THE JOURNAL OF

PHYSICAL CHEMISTRY

pubs.acs.org/JPCC

Structural Evolution of Medium-Sized Gold Clusters Au,,” (n = 36, 37,
38): Appearance of Bulk-Like Face Centered Cubic Fragment

Nan Shao,Jr Wei Huangft Wai-Ning Mei,T Lai Sheng Wang,*’§ Qin Wu,*’II and Xiao Cheng Zeng*’L

TPhysics Department, University of Nebraska—Omaha, Omaha, Nebraska 68182, United States
*School of Environmental Science & Optoelectronic Technology, University of Science and Technology of China, Hefei, Anhui

230026, China

§Chemistry Department, Brown University, Providence, Rhode Island 02912, United States

ICenter for Functional Nanomaterials, Brookhaven National Laboratory, Upton, New York 11973, United States
J'Chemistry Department, University of Nebraska—Lincoln, Lincoln, Nebraska 68588, United States

© Supporting Information

ABSTRACT: We report a joint experimental and theoretical
study of the structural evolution of medium-sized gold clusters.
We find that the most stable structures of Auss~ to Ausg™
exhibit core—shell type structures all with a highly robust
tetrahedral four-atom core. All three clusters are observed to
possess two coexisting isomers in the cluster beam. The
appearance of a fragment of the face centered cubic (FCC)
bulk gold, that is, the pyramidal Au,,~, at the size of Ausg~
implies that the cluster-to-bulk transformation starts to emerge
at the medium size range. It is expected that larger pyramidal-

Alzg 18 ~

like intermediates may emerge in later medium- to large-sized Au clusters beyond Ausq™.

I. INTRODUCTION

Gold is one of the most noble metals in the periodic table. The
fascinating properties of gold include not just its unfading color,
but also its high catalytic activities at the nanoscale sizes,
stemming from strong relativistic effects.”* For example, bare
or supported Au nanoclusters have been widely reported to be
capable of catalyzing the oxidation of CO to CO, at low
temperatures.> ¢ Although the understanding of the reaction
mechanisms is still incomplete, one important factor for the
high activity of supported Au clusters is the propensity of
charge transferring between the molecular adsorbates and
gold,7_9 which is closely related to the size, geometry, and
charge of the gold clusters. In addition, low-coordinated sites
on the surface of small gold clusters are capable of adsorbing
oxygen molecules and more likely to be the active sites.'”"!
The triangular Aus sites on pyramidal Au clusters were recently
predicted to be highly active for the CO-self-promoted
oxidation."”” Gaining such mechanistic insights starts with
precisely determining the structures of gold clusters.
Although the study of novel properties of Au clusters has
achieved a great deal of success through many joint theoretical
and experimental efforts over the past two decades, structural
determination of gold clusters still proceeds slowly due to
strong relativistic and spin—orbit effects of Au, as well as the
large number of possible isomers with increasing cluster size.
Today, precise global-minimum structures of many small to
medium-sized Au clusters have been determined via combining
theoretical global-minimum searches with experimental studies,
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either by trapped-ion electron diffraction (TIED)'*'* or by

size-selected photoelectron spectroscopy (PES).'">'® For
example, it has been found that for anion gold clusters, the
two-dimensional (2D) to three-dimensional (3D) structural
transition occurs at Au;,”."” The hollow-cage structures emerge
in the size range of Au —Au,g . " The magic number Au,;”
cluster has a highly stable tetrahedral pyramid structure, which
can be viewed as a fragment of the face centered cubic (FCC)
lattice of bulk gold.léa Au,;~ was predicted to be the smallest
core—shell cluster with a single-atom core.'® Beyond Au,;™, the
low-symmetry core—shell structures dominate the low-energy
clusters, and the hollow-cage structures are unlikely to exist in
larger size due to the strong relativistic effects.'

