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Candidates for the lowest energy structures of medium-sized Aun, n ) 32, 38, 44, 50, and 56, clusters were
evaluated using gradient-corrected DFT computations. Both hollow cage and space-filling conformations were
considered. The cages were constructed using fullerene-based templates. The space-filling structures were
generated by employing a genetic algorithm. We have found that the space-filling isomers were lower in
energy except for two notable cases. Like Au32 [Johansson, M. P.; Sundholm, D.; Vaara, J.Angew. Chem.
Int. Ed.2004, 43, 2678], a hollow cage configuration of Au50 is more stable than its alternative space-filling
isomeric forms. The unusual stabilities of the cage Au32 and Au50 can be attributed to spherical aromaticity;
both exhibit large negative nucleus-independent chemical shifts and exceptionally large HOMO-LUMO gaps.

I. Introduction

Gold clusters exhibit remarkable size-specific catalytic activity
and selectivity1,2 and are of potential importance as building
units in nanoscale devices.3-5 The relativistic nature of gold
results in unusual structures.6-28 Most relativistic density
functional theory (DFT) computations predicted planar con-
figurations for neutral Aun up to n ) 11-14,6-10 although a
recent CCSD(T) treatment11 questioned some of the DFT
findings. Ion mobility and photoelectron spectroscopy experi-
ments confirmed the planar structures of anionic Aun

- (up to
n ) 12) and cationic Aun+ (up to n ) 7) predicted by DFT
computations.12-14 Three-dimensional space-filling configura-
tions with low symmetry were given by LDA-DFT computations
for Aun clusters in then )15-20 size range.8 A beautifully
symmetrical Au20 (Td) isomer was identified by a combined
photoelectron spectroscopy/GGA-DFT study.15 The stability of
this tetrahedral Au20, which represents a relaxed fragment of
the face-centered cubic (fcc) lattice, has been associated with
aromaticity.16

X-ray powder diffraction studies of gold particles 1-2 nm
in diameter (about 40-200 atoms) revealed a truncated de-
cahedral motif.17,18Several computational investigations of gold
clusters in this size range at different degrees of sophistication
favored amorphous space-filling structures.19-22 In contrast, an
icosahedral Au32 hollow cage configuration, based on a fullerene
template, was recently computed to be especially stable; these
unusual geometric and energetic features were attributed to
aromaticity.23 Endohedral structures with 1-3 Au atoms inside
the Au32 cage were found to be lower in energy than compact
configurations for Au33-35.24 Recently, an icosahedral hollow
cage structure of Au42, based on a C80 fullerene, was computed

to be a local minimum, but it was not as stable as space-filling
isomers.25

All these findings suggest that hollow cage structures of
medium-sized gold clusters may compete with space-filling
alternatives. We have explored here this possibility systemati-
cally for Aun, n ) 32, 38, 44, 50, and 56. These sizes were
chosen because of their relationship to fullerenes, as discussed
in the next section, which presents the methodological details.
The results are discussed in section III. A brief summary is given
in section IV.

II. Methodological Details

The reliability of DFT studies depends on the choice of the
functional and the basis set for the problem being investigated.
We employed the Perdew, Burke, and Ernzerhof29 (PBE)
parametrization of the exchange-correlation functional as well
as a DFT-based relativistic semi-core pseudopotential30 (DSPP),
fitted to all-electron relativistic results, and a double numerical
basis set including d-polarization functions (DND), as imple-
mented in the DMol package.31

The accuracy of the PBE/DSPP/DND combination was
evaluated by computations on Aun, n ) 1-14 and 20. Table 1
documents the good agreement between the computed results
and the available experimental data.13,15,32-34 In accord with
earlier computations,9,13 we find the transition from 2D to 3D
structures to occur atn ) 13 for anionic gold clusters and atn
) 14 for neutral Aun. Our computations also verify the
tetrahedral lowest energy structure of Au20. Its HOMO-LUMO
gap (1.80 eV) and electron affinity (2.65 eV) are very close to
those computed in ref 15 (1.82 and 2.61 eV, respectively; see
also Table 1).

