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a b s t r a c t

A stochastic exploration of the quantum conformational space for the 1Au10 system using a modified
Metropolis acceptance test afforded 15 stable configurations in the MP2/SDDALL potential energy sur-
face. The global minimum is predicted to be a 3D structure with D2d symmetry. Topological analyses
of the electron densities suggest that bonding appears to be of intermediate character, with substantial
contributions from both covalent and closed shell interactions and that there is a direct correlation
between the topological complexity of the electron density and cluster stability. Evidence regarding
the nature of the interactions is gathered from many sources, including the total number of delocalized
electrons (nde), a novel covalency index. Localization indices and condensed Fukui functions predict
higher electron populations on peripheral, lowly coordinated atoms.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction from 2D ? 3D structural preferences occurs at n ¼ 7. Later, Walker
The properties of gold clusters and nanoparticles are size and
shape dependent. Among several important known examples of
such dependencies, we cite considerably enhanced chemical and
catalytic activity when compared to the bulk materials [1], im-
proved roles in electronic [2] and optical [3] devices, etc. These,
and other observations, have led to a growing number of scientific
reports exploring the relationship between cluster morphology
and properties [4–9].

The amount of experimental and theoretical work needed for
complete structural characterization of potential energy surfaces
(PES) as complex as that of 1Au10 renders that aspiration impracti-
cal, nonetheless, a wealth of knowledge has accumulated in the lit-
erature for this particular system. One sensitive topic, for which an
agreement has not been reached, is the structure and properties of
the global minimum, which seems to depend on the level of theory
used to calculate the PES. A well known observation, pointed out by
Bonačić–Koutecký and coworkers [10] is the conflicting results
afforded by DFT methods when compared to MP2 methodologies
in the treatment of gold clusters, as a particular example, DFT meth-
ods predict planar geometries for Auþ7 while MP2 methods favor 3D
structures.

We discuss the recent literature (in chronological order, not in-
tended as a review) dealing with the controversial issue of the glo-
bal minimum for Au10 clusters. Wang and coworkers [11] using a
combined DFT/genetic algorithms approach found the global mini-
mum to be a C2v 3D structure in agreement with previous reports
by Häkkinen and Landman [12]. They also found that the transition
ll rights reserved.
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[13] using several combinations of functionals and basis sets, found
one 2D and one 3D structure 0.02 eV apart from each other. Sanka-
ran and Viswanathan [14] also found a 3D structure to be the global
minimum at the B3LYP/LANL2DZ level. A later study by Dong and
Springborg [15] using a parameterized tight–binding density func-
tional method combined with Genetic Algorithms reported a planar
structure to be the global minimum. Planar preferences were also
independently reported by Assadollahzadeh and Schwerdtfeger
[16]. DFT, MP2, CCSD and CCSD(T) calculations led Choi and
coworkers [17] to postulate a 2D global minimum; the same paper
stresses the difficulties pointed out above in reconciling MP2 and
DFT calculations in gold clusters. Kuang, Wang and Liu reported a
planar structure as the global minimum using pure DFT methods
and all electron relativistic scalar calculations at the DFT level
[18–21]. A planar global minimum has been also predicted by Rin-
cón and coworkers using a perturbatively corrected tight–binding
method [22]. Needless to say, the several conflicting reports regard-
ing the structure and properties of the global minimum and the rel-
ative energies of local minima in the 1Au10 PES is an undesirable
state of affairs.