In a previous joint density-functional theory (DFT) and PES
experimental study, we found that the core of Au clusters grows
gradually from one atom in Auys~ to a tetrahedral four-atom
core at Auy,.'"7?** The core-shell structures have been
confirmed in other studies.”*”>* Besides the core growth, the
structural evolution of the shell is also traceable. Au,,~ was
found to be a highly stable cluster and could be viewed as
adding an Au atom to the surface of Auy;~ to form a more
round and robust structure. Auys~ in turn can be viewed as
adding one more atom on the surface of Au,~ to start a new
shell.'”” Moreover, the core—shell growth was also observed in
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larger clusters. Ausg™ was found early to be a highly stable and
nearly spherical cluster, and a new shell started at Aug,~ and
grew to Aug,” in an atom-by-atom fashion.” Jiang and Walter
suggested that the tetrahedral Au, core, which started in
Auy;~," is highly stable in medium-sized Au clusters. As such,
they proposed a twisted pyramidal Au,, with the tetrahedral
core and found it has a relatively large HOMO—LUMO (H-L)
gap (0.69 eV) using DFT calculation.””® In a more recent
theoretical study of Auss~, Luo and coworkers also suggest a
spindzlf—like structure of Ausg~, which contains a tetrahedral
core.

The structures of gold clusters in the size regime between 36
and 54 atoms have not been confirmed experimentally. In
search for such structural information, the questions are: Is the
tetrahedral core so stable that it can be retained in Au clusters
beyond the size Auyq~? If it is, at what size of Au cluster would
the tetrahedral core transform to a different core? Also, what
would the next core structure look like? To answer some of
these questions and to understand the structural growth pattern
of medium-sized Au clusters, we have performed a global
structure search of low-energy clusters of Auss~ to Auys™ by
using the basin-hopping (BH) global optimization method*®
combined with DFT calculations. The most stable structures
are identified by comparing the experimental PES spectra with
the comIputed electronic density of states of all lowest-lying
isomers.'®*® We then analyze these structures in detail and
suggest possible growth patterns in these clusters.

Il. EXPERIMENTAL AND THEORETICAL METHODS

In the PES experiment, the Au clusters were generated from a
laser vaporization supersonic cluster source coupled with a
time-of-flight mass spectrometer for cluster size selection.””
The clusters of interest were mass-selected and decelerated
before photodetachment by a 193 nm (6.424 eV) laser beam
from an ArF excimer laser. The photoemitted electrons were
collected by a magnetic-bottle and analyzed in a 3.5 m long
electron time-of-flight tube. The apparatus was calibrated by the
known spectrum of Au”, and the resolution of the apparatus
was AE/E, = 2.5%. For more details of the experiments, also
see reference 28.

For the theoretical study, we employed the basin-hopping
(BH) global optimization method coupled with DFT geometric
optimization to generate typically ~200 low-energy local-
minimum isomers for Auys~ to Aus” each. The gradient
corrected Perdew—Burke—Ernzerhof (PBE) exchange-correla-
tion functional®® and the double numerical polarized (DNP)
basis set with effective core potentials (ECPs), implemented in
the DMol® 4.0 code®®®" were used for the geometric
optimization after each BH step. The top 100 isomers
generated were reranked and selected through reoptimization
at the fine level of PBE/DND/ECP. The criteria for the
selection of low-lying candidates at PBE/DND/ECP (fine)
level are 2-fold: the relative energy with respect to the lowest-
lying isomer is less than 0.4 eV; and the calculated energy gap
between the first and the second major peaks (which, for even
number of atoms, is also the H—L gap of the neutral cluster) is
within the limit of the experimental energy gap between the
first and the second vertical detachment energies (VDEs) AE,
+ 0.04 eV. Prior to the simulation of PES spectra, the top 10—
20 candidate isomers were reoptimized using the hybrid PBE
(PBEO) functional and triple-{ plus polarization (TZP) basis
set with the scalar relativistic effect accounted through the zero-
order-regular approach (ZORA) implemented in the ADF
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code.*” In previous studies, we found that it is important to
include the spin—orbit (SO) effect in the calculation of the
electronic density of states to achieve the best agreement
between theoretical and experimental PES spectra.'” Here, we
computed the PES spectra of all top 10—20 candidate isomers
at the SO-PBEO/CRENBL/ECP level, implemented in the
NWCHEM 6.0 code.* Although we have only studied charged
clusters for comparison of PES experiments, we expect the
charge effect to be small for medium-sized clusters because this
charge is shared by all gold atoms, leading to an insignificant
amount of charge per atom.