Our comparison of stability of hollow cage and space-filling
structures of Aun was performed for sizesn defined by the* Corresponding author. E-mail: jellinek@anl.gov.
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“capping method” used to generate the cages. All possible
carbon fullerene isomers35 for 20 + 2m (m ) 0, 2, 4, 6, and 8)
atoms were considered; the carbon atoms were replaced by gold
atoms, and an extra gold atoms was added over the center of
each pentagonal and hexagonal face. As the total number of
faces is 12+ m, the size of the resulting gold clusters is
n ) 32 + 3m, that isn ) 32, 38, 44, 50, and 56. The number
of cage structures formed in this way for eachn is 1, 1, 2, 6,
and 15, respectively.35 Because the length of the Au-Au bond
is about twice that of the C-C bond, we rescaled the Cartesian
coordinates of all the atoms by a factor of 2 and then performed
symmetry-constrained DFT optimizations. This recipe is, of
course, not the only way to generate hollow cage structures of
clusters. It produces hollow conformations “inspired” by
fullerenes.

The space-filling structures of the clusters were generated
using a genetic algorithm36 (GA) with the Gupta-like37 and
Sutton-Chen38 many-body potentials. Sixteen arbitrary configu-
rations were used as the initial population. Two configurations
from this population were chosen randomly as parents to
produce an offspring through the mating and mutation proce-
dure. The offspring cluster was then fully relaxed using

molecular dynamics and gradient-driven techniques. If the
energy of the offspring was lower than that of at least one of
the parents, the offspring took the place of the parent with the
higher energy. This procedure was repeated until the lowest
energy structure in the population remained unchanged in 5000
consecutive iterations. The total number of iterations to achieve
this varied between 15 000 and 50 000. Seven to twenty-two
low-energy configurations generated in this way for each cluster
size were then optimized with DFT. The computed harmonic
vibrational frequencies verified that the lowest energy cage and
space-filling structures were minima.

III. Results and Discussion
Structures and Energies.The symmetries, binding energies,

and HOMO-LUMO gaps of the lowest energy hollow cage
and space-filling configurations of Aun, n ) 32, 38, 44, 50,

TABLE 1: Results of Aun Computations Using the PBE
Functional, DND Basis, and DSPP Pseudopotential (See Text
for Details)a

system property this work experiment13,15,32-34

Au IP (eV) 9.62 9.23
EA (eV) 2.07 2.30

Au2 Re (Å) 2.56 2.47
Eb (eV) 1.07 1.15
IP (eV) 9.43 9.50, 9.22
EA (eV) 1.82 1.92

Au3 EA (eV) 3.51 3.88
Au4 EA (eV) 2.68 2.70
Au5 EA (eV) 3.01 3.06
Au6 EA (eV) 2.09 2.06
Au7 EA (eV) 3.32 3.40
Au8 EA (eV) 2.80 2.73
Au9 EA (eV) 3.77 3.81
Au10 EA (eV) 3.06 3.89
Au11 EA (eV) 3.70 3.76
Au12 EA (eV) 3.21 3.03
Au13 EA (eV) 3.88 3.91
Au14 EA (eV) 3.29 2.94
Au20 EA (eV) 2.65 2.73, 2.75
a IP is the ionization potential, EA is the electron affinity, andRe

andEb are the equilibrium bond length and binding energy per atom
of Au2. The EAs are computed as the difference between the total
energies of the equilibrated most stable structures of the neutral and
anionic forms of the clusters.

TABLE 2: Structure, Symmetry, Binding Energy Per Atom
(Eb), Binding Energy Per Atom Corrected by the Zero-Point
Energy (Eh b), HOMO -LUMO Gap ( ∆), and NICS of the
Lowest Energy Cage and Space-Filling Forms for Aun

system structure/symmetry
Eb

(eV/atom)
Ehb

(eV/atom)
∆

(eV)
NICS
(ppm)

Au32 cage/Ih 2.2693 2.2544 1.527-81.3
space-filling/C1 2.2301 2.2168 0.313

Au38 space-filling/C1 2.2635 2.2497 0.256
cage/D6 2.2534 2.2388 0.110 (98.8)a

Au44 space-filling/C1 2.2916 2.2780 0.135
cage/D2 2.2901 2.2756 0.173 12.7

Au50 cage/C2 2.3365 2.3214 0.831-82.8
space-filling/C1 2.3329 2.3188 0.230

Au56 space-filling/C1 2.3731 2.3587 0.310
cage/C2 2.3348 2.3195 0.201-18.3

a This large, positive value may be an artifact arising from the
exceptionally small HOMO-LUMO gap.

