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ABSTRACT: Gold nanoclusters have attracted great
attention in the past decade due to their remarkable size-
dependent electronic, optical, and catalytic properties.
However, the structures of large gold clusters are still not
well-known because of the challenges in global structural
searches. Here we report a joint photoelectron spectroscopy
(PES) and theoretical study of the structural evolution of
negatively charged core−shell gold nanoclusters (Aun

−) for n = 42−50. Photoelectron spectra of size-selected Aun
− clusters

are well resolved with distinct spectral features, suggesting a dominating structural type. The combined PES data and
density functional calculations allow us to systematically identify the global minimum or candidates of the global minima of
these relatively large gold nanoclusters, which are found to possess low-symmetry structures with gradually increasing core
sizes. Remarkably, the four-atom tetrahedral core, observed first in Au33

−, continues to be highly robust and is even present
in clusters as large as Au42

−. Starting from Au43
−, a five-atom trigonal bipyramidal core appears and persists until Au47

−.
Au48

− possesses a six-atom core, while Au49
− and Au50

− feature seven- and eight-atom cores, respectively. Notably, both
Au46

− and Au47
− contain a pyramidal Au20 motif, which is stacked with another truncated pyramid by sharing a common 10-

atom triangular face. The present study sheds light on our understanding of the structural evolution of the medium-sized
gold nanoclusters, the shells and core as well as how the core−shell structures may start to embrace the golden pyramid
(bulk-like) fragment.
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Gold nanoparticles can exhibit unique physical and
chemical properties that do not exist in bulk gold.1−4

Many of these unique properties can be attributed to
both strong relativistic effects and finite-size quantum
effects.4−7 Gold nanoparticles have received special attention
in chemistry due to their exceptional catalytic properties and
potential applications in various important chemical trans-
formations.8−15 In particular, supported gold nanoclusters have
been discovered to catalyze CO oxidation below room
temperature.12−15 The catalytic properties are highly dependent
on the size, structure, and charge state of the gold clusters.8,10,15

A deeper understanding of the structure-catalytic property
relationship requires the structural information on size-selected
clusters and their evolution as a function of size.
A variety of experimental techniques, in conjunction with

global minimum searches and theoretical calculations, have
been used to determine the structures of small to medium-sized
gold nanoclusters, including ion mobility spectroscopy
(IMS),16,17 trapped ion electron diffraction (TIED),18−21

infrared multiple-photon dissociation (IR-MPD) spectrosco-
py,22 and size-selected photoelectron spectroscopy

(PES).1,23−30 To date, the structures of small gold clusters
have been well established.1,4 Several studies have shown that
gold anion clusters exhibit two-dimensional (2D) structures up
to the size of Au12

−,16,21,23,24 followed by shell-like and hollow-
cage structures up to Au18

− and then pyramidal structures from
Au18

− to Au20
−.25,26 The Au20

− pyramidal cluster has received
extensive interest because of its highly symmetric tetrahedral
structure and large HOMO−LUMO gap.22,27 Each triangle face
of the pyramidal Au20

− consists of 10 atoms, arranged like an
Au(111) face, and the pyramid can be viewed as a fragment of
the face-centered cubic (fcc) structure of bulk gold.
In a previous study, the Au25

− cluster was found to be the
smallest core−shell structure, with a single-atom core.28

Furthermore, the structural evolution of gold clusters from
Au27

− to Au38
− has been investigated by joint experimental and

theoretical studies.18,29−32 These previous studies show that the
low-symmetry core−shell structures are prevailing beyond
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Au27
−. Notably, a highly robust tetrahedral core was found to

exist over a wide size range from Au33
− to Au38

−.30

Furthermore, the appearance of a pyramidal fragment was
observed in Au38

−.30 To the best of our knowledge, thus far, the
structures of neutral clusters of Au40, Au44, and Au50 have been
investigated theoretically.33,34 Especially for neutral Au50, the
previous calculations34 suggested that a hollow cage appears to
be more stable than core−shell structures. The current joint
PES and theoretical study indicates that core−shell structures
are still highly favorable in the size range of Au42

−−Au50−.
Remarkably, we find that the highly robust tetrahedral core is
still persistent in clusters as large as Au42

−. In addition, we have
found that Au46

− and Au47
− contain a Au20 pyramidal fragment

and that it is stacked with another truncated pyramid such that
the two share a common 10-atom triangular face. Overall, we
demonstrate that the high-resolution anion PES, combined
with a theoretical global search, is a viable approach to resolve
atomic structures of low-symmetry metal clusters, particularly
the inner core structures of the core−shell clusters, which are
challenging to resolve by imaging techniques due to the
coverage by the outer shells.