lll. RESULTS

Electronic properties of all candidate isomers are presented in
Table 1, and the simulated PES spectra are compared with the
experimental spectra in Figures 1—3. We will discuss each
cluster in detail in the next section. In Table 1, the first column
is the number of core atoms, with mostly four-atom cores and a
few three-atom cores. The second column is the original energy
orders of isomers (during BH search) at PBE/DND/ECP
(fine) level, and these orders are used to label each candidate
isomer. The third column is the relative electronic energies of
the candidate isomers with respect to the lowest-energy isomer
computed at the PBE/DND/ECP (fine) level. From the fourth
to sixth column, the results are obtained at the SO-PBEO/
CRENBL/ECP//PBE0/TZP(ZORA) level. Relative energies
obtained by SO-PBEO/CRENBL/ECP have nearly the same
trend as those at PBE/DND/ECP (fine) level with only a few
tenth electronvolt in difference. The first vertical-detachment
energy (VDE) of each candidate isomer is computed as the
energy difference between the neutral and anion cluster based
on the optimized anion structure. Note that with the inclusion
of the SO effects, computed VDEs in Table 1 are systematically
shifted to be lower by ~0.1 to 0.3 eV as compared to
experimental VDEs.'”” To make the comparsion with
experimental PES spectra clearer, we align the first VDE of
simulated spectra with the experimental spectra (see Figures
1-3). Structures of all candidate isomers are plotted in the
Supporting Information (Figure S1). The top candidates that
give the best agreement with the experiments are highlighted in
bold in Table 1.

IV. DISCUSSION

Auss™. The experimental spectrum of Auys~ is shown in
Figure 1, exhibiting eleven well-separated major peaks for
binding energies <5.5 eV. The discrete peaks below 5.5 eV are
mainly the gold 6s band region, and this energy region usually
gives characteristic spectral features, which are used to compare
with the simulated spectra. The X', A’ and B’ denote
contributions of minor low-lying isomers in the experiment.
The top-candidate isomer Ausq,4~ exhibits D, symmetry and a
tetrahedral core, and the eight peaks of the simulated spectrum
of Ausg,s” match the corresponding eight peaks of the
experimental spectrum very well. This isomer also has the
second lowest energy at the DFT level of theory in anion state
among low-lying candidates shown in Table 1. The energy gap
of 0.36 eV between the first and second major peaks is also the
H-L gap of Auss 5~ The calculated VDE is 0.29 eV less than
the experimental VDE. As compared to the reported structure
of Auss,~,"” we find that Auyg 5~ can be viewed as adding one
Au atom on the surface of the best isomer Auss,”, resulting in
two sharp vertexes on the surface of Auy,~ (Augs,” exhibits one