Figure 1. Lowest energy cage and space-filling configurations of Aun,
n ) 32, 38, 44, 50, and 56. The energy∆E is referred to the energy of
the more stable isomer.
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and 56, are summarized in Table 2; their structures are depicted
in Figure 1. The lowest energy forms of two clusters, Au32 and
Au50, are hollow cages. The other clusters prefer space-filling
isomers as their most stable configurations. In agreement with
earlier studies,23,24the hollow cage structure of Au32 is markedly
more stable (by 0.0392 eV/atom, or 0.0376 eV/atom with the
zero-point energy correction; see Table 2) than its lowest energy
space-filling counterpart. However, the Au50 hollow cage wins
out over the closest space-filling configuration only by
0.0036 eV/atom, or 0.0026 eV/atom with the zero-point energy
correction. The competition is even more pronounced in Au44,
where the space-filling form is 0.0015 eV/atom, or 0.0025
eV/atom with the zero-point energy correction, lower in energy.
This space-filling preference increases to 0.0101 eV/atom, or
0.0109 eV/atom with the zero-point energy correction, in Au38,
and to 0.0383 eV/atom, or 0.0392 eV/atom with the zero-point
energy correction, in Au56.

The accuracy of the computations is, of course, a factor in
defining the energy ordering of the isomers. The accuracy of
our computations is best assessed by comparison with the
experimental data presented in section II. In addition, the relative
energies of the isomers are, as a rule, reproduced with higher
fidelity than their absolute energies. Whereas the preference for

the cage structure of Au50 may be less clear-cut than in the case
of Au32, the high stability and competitiveness of this cage is
certainly unusual based on what one might expect for gold
clusters of larger sizes.

The HOMO-LUMO gap is an additional gauge of the
relative stability of the cage and space-filling configurations.
This gap for the cage structures of Au32 and Au50 is substantially
larger than not only those of their space-filling isomers (see
Table 2) but also those of both forms of Au38, Au44, and
Au56. The lower energy, space-filling structures of Au38 and
Au56 possess somewhat larger values. The highly competitive
nature of the cage and space-filling configurations of Au44 is
reflected by the small difference in their HOMO-LUMO gaps;
the less stable cage form actually has a slightly larger gap.

Table 3 lists the stationary configurations obtained by our
DFT computations. Although we did not compute the vibrational
frequencies of all these configurations, at least those withC1

symmetry should be minima. Consistent with the preference
for amorphous packing in Aun found in earlier studies,19,20most
of our low-energy space-filling structures haveC1 symmetry.
With the exception of Au38, the cage forms of the clusters were
optimized under the symmetry of the fullerene templates from
which they were generated. For the Au38 cage, theD6d symmetry
of the underlying 24-atom fullerene leads to HOMO-LUMO
degeneracy. The Jahn-Teller effect lowers the symmetry of
Au38 to D6.

Aromaticity and NICS Analysis. Why are certain hollow
cage structures of medium-sized gold clusters preferred? Can
one predict when a hollow cage form of a given Aun will be
more stable than its space-filling competitors? The aromaticity
concept helps answer these questions; it was invoked to explain
the tetrahedral structure of Au20

16 and the preference for hollow
cage in Au32.23 Aromaticity is associated with extra stability
arising from electron delocalization in complete circuits as are
found in annulene rings and three-dimensional molecules.39

Magnetic properties, such as the nucleus-independent chemical
shifts (NICS),40 may be used as quantitative measures of
aromaticity. We computed NICS at the centers of the lowest
energy hollow cage Aun structures (see Table 1) using the PBE
functional and the LANL2DZ basis set41 as implemented in the
Gaussian-98 package.42 Test computations validated the change
from the DND/DSPP (DMol) to the LANL2DZ (Gaussian) level
(program).43

