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S
ince bulk gold is the most inert metal,
one could expect gold clusters to show
no or only negligible chemical activity.1,2

However, compared to bulk gold, the chem-
istry of gold nanoparticles is dramatically
different, leading to promising and valuable
properties for nanosciences such as nano-
electronics, nanobiology, and nanocataly-
sis.3�8 In order to understand nanogold-
related processes, size-selected gold clusters
have been the focus of both theoretical
and experimental investigations.2,3,9�39 In
particular, joint photoelectron spectroscopy
(PES) and theoretical studies have elucidated
the structures of anionic gold clusters over
a wide size range.2,19,23,34 For example, Au20

�

has been found to exhibit a tetrahedral
pyramidal geometry,19 and molecular dy-
namics (MD) simulations of Au34

� suggest
this cluster to have a fluxional shell, which
could promise chemisorption.2 Recently,
Au36

� to Au38
�were shown to exhibit core�

shell structures with a four-atom tetrahedral
core.39 Despite the successful previous
work on gold clusters,23,34,39 no theoretically

predicted structure of Au26
� has been ex-

perimentally confirmed so far. In order to
close this gap, here we present the results
of joint theoretical and PES study on this
missing cluster. Besides presenting photo-
electron (PE) spectra of Au26

� under differ-
ent experimental conditions, we carried out
extensive structure predictions using the
minima hopping40�42 (MH) method and
identified new global minimum candidates
for both the neutral and anion systems.
We use the comparison between theory
and experiment for Au26

� to identify ener-
getically low-lying nanostructures that most
probably exist in the experiment.
For the anionic system we also present a

disconnectivity graph,43 constructed from a
database of connected minima and transi-
tion states thatwere computedusingdensity
functional theory (DFT). This database is
complete enough to allow the prediction of
chemical activity at finite temperatures. To
our knowledge this is the first time that such
a local map of the energy landscape has
been computed completely at the DFT level.
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ABSTRACT Using the minima hopping global optimization method at the

density functional level, we found low-energy nanostructures for neutral Au26 and

its anion. The local-density and a generalized gradient approximation of the

exchange�correlation functional predict different nanoscale motifs. We found a

vast number of isomers within a small energy range above the respective putative

global minima with each method. Photoelectron spectroscopy of Au26
� under

different experimental conditions revealed definitive evidence of the presence of

multiple isomers, consistent with the theoretical predictions. Comparison between the experimental and simulated photoelectron spectra suggests that

the photoelectron spectra of Au26
� contain a mixture of three isomers, all of which are low-symmetry core�shell-type nanoclusters with a single internal

Au atom. We present a disconnectivity graph for Au26
� that has been computed completely at the density functional level. The transition states used to

build this disconnectivity graph are complete enough to predict Au26
� to have a possible fluxional shell, which facilitates the understanding of its catalytic

activity.
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RESULTS AND DISCUSSIONS

Energy Landscape and Exchange�Correlation Functionals.
Figures 1 and 2 show the energy spectra of local
minima that were found during the MH runs within
0.55 eV of the respective globalminima.We introduced
four structural motifs: empty cages, cages filled with
a single atom, the tubular cage, andhexagonal structures.
The neutral and anionic systemspossess the samemotifs.
Representatives for each motif can be found in Figure 3.
As can be seen from the energy spectra, different func-
tionals yield different energetic ordering for the structural
motifs.

In the case of the anionic system we took a closer
look at this circumstance. Figure 4a shows the energies
of the five lowest energy configurations of each motif
as obtained by the Perdew�Burke�Ernzerhof46 (PBE)
functional. Additionally, each configuration was re-
laxed using the local density approximation47 (LDA),
and the energies of corresponding configurations have
been connected by lines. In the case of the tubular
motif only one representative could be identified, and
consequently only this single tube structure is shown.

Figure 4a shows a significant energetic reordering of
the motifs using different functionals. The LDA func-
tional favors filled cages, whereas according to the PBE

Figure 1. Energy spectra of the neutral Au26 based on the
LDA and PBE functional. Shown are all minima with energy
e 0.55 eV. Depicted isomers are highlighted using black
lines in the spectra, and when neglecting minor changes
in the bond length, they are identical to their respective
geometric counterparts of the other functional. Isomers (a),
(b), (c) and (e), (f), (g) are the energetically lowest represen-
tatives we could find for each of their structural motifs.
Isomer (a) [(g)] is a filled cage. According to the LDA
functional, this filled cage is the putative global minimum.
The PBE functional predicts isomer (e) [(b)], an empty cage,
to be the putative global minimum. Isomers (d) [(h)]
(pyramid) and (i) (tube) are previously claimed global mini-
ma44,45 of the neutral Au26 cluster. The position of the
tubular structure in the LDA spectrum is outside of the
shown energy range.