RESULTS AND DISCUSSION

Photoelectron spectra of Aun
− in the size range of n = 42−50

display remarkably well-resolved peaks, which are essential for
detailed comparisons with the simulated spectra, as shown in
Figures 1−9 (red colored), respectively. The observed spectral

peaks in the low binding energy range are mainly due to the 6s
band and are well resolved. This spectral region is primarily
used for the comparison with the simulated spectra. The lowest
binding energy peak, labeled as X in each spectrum, represents
the detachment transition from the anion ground state to that
of the neutral. The higher binding energy peaks, labeled as A, B,
C, D, etc., represent detachment transitions from the ground
state of the anion to the electronic excited states of the neutral.
In these cases, the X−A separations represent the energy gap
between the two highest occupied molecular orbitals of the
anion clusters (H1−H2). Also, in some figures, weak features
are labeled with *, representing the presence of minor isomer/
isomers in the cluster beam.
Table 1 presents the experimental first vertical detachment

energy (VDE) and the X−A gap, in comparison with the

computed first VDE of the assigned isomer. As found
previously, although SO-PBE0/CRENBL-ECP underestimates
the VDEs of 6s band, the inclusion of SO effects is extremely
important for achieving quantitative agreement between
experiment and theory.21,29,30,35−37

The determination of the true global minimum structures is
guided by not only the DFT energetics but also a direct
comparison of the simulated PES patterns (e.g., number of
major peaks and their relative spacing) with the experimental
PES data. Among all of the leading candidates, the global
minimum is identified on the basis of three criteria as
mentioned in the previous study,29 i.e., (1) the relative energies,
(2) comparison of the energy gap between the first and second
peak with experiment, and (3) agreement of the distinct
spectral peaks between theory and PES experiment. In Figures
1−9 we present the relative energy, calculated at the M06/cc-
pVDZ-pp (ECP) level, along with simulated spectra for the
leading candidates. The relative energies computed at M06/cc-
pVDZ-pp (ECP) level offer additional support to these leading
candidates. Because of the large size and complexity of these
clusters, isomers within ∼0.2 eV of the lowest-lying isomers and
an X−A gap (at PBE level of theory) ± 0.03 eV within the
experimental value are considered as the leading candidates
among our top selection. To show the structural differences
between the leading candidates, the plots of atom-to-center
distance distributions of the leading candidate clusters are
presented in Supporting Information.

Figure 1. Photoelectron spectrum of Au42
− at 193 nm (top panel,

red) in comparison with the simulated spectrum (black) of isomers
I−III. The core atoms of Au42

− are highlighted in green in the
insets.

Table 1. Experimental and Theoretical First VDEs,
Experimental Gap between the First (X) and Second (A)
PES Bands

cluster
first VDE

(exp)a (eV)
X−A gap (exp)

(eV)
first VDE

(theo)b (eV)

Au42
− 3.88(6) 0.23 3.75 (0.13)

Au43
− 3.98(6) 0.20 3.85 (0.13)

Au44
− 3.90(7) 0.26 3.67 (0.23)

Au45
− 4.14(5) 0.06 3.97 (0.17)

Au46
− 3.94(6) 0.23 3.70 (0.24)

Au47
− 3.94(6) 0.20 3.89 (0.05)

Au48
− 3.99(7) 0.20 3.90 (0.09)

Au49
− 4.21(7) 0.12 4.02 (0.19)

Au50
− 3.92(7) 0.36 3.61 (0.31)

aThe number in the parentheses represents the uncertainty in the last
digit. bThe number in the parentheses represents the red shift relative
to the experimental value.
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Au42
−. Figure 1 displays the experimental photoelectron

spectrum of Au42
−, in comparison with the simulated spectra of

isomers I−III. Numerous well-resolved bands, labeled as X and
A-I, are observed in the 193 nm spectrum. The well-separated
PES features suggest that there is a dominating isomer in the
cluster beam. The X band yields the first VDE at 3.88 eV for
the dominating isomer. The energy gap between the X and A
bands gives rise to a H1−H2 gap of 0.23 eV for Au42

−.
The basin-hopping (BH) search yielded a large population of

candidates with the four-atom tetrahedral core. We examined
nine isomers within 0.2 eV of the global minimum at the PBE/
DNP/ECP (fine) level. These candidates (numbered based on
their PBE/DNP/ECP (fine) energy rankings (Table S1) gave
calculated energy gaps close to the experimental X−A gap 0.23
eV. Because numerous isomers were found to be close in
energy for Au42