TABLE 3: Structure, Symmetry (“sym”), and Energy ( ∆E)
of the Different Isomers of Aun, n ) 32, 38, 44, 50, and 56,
As Obtained in Our DFT Computationsa

system structure sym
∆E
(eV) system structure sym

∆E
(eV)

Au32 cage Ih 0.000 Au50 space-filling C1 0.932
space-filling C1 1.254 space-fillingC2V 0.954
space-filling C1 1.277 space-fillingC1 0.977
space-filling C2 1.311 space-fillingC1 1.084
space-filling C1 1.414 space-fillingC1 1.124
space-filling C1 1.497 cage C2 1.157
space-filling Cs 1.576 space-fillingC1 1.160
space-filling C1 1.584 cage D3d 1.232
space-filling C1 1.629 space-fillingC1 1.294
space-filling C2 1.703 space-fillingC1 1.343

Au38 space-filling C1 0.000 cage D3h 1.433
space-filling Cs 0.033 space-fillingC1 1.446
space-filling C1 0.080 space-fillingC1 1.548
cage D6 0.385 space-fillingC1 1.656
space-filling C2 0.446 cage D2 1.748
space-filling C5V 0.452 space-fillingC1 1.929
space-filling C1 0.692 space-fillingC1 2.195
space-filling Oh 0.956 Au56 space-filling C1 0.000
space-filling Cs 1.101 space-fillingC1 0.331

Au44 space-filling C1 0.000 space-fillingC1 0.357
cage D2 0.067 space-fillingC1 0.361
space-filling C1 0.387 space-fillingC1 1.053
space-filling C1 0.422 space-fillingC1 1.060
space-filling C1 0.473 space-fillingC3V 1.512
space-filling Cs 0.498 cage C2 2.144
space-filling C1 0.580 cage C1 2.273
space-filling C2 0.579 cage C2 2.334
space-filling C1 0.874 cage Cs 2.349
cage Td 0.892 cage C1 2.473

Au50 cage C2 0.000 cage D3h 2.531
space-filling C1 0.178 cage C2V 2.539
cage D3 0.404 cage D2 2.555
space-filling C1 0.508 cage D6h 2.577
space-filling C1 0.614 cage Cs 2.693
space-filling C1 0.674 cage D2d 2.798
space-filling C1 0.691 cage C2 2.830
space-filling C1 0.760 cage C2 2.896
space-filling C1 0.810 cage D2 3.010
space-filling Cs 0.825 cage D2d 3.584
space-filling C1 0.883

a Energies are referred to that of the most stable isomer.

Figure 2. Binding energy per atom as a function of cluster size in the
most stable hollow cage (open circles) and space-filling (solid squares)
structures of Aun.
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As judged by their highly negative (diatropic) NICS values
(ca.-82 ppm, Table 2), the cage structures of Au32 and Au50

are strongly aromatic. In contrast, the hollow cage structures
of the other clusters, which are less stable than their space-
filling counterparts are, at best, rather weakly aromatic (Au56,
NICS ) -18.3) or even antiaromatic (Au38 and Au44). Interest-
ingly, the 2(k + 1)2 skeletal electron counting rule,16,44 as an
indicator of spherical aromaticity, applies to both Au32

23 and
Au50 if one makes the assumption that each Au atom contributes
to bonding only one (6s) valence electron. With this assumption,
Au32 and Au50 possess the necessary “magic number” of skeletal
electrons: 32 withk ) 3 and 50 withk ) 4, respectively.
However, the assumption that only a single electron per Au
atom is involved is an oversimplification, because electrons in
d orbitals also contribute to bonding in gold clusters; alkali metal
clusters behave differently. More detailed reasons for the
apparent applicability of the 2(k + 1)2 rule to hollow cage gold
clusters are under investigation by our research groups.

Density of States.Density of states (DOS) graphs based on
our computations are presented in Figure 3 for the lowest energy
space-filling and hollow cage structures of Aun, n ) 32, 38,
44, 50, and 56. The DOS of fcc bulk gold also is shown for
comparison. Both common and dissimilar features are evident.
The overall range of relevant energies and the peak at or around
7 eV are common to all the DOS plots. Due to their lower
symmetry, the DOSs of the space-filling isomers are broader
than those of their higher-symmetry hollow cage counterparts.
The high (Ih) symmetry of Au32 results in particularly well-
resolved DOS peaks. The symmetry argument also explains the
well-resolved fcc bulk gold DOS graph.