Figure 2. Same as Figure 1 but for the Au26
� cluster. The

computed PE spectra of the isomers (b), (c), and (d) [(m), (n),
and (o)] can explain the experimentally measured PE spec-
trum very well (see below). Isomers (a), (e), (f), (g) and (i), (j),
(k), (l) are the energetically lowest representatives we could
find for each of their structural motifs. Isomers (a) and (e) [(l)
and (j)] are the energetically lowest singly filled cage and
hexagonal structures, respectively. Isomers (g) and (k) are
the lowest empty cage structures; geometrically they are not
identical. Isomers (f) [(i)] (tube) and (h) (pyramid) correspond
to previously claimed global minima44,45 of the neutral Au26
cluster. The position of the pyramidal structure in the PBE
spectrum is outside of the shown energy range.

Figure 3. Representatives of the structural motifs. Isomer
(a) represents the core�shell structurewith a single internal
atom, isomer (b) the empty cage, isomer (c) the high-
symmetry tubular structure, and isomer (d) the hexagonal
motif. These isomers also constitute a selection of starting
configurations used for different minima hopping runs.
Members of each motif may not necessarily be elements
of the same point group as the shown representatives, but
rather most configurations belong to the low-symmetry C1
point group.
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functional, the same motif possesses a much higher
energy. Figure 4b shows a more detailed plot of the
energetic reordering of 25 configurations within the
filled cage motif. Although both functionals produce
a different energetic ordering, the overall ordering is
conserved. This is in strong contrast to the energetic
reordering of motifs.

In Figure 5 the potential energies of our local minima
are plotted versus the permutationally optimized root-
mean-square displacement (RMSD).48 Both quantities are
measuredwith reference to the respectiveputativeglobal
minimum. In particular when compared to systems like
C60 or B16N16, Au26 and Au26

� possess a vast number of
structurally diverseminimawithin a small energywindow
above the putative global minimum.49 This can also
be seen from the energy spectra given in Figures 1
and 2. Using a Rosato�Guillopé�Legrand potential,

Bao et al.29 previously found similar results for large
gold clusters. Considering the predictions of structurally
different minima within a small energy range above the
ground state by the twodifferent exchange�correlation
functionals and the Rosato�Guillopé�Legrand poten-
tial, it is conceivable that multiple isomers can also be
observed experimentally. Indeed, numerous isomeric
forms have been observed for some small gold cluster
anions previously.32�35,50 In the case of Au10

�, at least
three low-lying isomers were observed experimentally
beside the global minimum.50

The vast number of structurally diverseminima that
canbe found in a comparably small energy range above
the putative global minimum in conjunction with
an exchange�correlation-functional-dependent ener-
getic ordering of different structural motifs make Au26
and Au26

� demanding systems for structure prediction.
On one hand one cannot be sure to use the right
exchange�correlation functional; on the other hand,
more than one minimum may contribute to experi-
mental results. Thus, when trying to identify configura-
tions observed in experiment, it is advisible to introduce
different structural motifs, if possible. Attention then
should be focused on the first few energetically lowest
configurations of each motif, instead of only the lowest
energy structures. The complexity of the Au26

� cluster
was the major reason that it was omitted in previous
joint PES and theoretical studies of medium-sized gold
clusters.23,34

Computationally Predicted Low-Energy Configurations.
Neutral Cluster. Next to theenergy spectraof theneutral
Au26 system (Figure 1) several specific configurations are
visualized. Configurations (d) [(h)] (pyramidal structure)
and (i) (tubular structure) havepreviously beenproposed
to be the global minimum44,45 of Au26. According to
the LDA functional, the tubular structure is also a local
minimum.However, its energy (∼904meV) is outside the
energy range of Figure 1. The pyramidal structure can
be obtained from the Au20 global minimum pyramid19

Figure 4. Energetic reordering of the Au26
� minima using

the PBE and LDA functionals. PBE and LDA energies of
identical isomers are connected by lines. A significant re-
ordering of motifs can be observed (a), whereas the overall
energetic ordering within one motif is conserved (b). The
energies in panel (a) are shifted with respect to the putative
global minimum of each functional, whereas in panel (b) the
energies are shifted such that the energy of the lowest
energy filled cage isomer is zeroed.