−, the relative energy values alone or the X−A
gap are insufficient to determine the true global minimum.
Therefore, the simulated spectra for all of the top candidates
are compared with the experiment (Figure S1b).
All the top candidates, except for two, have a four-atom

tetrahedral core (Table S1). Simulated spectra of these
candidates are presented in Figure S1b. Isomers I−III with a
tetrahedral core and almost identical first VDEs (Table S1)
emerged as the best candidates, and they give similar simulated
spectra which appear to agree with the experiment (Figure 1).
To quantitatively compare simulated spectrum with the
experimental spectrum, we align the first peak with the
experimental one (X peak) and calculate the root-mean-square
deviation (RMSD) for the labeled peaks A-I (top panel in
Figure 1). The smallest RMSD value (0.039 eV) for isomer II
implies the closest match to experimental spectrum (Table S1).
The key features of the simulated spectrum of isomer I are also
in quantitative agreement with experimental spectrum, except
for the intense peak at ∼4.6 eV which consists of closely spaced
peaks. Moreover, the energy of isomer I calculated at the SO-
PBE0/CRENBL/ECP level and the M06/cc-pVDZ-pp(ECP)
level is the lowest among all of the isomers considered.
Although isomer II also has many of the characteristic features
in the simulated spectrum, it is 0.15 and 0.21 eV higher in
energy in the two levels of theory than in isomer I. Considering
the size and complexity of these clusters, the very good
agreement between the experimental spectrum and the lower
relative energy of isomer I and isomer II provides credence for
our conclusion that both are the major isomer in the cluster
beam. However, isomer III may be the carrier of weak features,
which are buried under the main spectral features. Even though
we cannot completely rule out isomer III, it is unlikely that it is
a major contributor to the observed spectrum.
Au43

−. The PES spectrum of Au43
− (Figure 2) is particularly

well resolved because only doublet final states are allowed in
one-electron detachment. The first VDE defined by the X band
was measured to be 3.98 eV, and the energy gap between the X
and A bands was measured to be 0.20 eV. The simulated
spectra of isomers I−III to be presented below are shown in
Figure 2 for comparison.
The BH search resulted in an equivalent population of both

the four- and five-atom core candidates. We examined the ten
low-lying isomers that are within 0.2 eV of the global minimum
at the PBE/DNP/ECP (fine) level. Six of these candidates have
a four-atom tetrahedral core and four have a five-atom trigonal
bipyramidal core. The relative energies, the X−A gap, and the
first VDE of these isomers are presented in Table S2.

Among these top candidates, isomer I is lowest in energy at
the PBE/DNP/ECP (fine) level as well as the SO-PBE0/
CRENBL/ECP level. The relative energy differences among
isomers I−III are very small, although the simulated spectral
features from isomer I seem to agree the best with the
experimental spectrum (Figure 2). All of the observed spectral
features X and A to I, including the broad band at ∼5.5 eV, and
their relative spacing are well reproduced in the simulated
spectrum of isomer I. In particular, the calculated X−A gap of
0.18 eV is very close to experimental gap of 0.20 eV. The
simulated spectra of isomers II and III also display numerous
peaks, but the relative spacing among the peaks does not agree
with the experiment compared to that of isomer I.
Quantitatively the calculated RMSD value (for the labeled
peaks A-I) for isomer I is the lowest among three candidates,
and it affirms that the simulated spectrum of isomer I agrees
well with the experimental spectrum (Table S2). The relative
energies for these three isomers calculated at the M06/cc-
pVDZ-pp(ECP) level are within 0.06 eV (Figure 2), and they
should all be considered energetically degenerate. On the basis
of the good agreement between the simulated and experimental
spectrum, we conclude that isomer I with the trigonal
bipyramidal core should be the dominant isomer observed
experimentally.
The Au43

− cluster is the first size, where the five-atom
trigonal bipyramidal core appears. It can be viewed as the
addition of an atom to the core of the Au42

− cluster with a 38
atom shell. It also has a low symmetry (C1) with a somewhat
tubular shape comprising of all triangle facets.