In this work, we undertake a stochastic exploration of the 1Au10

PES, followed by MP2/SDDALL characterization of all predicted sta-
tionary points, aiming at an exhaustive description of the confor-
mational space. We present a topological analysis of the electron
densities in order to gain insight into the intricate bonding that
keeps the clusters as discrete units.
2. Computational details

The 1Au10 PES was explored using the atomic cluster capabili-
ties of the ASCEC program [23] which contains an adapted
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version of the Simulated Annealing optimization procedure. In the
ASCEC algorithm [24,25], randomly generated structures resulting
in negative energy changes (DE < 0) are always accepted, while
structures leading to positive energy changes (DE > 0) are ac-
cepted if UðDEÞ < PðDEÞ, where PðDEÞ ¼ expð�DE=kBTÞ is the tem-
perature dependent Boltzmann probability distribution function
and UðDEÞ ¼ jDE=Ejj; j being the structure under evaluation (DE
is calculated with respect to the structure that generated Ej). This
acceptance criterion is more suitable in this line of problems than
the classical Metropolis test of comparing PðDEÞ to a random num-
ber in the ½0;1� interval, when potentially good structures can be
randomly rejected. Specific details of the ASCEC method can be
found elsewhere [24,25]. The ASCEC algorithm was used to gener-
ate candidate structures after random walks of the 1Au10 PM6 [26]
PES. The MP2/SDDALL model chemistry was used to optimize all
local minima found in this work. The Stuttgart potentials used in
this work include up to g orbitals for Au atoms [27,28]. Analytical
Figure 1. Molecular graphs for the local minima at the MP2/SDDALL level of theory for
respect to S1 are included. Lines joining atoms are drawn to help visualization of the geo
points respectively. (For interpretation of the references to color in this figure legend, th
harmonic vibrational frequencies at the same level were used to
characterize all stationary points as true minima (no negative
eigenvalues of the Hessian matrix). Binding energies (BE) at the
same level were calculated by subtracting the energy of the cluster
from the energy of the constituting atoms, in this way, larger posi-
tive numbers correspond to larger stabilization energies. All opti-
mization, frequency, and energy calculations were carried out
using the GAUSSIAN 09 [29] suite of programs. Topological analyses
of the electron densities were carried out along the lines imple-
mented in the AIMQB program within the AIMStudio suite [30].

3. Results and discussion

3.1. ASCEC conditions

We used the big bang approach to construct the initial geome-
tries for all ASCEC runs, namely, the ten Au atoms were placed at
the 1Au10 potential energy surface. Notation and relative energies in kcal/mol with
metrical motifs. Green, red and blue dots correspond to bond, ring and cage critical
e reader is referred to the web version of this article.)
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the same position, allowing them to evolve under the annealing
conditions. The system was placed at the center of a cubic box of
9 Å of length; the PM6 parameterized Hamiltonian was used to cal-
culate the energy of a Markovian chain of randomly generated con-
figurations; we used a geometrical quenching route with initial
temperature of 500 K, a constant temperature decrease of 5% and
100 total temperatures. The annealing was run twice under the
same conditions.
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Figure 2. Radial distributions of the Au–Au distances in the MP2/SDDALL PES for
the 1Au10 clusters. The curve is centered around 2.75 Å; the equilibrium distance for
Au2 is 2.47 Å [31].
3.2. Geometries and energies

1Au10 equilibrium geometries were produced following the pro-
cedure outlined above. All geometry optimizations were carried
out with no imposition of symmetry constraints as the structures
coming from ASCEC are randomly generated and belong to the C1

point group; however, some of the located stationary points are
very close to having higher effective symmetries.

The 15 equilibrium structures located on the MP2/SDDALL po-
tential energy surface are depicted in Figure 1. The structures were
named S1; S2; � � � ; S15 according to their relative stabilities (Table 1),
namely, S1 is the most stable while S15 is the least stable. To our
knowledge, the 15 structures reported here constitute the largest
structural variety for the conformational space of the 1Au10 system
to date; this structural diversity, unnoticed in previous reports, is a
consequence of the stochastic exploration of the PES [23–25].
Binding and relative energies together with relevant calculated
quantities and the topological complexity of the structures are
listed in Table 1.