Figure 5. Potential energy versus permutationally optimized
RMSD,48 both measured with respect to the corresponding
calculated lowest energy configuration. The upper plots
show data for the neutral Au26 cluster using LDA (a) and
PBE (b) functionals. The lower plots show data for the Au26

�

anion using LDA (c) and PBE (d) functionals.
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by adding six atoms toone faceof theAu20 pyramid.45 As
shown by both LDA and PBE, we found a great number
of configurations that are significantly lower in energy
than the pyramidal configuration, even though the LDA
and PBE functionals predict different sets of low-energy
configurations. Among the 12 energetically lowest LDA
configurations (j278meV) only filled cages consisting of
a single core atom surrounded by a 25-atom shell can be
found. In contrast to this, empty cages and hexagonal
structures are found among the energetically lowest
structures of the PBE calculations.

The putative global minimum based on LDA calcu-
lations (Figure 1a) possesses C2v symmetry and can be
obtained from the pyramidal Au26 structure by remov-
ing the leftmost, uppermost, and lowermost (with
respect to the illustration given in Figure 1d) corner
atoms of the Au20 pyramidal part and attaching them
to the right side of the illustration in Figure 1d. Another
illustration of this isomer is given by configuration (a) of
Figure 3. Only two further configurations (filled cages
having C1 and C2 symmetry) were found in the energy
region e 200 meV.

The global minimum predicted by the PBE func-
tional (Figure 1e) is a C2v empty cage and can be
constructed from configuration (a) [or (g)] of Figure 1
by removing the core atom and attaching it to the
lowermost part of Figure 1a. Figure 3b shows this
configuration fromadifferent angle. In the region below
200 meV the PBE spectrum is considerably denser
compared to the LDA spectrum. The first low-lying
isomer (Figure 1f) is only 13 meV above the putative
global PBE minimum. This structure is an isomer of the
hexagonal motif with Cs symmetry. It is structurally
considerably different from the putative global PBE
minimum.

As mentioned above, not only the putative global
minima (configurations (a) and (e) of Figure 1) should
be taken into consideration when trying to identify
the isomers experimentally. We suggest that the first
few energetically lowest configurations of each of the
motifs should be compared to future experimental
results. Hence, we provide the coordinates of all con-
figurations that can be found within 150 meV above
the energetically lowest representative of each motif
(but not less than five isomers) in the Supporting
Information (SI). The structures given in the SI are
sorted in ascending order with respect to their energy.
For the sake of completeness, we also give the pyr-
amidal and the tubular structure among the config-
urations in the SI.

Singly Charged Anion Cluster. Just as in the neutral
case, the PBE and LDA functionals predict low-energy
configurations belonging to different structural motifs
for the anionic Au26

� cluster (Figure 2).
At the LDA level, only cages being filled with a

single atom are competing for the global minimum.
The first nonfilled cage (Figure 2e) can be found at an

energy of 273 meV. This isomer is of C1 symmetry, but
the hexagonal motif still can be recognized. The filled
cage LDA global minimum (Figure 2a) also possesses
C1 symmetry.

The energetically lowest configuration predicted
by the PBE functional is the tubular structure (isomer
Figure 2i) withD6d symmetry. The first low-lying isomer
(Figure 2j) is identical to isomer (e) at the LDA level with
only minor changes in bond lengths. In the energy
region above the two low-lying isomers and below
232 meV, only empty cages and hexagonal structures
are found. The putative global minimum at the LDA
level (Figure 2a) is approximately 232 meV higher in
energy at the PBE level (Figure 2l). Nevertheless, it is still
the energetically lowest filled cage that was found.

As will be discussed in detail in subsequent sec-
tions, the computed PE spectra of the structures (b), (c),
and (d) [(m), (n), and (o)] match very well with the
experimental PE spectra. According to the LDA energy
ordering, structure (b) is the third isomer, (c) is the
fourth isomer, and (d) is the 18th isomer above the LDA
global minimum. Henceforth these structures will be
denoted as isomer 3, isomer 4, and isomer 18. The
coordinates of the three identified structures are given
in the SI.