Figure 2. Experimental photoelectron spectrum of Au43
− at 193 nm

(top panel, red) in comparison with the simulated spectra (black)
of isomers I−III. The core atoms of the Au43

− isomers are
highlighted in green in the insets.
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Au44
−. The experimental spectrum of Au44

− presented in
Figure 3 appears to be more complicated both because this

cluster is open shell and there seems to be clear evidence of
contributions from other isomers (weak features labeled with
*). The X band gives rise to the first VDE at 3.90 eV, and the
energy gap between X and A is 0.26 eV. The strong band A
seems to have a shoulder on the higher binding energy side (B).
Our global minimum search resulted in a large population of

clusters with trigonal bipyramidal core. We examined 11
candidates numbered by the PBE/DNP/ECP (fine) energy
rankings (see Table S3). Most of the top candidates gave rise to
HOMO−LUMO gaps between 0.23 and 0.29 eV close to the
experimental observation of 0.26 eV, except for isomer II.
Isomer I emerged as the best candidate with the lowest

energy at the SO-PBE0/CRENBL/ECP level. In particular, for
isomer I the calculated X−A gap of 0.27 eV is very close to the
experimental gap of 0.26 eV. Also, the closely spaced A and B
bands in the simulated spectrum of isomer I are in good
agreement with the experiment (Figure 3). Isomer II is the next
top candidate based on the relative energy calculated at the SO-
PBE0/CRENBL/ECP level (0.16 eV higher than isomer I,
Figure 3). The first VDE of isomer II is slightly higher than that
of isomer I (Table S3) and agrees with the weak feature *
between bands X and A. Isomer II should also contribute to the
congested features at higher binding energies. It is clear that the
simulated spectrum of isomer I alone would not explain all of
the observed features. Isomer II should be a viable low-lying
isomer, which was present in the cluster beam and contributed
to the observed spectrum.
Isomers I and II both have core−shell structures with a five-

atom trigonal bipyramid core and a 39-atom shell. Visually, the
two structures appear to resemble one another. However, the
plots of atom-to-center distance distributions reveal the
structural differences better between the two isomers (Figure

S3a). The shell of isomer I contains one rhombus defect
(Figure S3c), which is not present in isomer II.

Au45
−. The experimental spectrum of Au45

− at 193 nm
(Figure 4) is well resolved as a result of its closed-shell nature.

The spectrum seems to consist of closely spaced pairs of peaks,
i.e., X/A, B/C, D/E, F/G, and H/I. The X peak yields the first
VDE at 4.14 eV. The X−A energy gap of 0.06 eV is very small.
The spectrum of Au45

− is quite characteristic and less congested
(Figure 4), suggesting the presence of a dominant isomer. The
low binding energy tail, labeled * at ∼3.97 eV, suggests the
presence of a possible minor isomer in the cluster beam.
We examined 13 candidates within a relative energy of 0.2 eV

at PBE/DNP/ECP (fine) level (Table S4). Isomers I−III
emerged as the lowest-energy structures at the SO-PBE0/
CRENBL/ECP level. Their relative energies calculated at the
M06/cc-pVDZ-pp(ECP) level are also very small (Figure 4).
Isomer III, which is lowest in energy at the M06 level, has

features that do not agree well with experiment, specifically the
X−A energy gap is relatively large (0.17 eV), and it can be
readily ruled out. The simulated spectrum of isomer I produces
well-defined peaks, which resemble better to the experimental
spectrum. The simulated PES spectrum of isomer II also
displays resemblance to the experiment, and it is lower in
energy than isomer I by 0.01 eV, and they should be considered
degenerate. Nevertheless, the lower RMSD value for isomer I
than isomer II also suggests that isomer I is more likely the
major isomer contributing to the observed spectrum. We
tentatively assign isomer I with a trigonal bipyramidal core as

Figure 3. Photoelectron spectrum of Au44
− at 193 nm (top panel,

red) in comparison with the simulated spectrum (black) of isomers
I and II. The core atoms of the Au44

− structure are highlighted in
green in the insets.

Figure 4. Photoelectron spectrum of Au45
− at 193 nm (top panel,

red) in comparison with the simulated spectrum (black) of isomers
I−III. The core atoms of the Au45

− structures are highlighted in
green in the insets.
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the global minimum. We note that isomers I−III all have a five-
atom core and visually they seem to resemble closely to each
other. The plots of atom-to-center distance distributions show
more clearly that they represent different structures (Figure
S4a). On close examination, one can see that the shell of isomer
I consists of three rhombus defects (Figure S4c).
Au46

−. The photoelectron spectrum of Au46
− at 193 nm

(Figure 5) displays some similarity to that of Au45
− (Figure 4),

specifically the higher energy features beyond 4.5 eV, even
though the latter is closed shell. The X band defines the first
VDE at 3.94 eV, followed by a more intense A band at 4.17 eV
which is close to first VDE of Au45