One very important observation is that the global minimum on
the 1Au10 MP2/SDDALL PES is a 3D structure. A very well defined
general trend is that more stable structures exhibit higher degrees
of topological complexity in the electron densities; this becomes
evident in an almost direct relationship between the number of
bond critical points and binding energy (local exceptions are
S9; S14); local fluctuations aside, it is seen that S1, the most stable
structure has the largest number of critical points of any kind while
S15, the least stable structure has the smallest number of critical
points. This trend only applies to MP2 calculated relative energies.
A Gaussian-like distribution of the Au–Au distances centered
around 2.75 Å is shown in Figure 2 (2.47 Å is the experimental
bond length for the dimer [31]). Vertical ionization potentials
and electron affinities for the 1Au10 clusters reported here (Table 1)
are in the same range as those reported by Choi and coworkers
[17], who also analyze the difference between calculated and
experimental values.
Table 1
Various relevant topological and energetical quantities for the 1Au10 clusters calculated at t
(kcal/mol). All energies are corrected for the unscaled ZPE energies. EA: Electron affinities (v
RCP, CCP denote the number of bond, ring and cage critical points respectively.

P
BRC gives t

each cluster. All structures satisfy the Poincaré–Hopf theorem [38]. Structure notation is d

Structure Symmetry BE DBE EA

S1 D2d 493.1 0.0 2.04
S2 C1 485.0 8.1 1.99
S3 Cs 483.5 9.6 2.23
S4 C1 482.9 10.1 2.17
S5 C2v 481.3 11.8 2.15
S6 Cs 477.5 15.6 2.13
S7 D2h 475.9 17.1 2.45
S8 C1 474.6 18.5 2.11
S9 C3v 471.9 21.2 1.01
S10 C2v 467.8 25.3 2.34
S11 D2d 464.0 29.1 1.56
S12 C2 451.4 41.6 2.27
S13 Cs 448.0 45.1 1.79
S14 D3h 438.0 55.0 3.57
S15 C2v 436.9 56.1 2.47
We relate the potential catalytic activity of the clusters to several
molecular properties next. All LUMOs energies are negative, this
gives the clusters elevated capacities to incorporate excess elec-
trons, a very desirable property for catalysts involved in redox pro-
cesses. The condensed Fukui function, f�ðrÞ, characterizes the sites
of highest susceptibility for electrophilic attack on a given molecu-
lar system. Our calculations, performed along the lines proposed by
Contreras and coworkers [32], predict the largest f�ðrÞ values (up to
0.68) to be at the most peripheral, lowest coordinated Au atom in
each cluster. Within QTAIM, kðAÞ, the localization index gives the
number of electrons that can be assigned to atom A [33–36]. In this
work, the calculated localization indices also predict largest elec-
tron localizations in the most peripheral, lowest coordinated Au
atom for each cluster. These two indicators suggest that more
peripheral atoms have more available electrons to share with elec-
tron seeking molecules during the course of chemical processes.
This result is in excellent agreement with previous reports of en-
hanced reactivity for peripheral Pt atoms in 1Au6Pt clusters [37].

3.3. Topological analysis of the electron densities

Bader’s quantum theory of atoms in molecules (QTAIM) [38] has
proven very successful in providing insights into bonding and
other molecular properties. Critical points of the electron density
he MP2/SDDALL level. BE: Binding energies (kcal/mol). DBE: Relative binding energies
ertical, eV). IP: Ionization potentials (vertical, eV; experimental IP is 8.2 eV [43]). BCP,

he sum of the listed critical points. NDE is the total number of delocalized electrons for
escribed in Fig. 1.