In order to further assess the low-energy nature of
isomers 3, 4, and 18 and the small energy window they
can be found within, we have computed the energies
of low-lying LDA isomers using SO-PBE0/CRENBL and
M06/cc-pVDZ levels of theory as implemented in the
NWChem 6.1.1 package.51 The PBE0 functional (hybrid
GGA52) and the M06 functional (hybrid meta-GGA53)
are from higher rungs on “Jacob's ladder”54 than the
LDA and PBE functionals and thus are expected to
give a good energy ranking. In particular the M06 and
M06-L functionals have previously been shown to be
accurate for gold clusters.55,56 Table 1 shows the PBE0
and M06 energies in eV of the low-lying isomers
together with their LDA energies (isomers 1�20 being
core�shell structures with a single internal atom, iso-
mers 65, 84, 101, 106, 126 being hexagonal, isomer
74 being tubular, and isomers 129, 175, 178, 185, 187
being empty cages). The LDA energies are identical to
those shown in Figure 2. The relative energies of the
core�shell isomers 3 and 4 are consistently found to be
very low (within 0.15 eV) at all three levels of calcula-
tion. The energy of isomer 18 was found to be∼0.3 eV
at PBE0, but ∼0.14 eV using the M06 functional, which
corresponds well with the ∼0.16 eV predicted by the
LDA functional. The relative energy of the previously
proposed tubular isomer 74 was consistently found to
be more than 0.2 eV higher than the putative global
minimum. Furthermore, the predictions for the ener-
getic ordering of the different motifs at the LDA, PBE0,
and M06 levels of theory are found to be in good
agreement with each other. It is worth emphasizing
that the PBE functional, which usually gives better
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atomization energies than the LDA functional, is not
able to identify the correct structural motif.

Experimental Photoelectron Spectra. The PE spectrum of
Au26

� is shown in Figure 6a (magenta color). Numer-
ous well-resolved PES bands are observed below
∼5.4 eV binding energies, which should come mainly
from Au 6s orbitals, whereas the more intense and
almost continuous features above 5.4 eV should be
due to the 5d band, according to previous PES
studies.23,34,57 Neutral Au26 is expected to be closed
shell with a gap between its highest occupied (HOMO)
and lowest unoccupied (LUMO) orbitals. The X band
with a vertical detachment energy (VDE) of 3.46 (
0.03 eV should correspond to electron detachment
from the extra electron in Au26

� that occupies the
LUMO. The X0 bandwith a VDE of 3.75( 0.03 eV should
correspond to electron detachment from the HOMO.
However, the intensity of the X0 band is comparable
to that of band X, and it seems too low to be from
the HOMO. Instead, the X00 band with a VDE of 4.04 (
0.03 eV appears to be the HOMO, suggesting that
the X0 band should come from a different isomer of
Au26

� populated in the cluster beam.
Experimental evidence for this conjecture is pro-

vided by the PE spectrum of the Ar-tagged van der
Waals complex ArAu26

� (black curve in Figure 6a),
which should be in a colder condition than the bare
Au26

�. If normalized to the X band, the relative inten-
sity of the X0 band and in fact all the higher binding
energy bands seem to decrease under cold conditions.
We also measured the PE spectrum of Ar2Au26

�

(not shown), which is similar to that of ArAu26
�. This

change of relative intensity between the X and X0

bands suggests that they come from two different
isomers, and the X0 should come from a slightly higher
free energy isomer so that its relative intensity is
reduced at lower temperatures. Hence, the higher
binding energy bands must be a mixture of detach-
ment features from the two isomers. As will be seen
below in comparison with the simulated density of
states (DOS), bands X00, A00, and B00 also have contribu-
tions from a third isomer, whose first VDE contributes
to band X00. The presence of at least three isomers
experimentally for Au26

� is consistent with the high
density of low-lying isomers predicted computation-
ally, making it an extremely challenging system to
interpret.

Simulated Photoelectron Spectra of Low-Energy Isomers and
Comparison with Experimental Spectrum. For each motif of
Au26

�, we simulated the PE spectra of several low-lying
LDA geometries at the PBE0/CRENBL level of theory
with the inclusion of spin�orbit (SO) effects. Plots of

TABLE 1. Relative Energies (in eV) of Au26
� Isomers of All

the Motifsa

a The columns labeled with “Iso.” give the isomer number, which follows the LDA
ranking of Figure 2. Column A shows LDA energies of geometries relaxed at the
LDA level (same as in Figure 2), column B shows SO-PBE0/CRENBL energies of
geometries relaxed at the LDA level, and column C shows M06/cc-pVDZ energies of
geometries relaxed at the M06/cc-pVDZ level.