− (4.14 eV). The X−A
energy gap of 0.23 eV represents the HOMO−LUMO gap of
neutral Au46. Compared with that of Au44

−, which is also open
shell (Figure 3), the spectrum of Au46

− is much better resolved
with well-defined peaks, suggesting the presence of a single
isomer in the cluster beam. These observations also indicate
that the global minimum of Au46

− should be significantly more
stable than the nearest isomer.
We examined eight low-lying isomers ranked by energies

from the PBE/DNP/ECP (fine) level (Table S5). These
candidates gave calculated energy gaps between 0.20 and 0.27
eV, all close to the experimental X−A gap 0.23 eV.
Isomers I−III are lowest in energy, and they are nearly

degenerate at the PBE/DND/ECP level of theory. The
simulated spectrum of isomer I appears to agree best with
the experimental spectrum (Figure 5). The X−A gap of isomer
I (0.23 eV) is the same as observed experimentally. All of the

peaks and relative spacing resemble almost quantitatively the
experimental features, lending considerable credence to the
conclusion that isomer I should be the global minimum for
Au46

−. Even though the three isomers are nearly degenerate
from PBE/DND/ECP, isomers II and III can be ruled out on
the basis of the simulated spectra. We also calculated the
relative energies of the three isomers at M06/cc-pVDZ-
pp(ECP) level (Figure 5). Isomer I is only 0.016 eV higher
in energy than isomer II. Clearly, the relative energies alone are
not sufficient to determine the true global minimum for such
large and complicated systems. The global minimum isomer I
of Au46

− with a five-atom core has a quite unique structure: It
consists of a distinguishable pyramid of 20 atoms, like Au20,

22,27

which is a fragment of the fcc structure of bulk gold, and it is
also the stacked with a truncated pyramid (see Figure 10a
below for more structural details).

Au47
−. The photoelectron spectrum of Au47

− (Figure 6)
consists of rather congested PES features with large intensity

variations, which could indicate that significant low-lying
isomers might be present experimentally. The X band gives
rise to the first VDE at 3.94 eV, followed by band A with similar
intensity at 4.14 eV, resulting in an X−A energy gap of 0.20 eV.
Our BH search yielded isomers with both five- and six-atom

core structures. We examined 10 low-lying isomers (Table S6),
but only three candidates (isomers I−III) met our selection
criteria, and their simulated spectra are compared with the
experiment in Figure 6.

Figure 5. Photoelectron spectrum of Au46
− at 193 nm (top panel,

red) in comparison with the simulated spectrum (black) of isomers
I−III. The core atoms of the Au46

− isomers are highlighted in green
in the insets.

Figure 6. Photoelectron spectrum of Au47
− at 193 nm (top panel,

red) in comparison with the simulated spectrum (black) of isomers
I−III. The core atoms of the Au47

− isomers are highlighted in green
in the insets.
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Isomer I with a five-atom core was found to be the global
minimum, being lowest in energy at all levels of theory. The
simulated spectrum of isomer I agrees well with the experiment
and all of the characteristic features, and the spacing is well
represented. The calculated X−A gap (0.21 eV) is also very
close to the experimental gap (0.20 eV). It should be pointed
out that the simulated spectra of isomers II and III also have
some features similar to the experimental spectrum, and they
could conceivably contribute to the observed spectrum, even
though the energies calculated at M06/cc-pVDZ-pp level
clearly show that both are higher in energy than isomer I. We
tentatively assign isomer I as the global minimum of Au47

−,
which has a trigonal bipyramidal core. This isomer also exhibits
not only the distinguished 20-atom pyramidal fragment but also
the stacked truncated pyramid, similar to that of the Au46

−

cluster (see Figure 10 below).
Au48

−. The photoelectron spectrum of Au48
− (Figure 7) is

well resolved, but congested spectral features are observed in

the high binding energy range (B-I). The weak feature between
the X and A bands (labeled *) suggests the possibility of the
existence of a low-lying isomer in the cluster beam, making
minor contributions to the experimental spectrum. The X peak
gives rise to the first VDE at 3.99 eV, followed by a more
intense band A at 4.19 eV. The X−A energy gap of 0.20 eV
represents the HOMO−LUMO gap of neutral Au48.
The BH search resulted in a large population of structures

with six-atom cores. We examined nine candidates ranked at
the PBE/DNP/ECP (fine) level of theory (Table S7), eight
candidates with six-atom cores, and one with a seven-atom core.
Isomer I is lowest in energy at the SO-PBE0/CRENBL/ECP
level. The simulated spectra of the top two isomers are
compared with the experimental spectrum in Figure 7; both
give similar and congested spectral features. The simulated
spectrum of isomer I seems to match the experimental
spectrum well, and quantitatively, the calculated RMSD value
for the labeled peaks A-I is lower than that of isomer II (Table

