levels. For the
Au atom, we have included the filled 5d states in the valence manifold. The
numbers beside the lines represent the degeneracy of the states. Note that
the Au d- and s-states are within the manifold of the Al6

– states and interact
with the p-state of the Al sites, leading to a stable species with a
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FIG. 4
The one-electron levels in Al6, Al6

–, Au, and Al6Au– clusters. The continuous lines correspond
to the filled levels while the dotted lines correspond to unoccupied states. The degeneracies of
the states are shown by numbers



HOMO-LUMO gap of 1.38 eV. The mixing between the states indicates that
Al6Au– may be best described as a 20-electron system (assuming that the
d-states of Au are localized around the Au atom and are not counted in the
nearly free electron gas). We would like to add that the definition of a
jellium density and shape for a compound cluster is not trivial. Conse-
quently, a more quantitative comparison with the jellium picture is difficult.

CONCLUSIONS

To summarize, the synergistic studies employing experiments and first
principles electronic structure calculations are used to show that Al6Au– is
an unusually stable species marked by a large HOMO-LUMO gap and in-
creased energy to remove an Al and Au atom. There is substantial mixing
between the Au d- and s-states and the sp-states of the Al6

–, and the system
is best described as a nearly free electron gas with a shell closing of 20 elec-
trons. We are currently extending our studies to other systems, and these
results will be reported in a subsequent publication.
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