dx.doi.org/10.1021/jp500582t | J. Phys. Chem. C 2014, 118, 6887—6892



The Journal of Physical Chemistry C

Table 1. Electronic Properties of Top Candidates of Aus,~ to
Auzg™

N/C  no*  AEppnp” AEY energy gapb VDE"*€
4 11 0.00 0.00 0.60 343
4 18 0.04 0.18 0.36 3.35 (+0.29)
4 29 0.12 0.24 0.31 341
4 35 0.15 0.29 0.29 3.39
4 38 0.18 0.29 0.31 341
4 44 0.21 0.30 0.38 347
4 46 0.22 0.42 0.43 3.54
4 50 0.23 0.47 0.75 3.28 (+0.18)
3 51 023 0.49 0.39 3.64
4 53 0.25 0.53 0.32 3.50
4 56 0.26 0.38 0.36 3.51
4 64 0.30 0.49 0.30 341
4 83 0.42 0.61 0.30 3.48
Exp. Gap: 0.36 eV (XA)/0.77 eV(X'A’); Exp. VDE: 3.64 (X)/3.46 eV(X')
4 1 0.00 0.00 0.15 3.87
3 3 0.18 0.43 0.24 4.05
4 8 0.22 0.40 0.13 3.98
4 9 0.25 0.30 0.13 4.04 (+0.15)
4 14 0.31 0.41 0.09 3.77
3 15 0.31 0.71 0.18 3.98
4 16 0.32 0.47 0.27 3.66 (+0.15)
4 19 0.32 0.52 0.11 4.13
3 38 0.43 0.79 0.19 3.86
3 44 0.47 0.74 0.18 3.98
4 46 0.48 0.59 0.34 3.80
4 48 0.48 0.63 025 3.87
4 S1 0.51 0.64 0.19 3.96
4 52 0.51 0.62 0.13 3.98
3 61 0.56 1.06 0.20 3.83
Exp. Gap: 0.23 eV (XA)/0.10 eV (X’A’); Exp VDE: 3.82(X)/4.17 eV(X')
4 1 0.00 0.06 0.35 3.66 (+0.15)
4 2 0.02 0.09 0.38 3.71
4 3 0.04 0.07 0.44 3.59 (+0.15)
4 5 0.16 0.14 0.47 3.55
4 9 0.21 0.00 0.29 3.66
4 15 0.33 0.46 0.3 3.55
4 17 0.36 0.45 0.37 3.63
4 20 0.36 0.43 0.42 3.57

Exp. Gap: 0.34 eV(XA)/0.44 eV(X'A’); Exp VDE: 3.72(X)/3.83 eV(X')

“Computed at PBE/DNP/ECP(fine) level. bComputed at SO-PBE0/
CRENBL/ECP//PBE/TZP(ZORA) level. “Numbers in parentheses
are the shifts needed for aligning first VDE with experiments.

sharp vertex on the surface.). Ausq¢,~ has been assigned as the
minor isomer, which has a large H-L gap of 0.75 eV and one
vertex on the surface. The electronic density of states of
Ausg 5o is plotted at one-half the height of Ausg 4™ for clarity in
Figure 1.

Aus;". On the basis of the experimental PES spectrum of
Auy,~ shown in Figure 2, the first peak X corresponds to one
detachment channel and is also much lower in intensity than
the next three sharp peaks, indicating the coexistence of major
isomers with quite different first VDE. One major isomer is
supposed to have 3.82 eV first VDE and 0.23 eV energy gap
between the first and second peaks, and the other should fit the
rest of the spectrum. In addition, a similar but a slightly smaller
energy gap than Auy~ between the binding energy 4.0 and 4.7

6889

4 5
Binding Energy / eV
Figure 1. Comparison of experimental and theoretical photoelectron

spectra of Auss~. Red line is the experimental spectrum. Core atoms
are highlighted in green.

Binding Energy/ eV

Figure 2. Comparison of experimental and theoretical photoelectron
spectra of Auy, ™.