IP BCP RCP CCP
P

BRC NDE

6.80 26 26 9 61 11.70
6.69 24 17 2 43 11.55
7.03 24 22 7 53 11.41
6.72 24 22 7 53 11.34
6.92 22 16 3 41 11.13
6.79 19 12 2 33 10.55
7.46 19 10 0 29 10.55
7.02 20 13 2 35 10.74
6.92 24 20 5 49 11.42
7.94 18 9 0 27 10.36
7.65 18 10 1 29 10.17
7.96 15 6 0 21 9.74
7.32 16 8 1 25 9.85
7.54 18 9 0 27 10.41
7.27 15 6 0 21 9.67
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Figure 3. Left: relationship between the local kinetic and potential energy densities at all bond critical points in the MP2/SDDALL PES for the 1Au10 clusters. Adjusted
equation: VðrcÞ ¼ �1:43GðrcÞ þ 0:01R2 ¼ 0:99. Right: relationship between the jVðrcÞj=GðrcÞ ratio and the HðrcÞ=qðrcÞ ratio at all bond critical points in the MP2/SDDALL PES
for the 1Au10 clusters. R2 ¼ 0:96 for the adjusted line.
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Figure 4. Local energy densities evaluated at all bond critical points as a function of
the Au–Au distances in the MP2/SDDALL PES for the 1Au10 clusters.
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Figure 5. Local potential and kinetic energy densities evaluated at all bond critical
points as a function of r, the Au–Au distances in the MP2/SDDALL PES for the
1Au10 clusters. Adjusted equations: ln jVðrcÞj ¼ �2:47r þ 3:88;R2 ¼ 0:99; ln jGðrcÞj
¼ �2:10r þ 2:62;R2 ¼ 0:99.
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are those for which the gradient vanishes,rqðrcÞ ¼ 0. In this work,
besides the above pointed out relationship between topological
complexity of the electron density and cluster stability, we discuss
bonding and bonding properties on the basis of several quantities
evaluated at the bond critical points, specifically, the electron den-
sity qðrcÞ, its Laplacian r2qðrcÞ, the local electronic energy density
HðrcÞ, the local potential energy density VðrcÞ and the local kinetic
energy density GðrcÞ. Several criteria have evolved in the special-
ized literature to characterize bonding interactions, which within
the QTAIM formalism, are thought to arise from closed shell (ionic,
hydrogen bonding, etc.), shared (covalent), and intermediate inter-
actions (contributions from both closed shell and shared interac-
tions). We apply those ideas to characterize bonding in the 1Au10

clusters.
The sign of the Laplacian of the electron density at a bond crit-

ical point is useful to characterize the dominating type of interac-
tions: (i) for r2qðrcÞ < 0, the critical point is a local maximum in
the electron density, meaning electrons are shared in the vicinities
of rc (ii) points for which r2qðrcÞ > 0 correspond to local minima
in the electron density, resulting in electron density being concen-
trated away from the bond critical points, towards the nuclei, this
is characteristic of closed shell interactions (iii) r2qðrcÞ ¼ 0 marks
the boundary between closed shell and shared interactions. In this
work, Laplacians for all bond critical points are found to be posi-
tive, an early indication of non-shared interactions. On the other
hand, some degree of covalency is expected because all energy
densities at critical points are negative,HðrcÞ < 0 [39], and because
the largest qðrcÞ � 0:073, is smaller than 0.1, a well established
cutoff for covalent interactions [40].

The local form of the virial theorem equates the Laplacian of the
electron density to the potential and kinetic energy densities via
1=4r2qðrcÞ ¼ VðrcÞ þ 2GðrcÞ in atomic units [38]. Figure 3 (left)
shows the relationship between the local potential and kinetic
energy densities for all bond critical points in all 1Au10 cluster
conformations found in this work. A very well correlated linear
trend is observed. This linear trend is in sharp contrast with the
exponential relationships found in previous works for closed shell
interactions in the form of several types of hydrogen bonds [41,42],
indicating that interactions other than closed shell may play signif-
icant roles in bonding in Au clusters. The local form of the virial
theorem leads to VðrcÞ ¼ �2GðrcÞ for vanishing Laplacians at the
boundary of shared/non-shared interactions; in our case, Figure 3
(left) affords VðrcÞ � �1:43GðrcÞ þ 0:01. The jVðrcÞj=GðrcÞ ratio was
used by Espinosa and coworkers [39] to propose additional criteria
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for the classification of interactions: ratios smaller than 1 corre-
spond to closed shell interactions, ratios between 1 and 2 are
deemed intermediate interactions while ratios larger than 2 are
indicative of shared interactions. Figure 3 (right) shows the rela-
tionship between the jVðrcÞj=GðrcÞ ratio and HðrcÞ=qðrcÞ, the bond
degree parameter at all bond critical points for all 1Au10 conforma-
tions. All ratios fall into the [1.07, 1.33] interval, an indicative of
bonding intermediate between closed shell and shared interac-
tions; the approximate decreasing linear trend means that larger
ratios (more intermediate character) have both larger covalent
(more negative HðrcÞ) and larger non–covalent contributions.