Figure 6. (a) Experimental PE spectra of Au26
� (magenta)

andArAu26
� (black) at 193 nm (6.424 eV) photon energy; (b)

simulated PE spectra from three isomers (3, 4, and 18) that
best match the experimental spectra; (c) structures of the
three isomers (all having core�shell structures with a single
internal atom) and their relative energies (in eV) calculated
at theM06/cc-pVDZ level of theory. The energies are shifted
with respect to the computationally lowest energy isomer
at the M06/cc-pVDZ level of theory (see Table 1). Isomer 3 is
identical to Figure 2b, isomer 4 is identical to Figure 2c, and
isomer 18 is identical to Figure 2d.
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these simulated spectra are given in Figure S1 (A�D) in
the SI. At present there exists nomathematical rigorous
and systematic method that would allow quantifying
the similarity of two spectra, and therefore the best-
matching spectra had to be chosen among all possible
matches based on visual inspection and experience.
As described above, there is concrete evidence for the
existence of multiple isomers in the experimental
spectra. Indeed, we found that no single isomer could
fit all the observed PES features. As shown in Figure 6b,
we have found that the combination of isomer 3 (blue),
isomer 4 (green), and isomer 18 (red) results in a
reasonable fit to the experimental spectra. Isomer 4
gives a very low first VDE of 3.2 eV, which is in good
agreement with band X, but lower by ∼0.2 eV relative
to the observed VDE of 3.46 eV. This difference is within
the error of the calculated VDEs that we observed in
previous studies.23,32�35 The second band of isomer 4
is around 3.8 eV, giving rise to a HOMO�LUMO gap of
∼0.6 eV, similar to the gap between bands X00 and X,
suggesting isomer 4 contributes to band X00. Higher
binding energy features from isomer 4 are all over-
lapped with detachment features from other isomers.
The first VDE of isomer 3 is at ∼3.55 eV, in good
agreement with that of band X0, but again lower than
the experimental VDE of band X0 by ∼0.2 eV. The third
band of isomer 3 gives a VDE of∼4 eV, giving rise to an
energy difference of ∼0.5 eV between this third and
the first band. This energy difference is in close agree-
ment with the gap between bands A0 and X0. We
noticed that the X00 band is quite strong, and it cannot
be fully accounted for by the second detachment band
from isomer 3 and isomer 4 alone. We found that
isomer 18 gives a high first VDE at ∼3.8 eV, which is
lower than the observed VDE of band X00 by ∼0.2 eV
and could be a major contributor to this band. In fact,
the second and third detachment transitions of isomer
18 are in good agreement with bands A00 and B00.
Hence, only with the three isomers can we produce a
good interpretation of the observed PE spectra for
Au26

�. The temperature dependence of the PE spectra
suggests that isomer 4, which corresponds to band X,
should be the lowest in free energy, whereas isomers
3 and 18 should be slightly higher in free energy
because their relative PES intensities decreased when
the cluster was colder. Theoretically (see Table 1)
isomer 3 is predicted to be slightly lower in potential
energy than isomer 4. However, due to low-tempera-
ture entropy effects and inaccuracies introduced by
the exchange�correlation functional, a perfect one-to-
one match between the experimentally observed (low
temperature) free energy ordering and the theoreti-
cally computed (zero temperature) potential energy
ordering cannot be expected.

Fluxional Character of Au26
�. In order to estimate the

transition rate out of a minimum across a transition
state along a single reaction path, Eyring's transition

state theory58 can be used. In this theory the transition
rate kmt at temperature T out of a minimum m with
energy Em over a transition state t with energy Et is
given by

kmt ¼ kBT

h

� �
qt
qm

� �
exp � Et � Em

kBT

� �

where qt is the partition function of the transition state
for coordinates normal to the reaction coordinate,
qm is the partition function of the minimum, kB is the
Boltzmann constant, and h is Planck's constant. For the
calculation of the following rates, we assumed that the
ratio of the partition functions in the above formula can
be neglected sincewe are interested in rough order-of-
magnitude estimates, only. At room temperature the
transition rate across a barrier with an energy of 0.33 eV
measuredwith respect to the correspondingminimum
is roughly on the order of 107 s�1 and across a barrier of
0.13 eV roughly on the order of 1010 s�1. At a tempera-
ture of 200 K the transition rates across the samebarriers
are roughly on the order of 104 s�1 and 109 s�1,
respectively.