The large HOMO-LUMO gaps of the hollow cage Au32 and
Au50 isomers are among the most notable features discernible
in Figure 3. In contrast, the space-filling Au32 and Au50 isomers,
as well as all the other clusters, have relatively small HOMO-
LUMO gaps. The large gaps of the Au32 and Au50 hollow cages
as well as their large negative NICS values reflect and help
rationalize their extra stability.

We complete the above analysis with the following cautionary
remarks. The value of NICS alone may not be an unambiguous

indicator of cluster stability. As mentioned, NICS is a measure
of the degree of electron delocalization in closed circuitssthe
basis of aromaticity. However, the extra stabilization associated
with aromaticity usually accounts for only 5-10% of the total
binding energy. Although this contribution is important, and
often decisive, the usual bonding considerations (e.g., close
packing) may dominate. NICS also is not free from the
contributions of local effects of the individual skeletal bonds
and the molecular symmetry may be important. Indeed, the
moduli of large negative NICS values of different isomers may
not necessarily correlate with their relative energies. The data
in Table 4 for the cage forms of Au50 are instructive and suggest
a relationship with symmetry. None of the cage forms of
Au50 have the highest possible symmetry, but all follow the
2(k + 1)2 rule, as discussed above. This rule is based on the
spherical symmetry, which molecules can only approach.
Although theD3 Au50 isomer is not the most stable, it has the
highest symmetry and the most negative NICS. The NICS values
of the two lower symmetryC2 isomers are smaller in magnitude,
but individually are in line with their relative energies. The main
point is that the NICS of all these A50 isomers are large and
negative.

The HOMO-LUMO gap (Table 4) of the most stable Au50

isomer is the largest. It is followed closely by the value for the
second cage structure, which is the third isomer of Au50 in Table
3, and the considerably smaller value for the third cage structure,
which is the seventeenth isomer of Au50 in Table 3. Along with
the relative energies, judicious evaluation of the NICSs and the

Figure 3. Electron densitities of states of the space-filling structures (left panels) and cage structures (right panels) of the Aun, n ) 32, 38, 44, 50,
and 56, clusters. For comparison the DOS of the fcc bulk gold is also shown. A Gaussian full width at half-height broadening of 0.05 eV is used
around each computed eigenenergy. The solid vertical lines correspond to HOMO, the dotted to LUMO, and the dashed to the Fermi level of the
bulk gold.

TABLE 4: Symmetry, Energy (∆E), HOMO -LUMO Gap
(∆), NICS, and the Lowest Vibrational Frequency (νmin) of
the First Three Cage Isomers of Au50

structure symmetry
∆E
(eV)

∆
(eV)

NICS
(ppm)

νmin

(cm-1)

cagea C2 0.000 0.831 -82.8 20.7
cage D3 0.404 0.793 -90.0 20.4
cage C2 1.157 0.167 -79.2 18.7

a The configuration of the frontier orbitals of this cage structure is
(b)2(a)2(a)0.
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HOMO-LUMO gaps may help identify and characterize the
most stable isomeric form more completely than either of these
quantities alone.

IV. Summary

Structures of medium-sized Aun clusters have been surveyed
using gradient-corrected density functional theory. Hollow cage
configurations can compete energetically with their space-filling
counterparts. In particular, Au50, like Au32 considered earlier,
favors a fullerene-based cage structure. The extra stabilities of
the hollow cage forms of both Au32 and Au50 correlate with
their large HOMO-LUMO gaps and large negative NICS
values. The latter indicate that spherical aromaticity may be
responsible for the extra stability of the hollow cage configura-
tions of certain cluster sizes. In contrast, the icosahedral Au42

hollow cage does not follow the 2(k + 1)2 rule, and has been
reported recently25 not to be aromatic and to be higher in energy
than its space-filling isomers.

The technological potential of nanosized stable hollow cages
is quite diverse. For example, they may be used to encapsulate
atoms, molecules, or other clusters,to be incorporated themselves
inside carbon nanotubes,45 and to be utilized as contacts between
organic molecules in molecular electronic devices.
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