The total electronic energy density at the critical points is given
by HðrcÞ ¼ GðrcÞ þ VðrcÞ. Figure 4 plots all local energy densities as
a function of the Au–Au distances for all conformations. Figure 5
shows the dependency of VðrcÞ;GðrcÞ as a function of the separation
between Au atoms. The first observation drawn from both plots,
which is in excellent agreement with the information extracted
from Figure 3 (right), is that at the BCPs, the energy contributions
are largely dominated by the potential energy, which is negative
(attractive) and larger in magnitude than the positive (repulsive)
kinetic energy, the total energy being negative at all points. It is
also seen that reducing the Au–Au distances results in the contri-
butions from potential energy becoming more negative at a faster
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Figure 7. Relationships between the relative energy (left), total density at the bond critic
cluster in the 1Au10 MP2/SDDALL PES. Open circles correspond to S9; S14.
rate than the rate at which the kinetic energy becomes more posi-
tive; at larger distances the total energy approaches 0. We con-
clude that while all r2qðrcÞ > 0, characteristic of closed–shell
interactions, the degree of electron sharing in Au–Au bonding in-
creases for smaller Au–Au distances (larger jVðrcÞj=GðrcÞ ratios in
the [1,2] interval and more negative HðrcÞ values). Further support
for this interpretation is provided by Figure 6, where larger
(shared) densities and Laplacians of the densities are predicted
for smaller Au–Au distances.

The total number of delocalized electrons (nde) in a given clus-
ter, we calculate as the difference between the total number of elec-
trons (n) in the cluster and the sum the localization indexes for all
atoms in the cluster: nde ¼ n�

P
AkðAÞ. We found that the relative

energy of the clusters is related to nde in a decreasing fashion (ex-
cept for S9 and s14); we interpret this relationship as an additional
covalency indicator in 1Au10 bonding because as shown in Figure 7,
the most stable clusters have more delocalized electrons and be-
cause as shown in the same figure, the electron density is larger
at the bond critical points for clusters having larger nde, that is,
the delocalized electrons (from the point of view of the atoms)
accumulate in the bonding regions, making them more covalent.
Finally, we also report that a perfect correlation (R2 = 1.00) is ob-
served between bond path lengths (BPLs) and Au–Au distances
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al points (right, R2 ¼ 0:986) with the total number of delocalized electrons for each
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for all critical points in all 1Au10 clusters, strongly indicating that
bonding occurs along the straight lines directly connecting the
atoms.

4. Summary and conclusions

We report a total of 15 stable conformations for 1Au10. The iso-
mers were obtained after random walks of the PM6 PES followed
by analytical (gradient following) optimization of the candidate
structures at the MP2/SDDALL level. Our global minimum is pre-
dicted to be a three dimensional structure belonging to the D2d

point group. Condensed Fukui functions and localization indices
suggest that lowly coordinated, peripheral Au atoms have the po-
tential to be more catalitically active sites in processes requiring
the clusters to donate electrons. The topological complexities of
the electron densities are directly related to cluster stability, with
the most stable structure having the higher number of critical
points of any kind. Despite all bond critical points having positive
Laplacians, certain degree of covalency is expected in the clusters,
bonding appears to be of intermediate character, with substantial
contributions from both covalent and closed shell interactions.
Several pieces of evidence support this claim, among them, the
relationships between the total number of delocalized electrons
(nde) with cluster relative energies and with the electron density
at the bond critical points.
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