Figure 7 shows a disconnectivity graph of Au26
�.

Two of the experimentallymatched structures (isomers
3 and 18) are located in one of two different funnels,
which merge in Figure 7 at the low energy of 0.33 eV.
Due to only limited data available for this graph,
we cannot rule out the existence of transition states
that may merge these funnels at lower energies.

Figure 7. Disconnectivity graph of Au26
� computed at the

LDA level of theory. Energies are measured with respect to
the putative global minimum (LDA).
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Nevertheless, the transition states shown give an
upper bound on the energetic height of existing
transition pathways and thus allow estimatingwhether
transitions out of a minimum can be observed on
experimental time scales.

All the minima contained in the two funnels men-
tioned above can be interconverted into each other by
crossing barriers not higher than 0.33 eV. For isomers 3
and 18 there even exist reaction paths to other minima
with barriers lower than 0.13 eV. One therefore might
expect that, in addition to isomers 3, 4, and 18, further
isomers could exist in experiments. Indeed, we cannot
exclude this possibility, as features of additional iso-
mers might be buried under the strong peaks of the PE
spectra of isomers 3, 4, and 18.

All structures in the stationary point database used
to generate Figure 7 are core�shell structures with a
single internal atom, and thus mainly atoms located in
the shells of these structures are taking part in the just
mentioned transitions. In this sense the shell of Au26

�

flows around the core atom and the cluster can be
considered to be fluxional. In a previous2 study it has
been reasoned by means of an MD simulation that
Au34

� is fluxional, too. The fluxional property of clusters
may promote catalytic, in particular chemisorptional,
activities.

CONCLUSION

On the basis of a thorough ab initio exploration of
the energy landscapes of Au26 and Au26

�, we found
that these systems possess a variety of structurally
different but energetically similar minima. Many of
the found structures are significantly lower in energy
than previously suggested global minimum candi-
dates, showing the importance of an unbiased global
minimum search. On the basis of the analysis of the
energy landscape and energetic reordering between
the LDA and PBE functional we propose a set of new
configurations for Au26 intended for comparing with
future experimental results. Compared to systems with
experimentally observable unique ground states,49

both gold systems possess a large number of meta-
stable structures within a small energy window above
their computational putative globalminima. Therefore,
it is likely that a number of isomers can be found to
coexist experimentally. By comparing the simulated PE
spectra of a wide variety of isomers of Au26

� with the
experimental PE spectra at different conditions, we
were able to identify three structures that can explain
the experimental data reasonably. On the basis of a
transition state search we concluded that Au26

� may
be a fluxional cluster system.

METHODS

Global Optimization. For global minimization of the potential
energy surface the minima hopping method40�42 coupled to
the BigDFT code59 was utilized. Beginning at a local minimum
MH follows a short, random, and soft mode biased MD trajec-
tory, at the end of which a local geometry optimization is
performed. The minimum obtained by this optimization may
or may not be identical to the minimum at the beginning of the
MD trajectory. If it is not identical and its energy does not rise by
more than a given threshold value compared to the energy of
the current minimum, it is accepted to be the starting point of
a subsequent MD trajectory. Both the kinetic energy of the MD
part and the just mentioned energy threshold are adjusted by
an energy feedback mechanism, which is based on the history
of all visitedminima. This feedback prevents the algorithm from
getting stuck in low energy regions of coordinate space, and
in addition to the use of soft mode biased60 MD trajectories, it
ensures that the Bell�Evans�Polanyi61,62 principle is exploited.
If the minimum that has been obtained by the above men-
tioned local optimization is identical to the one at the beginning
of theMD trajectory, the threshold on the potential energy does
not get modified and a new MD trajectory with an increased
kinetic energy is started at the current minimum.

The global optimization was performed completely at the
DFT level, which has shown to be more efficient for the present
system size than performing a global minimum search on a
force field or other less accurate methods and postrelaxing
an energetically low-lying subset of configurations using DFT
methods.41

For all local geometry optimizations a combination of con-
jugate gradient and a modified Broyden�Fletcher�Goldfarb�
Shanno (BFGS) algorithm as implemented in BigDFT was used.