S7), suggesting isomer I is more likely the major isomer in the
cluster beam. In particular, the X−A gap of isomer I is also very
close to experimental (Table S7). The first VDE of isomer II is
slightly higher than isomer I. The simulated spectrum of isomer
II also seems to reproduce certain features observed in the
experiment and is likely making minor contributions to the
observed spectrum, such as the weak feature labeled as *.
Isomer II is 0.13 eV higher in energy than isomer I at the M06
level of theory and thus should be considered as the candidate
for the minor isomer. Both isomers I and II with low symmetry
(C1) consist of a six-atom core. Au48

− is the first cluster to
feature the six-atom core and signals another structural
transition of core expansion, similar to that in Au43

−.
Au49

−. The photoelectron spectrum of Au49
− at 193 nm

(Figure 8) consists of congested, but well-resolved features (X

and A to H). The X band defines the first VDE at 4.21 eV with
an X−A gap of 0.12 eV. We observe two weak intensity features
(labeled *), the shoulder on the low-binding energy side of the
X band at ∼4.1 and at 4.7 eV. The weak intensities suggest that
they are likely from a minor isomer.
From the BH global minimum search we found a large

population of six-atom core structures and small population of
five- and seven-atom core structures. We examined nine
candidates ranked at the PBE/DNP/ECP (fine) level of theory
(Table S8). The simulated spectra of isomers I and II are
compared with the experiment in Figure 8. The energies
calculated at M06/cc-pVDZ-pp(ECP) level clearly show that
both are low-lying isomers and should be considered
degenerate (Table S8). The simulated spectra of isomer I
resemble the key features of the experiment, suggesting that
isomer I is likely the major isomer in the cluster beam. In
particular, the X−A gap of isomer I (0.12 eV) is the same as
observed experimentally. Since isomer II gives a lower first
VDE and larger X−A gap (Table S8), it is likely the carrier of
the weak low binding energy features labeled *. Both simulated
spectra have features resembling the experiment, suggesting

Figure 7. Photoelectron spectrum of Au48
− at 193 nm (top panel,

red) in comparison with the simulated spectrum (black) of isomers
I and II. The core atoms of the Au48

− structure are highlighted in
green in the insets.

Figure 8. Photoelectron spectrum of Au49
− at 193 nm (top panel,

red) in comparison with the simulated spectrum (black) of isomers
I and II. The core atoms of the Au49

− isomers are highlighted in
green in the inset.
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that these two isomers must be present in the cluster beam and
contribute to the observed spectrum. Isomers I and II have
seven- and six-atom cores, respectively, suggesting that the
seven-atom core becomes competitive at this size.
Au50

−. The photoelectron spectrum of Au50
− at 193 nm is

presented in Figure 9. The well-resolved X band defines the

first VDE at 3.92 eV, with a fairly large X−A gap of 0.36 eV,
which represents the HOMO−LUMO gap of neutral Au50.
There is also a well-resolved weak peak (X′) between the X and
A bands at 4.01 eV, which should be due to another isomer.
The similar intensities of X and X′ suggest that the isomer is
substantially populated. Indeed, the congested and complicated
PES pattern is consistent with the presence of multiple isomers.
From the the BH global minimum search we found large

populations of isomers with small energy gaps. The large X−A
gap observed in the photoelectron spectrum is somewhat
special in this size range. We found only six isomers fit our
selection criteria (Table S9). Interestingly, these candidate
structures exhibit different cores: one has a six-atom core, three
have a seven-atom core, and two have an eight-atom core.
Isomer I is the lowest-energy structure at the SO-PBE0/
CRENNBL/ECP level; its simulated spectrum reproduces
quite well the key experimental features of X and A-I. In
particular, the X−A gap of isomer I (0.36 eV) is the same as
observed experimentally, suggesting that isomer I should be the
major isomer in the cluster beam. The first VDE of isomer II is
slightly higher than that of isomer I, and it should be
responsible for the X′ band. In fact, the first peaks of the
simulated spectrum of isomer II agree well with bands X′,
suggesting that isomer II must also be present in the cluster
beam. Furthermore, isomers I and II are within 0.06 eV at the
M06/cc-pVDZ-pp(ECP) level and should be considered
energetically degenerate.
Both isomers I and II have low symmetries (C1). Isomer I

has a somewhat elongated shape with an eight-atom core, and

isomer II has a more globular shape with a six-atom core. On
close examination, one can see that the shell of isomer I
consists of two pentagon defects (Figure S9c). A hollow cage
structure has been suggested for neutral Au50 with a large
HOMO−LUMO gap of 0.831 eV,34 much higher than that
observed in the current experiment (0.36 eV). We did not find
any hollow structures in our global searches for Au50

−, and all
our candidates from the BH search are composed of core−
shell-type structures.