In order to predict the putative global minimum of the Au26
and Au26

� potential energy landscapes,we split the computations
into several steps. As the first step we performed MH runs on the

energy landscape of the neutral Au26 using both standard LDA47

and PBE46 functionals in combination with the corresponding
relativistic and norm-conserving Hartwigsen�Goedecker�Hutter
(HGH) semicore pseudopotentials.63,64

For each functional several separate runs with different
starting configurations were performed. A selection of the initial
configurations is shown in Figure 3. The starting configurations
were constructed manually or are from previous work, such as
the tubular structure (Figure 3c), which was proposed to be the
global minimum of Au26.

44

The BigDFT code uses a systematic wavelet basis set. The
corresponding grid spacing and the spatial extension of the
basis function were chosen such that a rotation of a whole
cluster in the R3-space changed the energy by less than 10�4

hartree. For all MH runs geometry optimizations were stopped
as soon as 20% of the force consisted of computational noise.
On average, this happened when the largest force acting on
any atom in a cluster was approximately 5� 10�5 hartree/bohr
in the case of the LDA functional and 3 � 10�4 hartree/bohr
for PBE.

In the second step the minima of the LDA runs were
postrelaxed by using the PBE functional and vice versa. Again
we used parameters resulting in an energy accuracy better
than 10�4 hartree and the largest force acting on any atom
of approximately 5 � 10�5 hartree/bohr (LDA) and 3 � 10�4

hartree/bohr (PBE). The sets consisting of local minima from all
the different runs were then merged by removing duplicates.
Two sets of local minima were formed: one from LDA and the
other from PBE calculations. Both sets were relaxed finally by
treating the configurations as singly charged anions using both
LDA and PBE functionals. Again, configurational duplicates that
emerged in this relaxation process were removed. The para-
meters for the relaxations of the anions were chosen such that
the energy changedby less than 10�4 hartreewhen rotating the
configurations and the geometry optimizations were stopped
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as soon as 33% of the force consisted of noise. For both
functionals this happened when the largest force on any atom
was approximately 5� 10�5 hartree/bohr. In order to assess the
accuracy of our BigDFT pseudopotential calculations, we com-
pared the energetic ordering of several relaxed configura-
tions with results obtained with the FHI-aims code.65 The basis
set used in the FHI-aims calculations was the extremely well
converged “tier 2”65 level with a large confinement radius
(onset: 6 Å). Energies agreed within less than 3 meV per atom,
showing that the pseudopotentials in the BigDFT calculations
were highly accurate.

In total the above procedure resulted in roughly 900 distinct
local minima for each of the four sets.

Computation of Transition States. If bond-breaking takes place,
it is well known that the energies for transition states from DFT
calculations using conventional exchange�correlation func-
tionals are usually of poor quality.66�68 For transitions involving
only minor changes in the number of bonds, it has been argued
by Zupan et al.69 that there is little difference between GGA
and LDA barriers, and thus both GGA and LDA should perform
equally well in this case. Ghasemi et al. confirmed this by
comparing the transition state energies of Si8 resulting from
LDA, PBE, and B3LYP calculations to diffusion Monte Carlo
calculations.70 They found that PBE and B3LYP are outper-
formed by the LDA functional. This result was explained by
the fact that in contrast to the atoms of transition states of
chemical reactions those of Si8 are in a similar environment to
the atoms of local minima. As a consequence, the transition
states of Si8 are difficult to distinguish from local minimum
configurations by visual inspection. They concluded that DFT
self-interaction errors are expected to cancel to a large degree,
and highly inhomogeneous environments with large density
gradients are not relevant for the calculation of the transitions
states of the Si8 cluster. For the current Au26

� cluster, the
situation is similar. We observed that in most cases only a local
rearrangement of atoms took place when going over a transi-
tion state from one minimum to another. On the basis of visual
inspection, it is almost impossible to distinguish a local mini-
mum from a transition state. Additionally, in contrast to the PBE
functional, the LDA functional is able to predict the experimen-
tally observed Au26

� structures as low-energy minima, and the
LDA energies correlate very well with the energies obtained
from the highly accurate, but computationally more demand-
ing, M06 hybrid meta-GGA functional (see Table 1).53 Further-
more, LDA is believed to describe the goldmetallic bonds better
than the PBE functional.71 For fcc gold it has been shown that
properties such as the lattice constant, phonon dispersion, and
the equation of state are reproduced more accurately by the
LDA functional than by PBE.72�75 We therefore expect the LDA
functional to give reasonable transition state energies for the
Au26

� system and decided to use this functional for the transi-
tion state search.

The transition state search was done for Au26
� using the

Bar�Saddle method.76 This method efficiently identifies transi-
tion states located in between two input configurations. We
started the transition state search in the vicinity of the experi-
mentally identified Au26

� clusters. The initial input configura-
tions were chosen by searching among all found local minima
for structures that are close to the experimentally identified
structures. As a distance measure we used the permutationally
optimized RMSD.48 The transition states found in this way do
not need to be connected directly to the input minima, so if
required, the transition state search had to be repeated recur-
sively until the two input minima were connected. In order to
decide whether two minima are directly connected to a transi-
tion state, we performed a small step in the forward and
backward direction of the negative mode at the transition state
followed by a local geometry optimization. The minima and
transition states that emerged during the above connection
attempts form a stationary point database, which is visualized as
a disconnectivity graph43 using the disconnectionDPS77 soft-
ware. Forminima that seemed to lie behind high energy barriers
permutationally optimized RMSDs to all the other minima
in the stationary point database were computed and con-
nection attempts to the closest structures were performed.

This procedure was iterated until 264 transition states con-
necting 118 minima were found. Due to the high computa-
tional cost of computing transition states, it was not possible
to compute a significantly larger stationary point database.
The size of our database is not large enough to ensure that
the lowest lying paths among all of its minima have been
found. However, for our purpose of finding upper bounds on
the energy along transition paths, a fully converged discon-
nectivity graph is not necessary. Furthermore, during the
addition of the last 50 transition states to the stationary point
database, the disconnectivity graph did not show any signifi-
cant changes.

On average, the relaxation of a transition state was stopped
as soon as the largest component of the force acting on any
atom was approximately 2 � 10�4 hartree/bohr.

Computation of Photoelectron Spectra. The electronic DOS for
several MH algorithm-generated low-lying isomers of Au26

�

(typically within ∼1.0 eV of the lowest energy isomer) were
computed and used to compare with the experimental PE
spectra. Single-point energy calculations of these low-lying
structures were performed at the PBE0/CRENBL level of theory
with the inclusion of spin�orbit effects as implemented in the
NWChem6.1.1 package.51 Previous reports have shown that the
inclusion of the SO effects yields almost quantitative agreement
between the experimental PE spectra and computed DOS
for gold clusters of various sizes and shapes.34 The first VDEs
of each isomer were calculated as the difference between the
energies of the anionic and the corresponding neutral species
at the anion geometry. The binding energies of the deeper
occupied orbitals of the anion were then added to the first VDE
to approximate higher binding energy features. Each computed
peak was then fitted with Gaussian functions of 0.06 eVwidth to
yield a computed PE spectrum,whichwas used to comparewith
the experimental spectra of Au26

�.
Experimental Methods. The PES experiment was performed

using a magnetic-bottle apparatus equipped with a laser va-
porization supersonic cluster source and a time-of-flight mass
analyzer.78 A pulsed laser beam was focused onto a pure gold
disk target, generating a plasma containing gold atoms. A high-
pressure helium carrier gas pulse was delivered to the nozzle
simultaneously, cooling the plasma and initiating nucleation.
As shown previously,79 by carefully controlling the resident time
of the clusters in the nozzle, relatively cold and equilibrated
clusters can be produced fromour laser vaporization supersonic
cluster source. The cooling effects have been confirmed re-
cently by the observation of van der Waals complexes of
gold cluster anions with Ar or O2.

27,28,50 In the present study,
relatively cold Au26

� clusters were produced using a helium
carrier gas seeded with 5% Ar. In addition, we were able to
produce even colder Au26

� complexed with Ar atoms, ArnAu26
�

(n = 1, 2). The Au26
� and ArnAu26

� clusters were selected by a
mass gate and decelerated before being photodetached by a
193 nm laser beam from an ArF excimer laser. Photoelectrons
were collected with a magnetic bottle at nearly 100% efficiency
in a 3.5-m-long electron flight tube for kinetic energy analyses.
The PE kinetic energies were calibrated by the known spectrum
of Au� and subtracted from the photon energy to obtain the
reported electron binding energy spectra. The electron energy
resolution was ΔE/E ≈ 2.5% (i.e., 25 meV for 1 eV electrons).
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