Structural Evolution from Au42
− to Au50

−. Our
combined experimental and theoretical results suggest that
the gold anion clusters in the size ranging from 42 to 50 atoms
are low-symmetry, core−shell structures. The identified global
minima for all of the clusters are compared in Figure 10a. The
structural evolution in this size range takes place both via core
and shell expansions. The robust tetrahedral core first observed
in Au33

− still exists in Au42
−, but beyond Au42

−, the clusters
grow more readily by core expansion. The five-atom core of
Au43

− is trigonal bipyramid and is persistent in the global
minima of Au43

− to Au47
−. The global minimum Au48

− possess
a six-atom core, while Au49

− and Au50
− feature seven- and eight-

atom cores, respectively. Also, the minor isomers of the latter
three feature six-atom cores, suggesting different cores become
competitive in this size range. The structure evolution of the
gold cores in the identified global minima in the size range
studied is depicted in Figure 10b. Notably, the highly robust
tetrahedral core evolves into a triangular bipyramidal core for n
= 43−47, and then low-symmetry and elongated cores for n =
48−50. The latter three clusters become slightly elongated in
shape as well, compatible with their core shape. This is similar
to the pattern indicated by Huang et al. for understanding the
growth of large Aun

− clusters, where the surface reconstruction
of Au58

− structure resulted in voids in the interior of the
clusters, which was attributed to strong relativistic effects of
gold atoms.38 The relativistic effects are also responsible for the
deviation of the geometrical structures (predicted based on
comparing with experimental PES spectra) from the global-
minimum structures predicted based on the Lennard-Jones,
Morse, or Gupta potentials for gold clusters. The latter global-
minimum structures typically have higher number of core
atoms, as these potential functions favor maximum number of
atom−atom contacts.39

Interestingly, the Au46
− and Au47

− clusters are found to
contain the tetrahedral pyramidal fragment similar to Au20

−.26,27

The tetrahedral Au20 fragment was first observed in the Au38
−

cluster.30 The structure of Au46
− in fact contains two stacked

pyramidal fragments. The Au20
− fragment sharing a 10-atom

face with a truncated pyramid (see Figure 10a, the red and blue
highlights). It is noteworthy that the Au47

− cluster contains
similar tetrahedral fragments (see red and blue highlights): The
additional atom does not complete the second pyramid (blue).
Au48

− grows by core expansion and does not have the
tetrahedral fragment anymore; the addition of an atom to the
core results in rearrangement of the outer shell. These low-
symmetry global structures have low coordination sites on the
cluster surface. Defects and low coordinated sites are known to
be associated with catalytic activities of the gold nano-
particles.14,40 The isolated clusters should be the starting
point for supported clusters in real world catalysts. It has been
reported that Au58

− is a robust core−shell cluster, and larger
clusters nucleate on the surface of Au58

− at least up to Au64
−.38

It would be interesting to elucidate how gold clusters evolve
beyond Au50

− up to the robust Au58
−.

Figure 9. Photoelectron spectrum of Au50
− at 193 nm (top panel,

red) in comparison with the simulated spectrum (black) of isomers
I and II. The core atoms of the Au50

− isomers are highlighted in
green in the inset.
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CONCLUSION

We present a combined experimental and theoretical study of
gold anion clusters, Aun

− (n = 42−50). The global minimum
structures in this size range continue to be the low-symmetry
core−shell-type. The four-atom tetrahedral core that first
appeared in Au33

− is found to be highly robust and is observed
in the global minimum of Au42

−. The global minima of Aun
− (n

= 43−47) are found to contain the five-atom trigonal
bipyramidal core. A core expansion is observed at Au48

−

which contain a six-atom core, while Au49
− and Au50

− feature
seven-atom and eight-atom cores, respectively. The minor
isomers of these three feature a six-atom core. The global
minima of Au46

− and Au47
− are found to contain the 20-atom

pyramidal fragments. This fragment is stacked with a truncated
pyramidal fragment, and they share a common 10-atom
triangular face. This structural information on low-symmetry
core−shell gold clusters in medium-size range could be
important for catalysis.

METHODS
Photoelectron Spectroscopy. The experiment was done using a

magnetic-bottle PES apparatus equipped with a laser vaporization
supersonic cluster source and a time-of-flight mass analyzer, details of
which appear elsewhere.41,42 A gold disk was used as the laser
vaporization target by a focused laser beam at 532 nm from a pulsed
Nd:YAG laser. A high-pressure helium gas seeded with 5% Ar was
used to cool the laser-induced plasma to initiate nucleation and as the
carrier gas for the subsequent supersonic expansion to produce cold
cluster beams. While the temperatures of the clusters were not exactly
known in the cluster beam, previous experiences suggested temper-
atures well below 300 K.43 In particular, the Ar-seeded helium carrier
gas has been shown to be able to produce cold gold cluster anions by
the generation of Aun

−/Ar van der Waals complexes for planar gold
cluster anions.24 Ar tagging was much more difficult on the 3D
clusters, even under the cold conditions by using the Ar-seeded helium
carrier gas. The cold gold anion clusters were extracted perpendicularly
into the time-of-flight mass spectrometer for mass analyses. The
clusters of interest were selected by a mass-gate and decelerated before
being photodetached in the interaction zone of the magnetic-bottle

Figure 10. (a) The identified global minima of Aun
− nanoclusters from n = 42−50. Red and blue atoms highlight the pyramidal fragments in

Au46
− and Au47

−. (b) A plot showing the gold core evolution from n = 42−50. Red spheres in the core structures highlight the new gold atom
added as the size of clusters increases.
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electron analyzer. For the current experiment, the 193 nm (6.424 eV)
radiation from an ArF excimer laser was used for photodetachment.
Photoelectrons were collected by the magnetic bottle with nearly
100% efficiency and analyzed in a 3.5 m long time-of-flight tube. The
photoelectron kinetic energies (Ek) were calibrated by the known
spectra of Au− and were subtracted from the photon energy to obtain
the electron binding energy (BE) spectra to be presented. The
resolution of the magnetic-bottle analyzer was ΔEk/Ek ∼ 2.5%, i.e., 25
meV for 1 eV electrons.
Theoretical Methods. We performed global minimum searches

for the low-lying isomers of gold anion clusters (Aun
−) with n = 42−50

atoms, using the BH global optimization method44−46 combined with
density functional theory (DFT) calculations. The gradient-corrected
Perdew−Burke−Ernzerhof (PBE) exchange−correlation functional47

and the double-numerical polarized (DNP) basis set with effective
core potential (ECP), as implemented in the DMol3 4.0 software,48,49

were employed for the geometry optimization. The ECP replaces the
core electrons that account for the relativistic effects, whereas the
(5s25p6 5d106s1) electrons were taken as valence electrons in the
calculations. For the initial BH searches, we used a medium-level
convergence criterion of 2 × 10−5 Ha in the DFT computations. The
isomers obtained at the medium level were then reoptimized with a
finer energy convergence of 1 × 10−5 Ha in DMol3.
We have collected more than 700 isomers, each for clusters from

Au42
− to Au49

−, and more than 1000 isomers for Au50
−. The candidate

isomers within 0.4 eV from the lowest-energy isomer (PBE/DNP/
ECP level) and the energy gap between the first and second peak
(equivalent to the HOMO−LUMO gap for even sized-clusters) are
selected for comparison with the experiment. These candidate isomers
are optimized again using the PBE/TZP (triple-ζ polarization) level of
theory with inclusion of the relativistic effects under zeroth-order
regular approximation, as implemented in the ADF2013 software
package.50−53 The single-point energies of the optimized candidate
isomers are then computed at the SO-PBE0/CRENBL level of theory
using the NWCHEM 6.3 software package.54 Single-point energies of
the neutral clusters are also computed based on the same optimized
geometry. The difference in the energy of the anion and neutral cluster
gives the first VDE. The first VDE is then added to the orbital energies
of the deeper occupied orbitals to obtain VDEs of the higher
detachment channels. The VDEs so obtained are fitted with unit-area
Gaussians of 0.04 eV widths to yield the simulated spectra, which are
used to compare with the experimental spectra. Lastly, we also
compute relative energies among the top three to five candidate
isomers using the M06 functional and cc-pVDZ-pp(ECP) basis set, as
implemented in the Gaussian 09 software.55 The M06 functional has
been shown to give more accurate energy rankings among isomers of
bare gold clusters, as reported previously.56
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