Binding Energy / eV

Figure 3. Comparison of experimental and theoretical photoelectron
spectra of Ausg™.

eV is also a main feature in the experimental spectrum. In Table
1, Auy,,~ (with C, symmetry) has much lower energy than all
other candidate isomers. However, because including Augy;,~
would require three isomers to fit the experimental spectrum
(see Supporting Information Figure S2), it is excluded from
being a candidate of major isomers. In this case, additional
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isomers with a larger relative energy (0.6 eV) with respect to
Auy,,” are included as candidate isomers (see Table 1). We
first assign the Auy, 4~ (with C; symmetry) as one of the two
major isomers. The first and second major peaks of its PES
spectrum are in good agreement with the experimental ones, as
are the later peaks between 4.5 and 5.3 eV. The extremely low
VDE of Au,; 14~ (3.66 eV) confirms its contribution to the first
VDE peak in the experimental PES spectrum. We also notice
that the computed spectrum of Auy, 4~ is similar to that of
Ausg 15~ In Figures 1 and 2, both spectra exhibit eight major
peaks before 5.5 eV. The unpaired electron of Ausg s~ gets
paired up in the Auy;;s . The similarity in their spectra
indicates both clusters possess nearly the same structure.
Besides Auy; 167, Auyye~ (with C, symmetry) is assigned as the
second major isomer of Auy,”. The electronic density of states
of Auy, 1~ is plotted at one-half the height of Auy, 4~ for clarity.
In Figure 2, peaks X to A’ are fitted by Aus, ¢~ and Auy, 4~ very
well. The peaks between 4.5 and 5.3 eV are difficult to compare
with the simulated spectra due to the mix of two major isomers.

Ausg™. The experimental spectrum of Auss~ (Figure 3) also
indicates coexistence of two major isomers in the cluster beam.
As an open-shell cluster, Auss~ should exhibit a relatively lower
first peak in its PES spectrum corresponding to the unpaired
electron added to Auyg. The slightly separated peaks X and X'
(Figure 3) with the same low relative intensities, the intense
and broad peak A, as well as the dense congested features
between 4.5 and 5.3 eV all support that the two major isomers
are likely to have similar structures. We assign Ausg,” and
Augg ;™ as the two coexisting isomers of Ause~, with the H-L
gap being 0.35 and 0.44 eV, respectively. Also, due to the mix of
two isomers, we can only assign peaks B’, B, C’, and C to the
two isomers. Interestingly, both Auss,” and Augg;™ exhibit
some close-packed FCC character in their structures, which will
be discussed in the following section.

Structural Evolution and Growth Pattern. All of the
isomers found for Auss~ to Augg~ have the core—shell type
structures. We can gain some insights into the shape and
structural features of these clusters through the atom-to-center
distance distribution (see Figure 4). In Figure 4, each peak was

wl ; : ; . . —]
/ ﬁ' Au36~18
0 N I n \ n n n
40} -
M,\ Au37-18
0 A n
S, 7 : .A: —
=] L u b
% 37-9
S 48 R L e
Au33-1
0 1 1 1 1 1 I 1
4} -
A Au38_3
0 1 1 1 1 1 1 1

0 1 2 3 4 5 6 7 8
Atom-to-Center Distance / Angstrom

Figure 4. Atom-to-center distance distributions for top candidate
isomers of Auzs” to Ausg.

fitted with a Gaussian of width 0.05 A to give the population of
distance. One generic structural feature is that all top candidate
isomers possess a four-atom-core with atom-to-center distances
being less than 2 A. Both Auyg s~ and Auy, ¢~ have similar
atom-to-center distance distributions and, in particular, have
two atoms with their distances to the center longer than 5.5 A,
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confirming the presence of two vertexes on their surfaces.
Augy,~ has three vertexes (whose distances from the center are
greater than 5.5 A) on the surface. When the cluster grows to
Ausg ,~, four vertexes arise on the surface, and the cluster has a
four-atom tetrahedral core. Ausg;~ also has a four-atom core
and four vertexes on the surface. However, the overall shape of
Augg ;™ is not as round as Augg,” due to having two less
vertexes than Auyg,” in the >5.5 A area.

Figure S demonstrates the structural evolution of the core—
shell clusters from Auss~ to Ausg™. Because their structures are

Augs 1g~

2> AUy~

=  Auzgq~  (bottom: Ausg3 ™)

Figure 5. Fragment growth pattern of Auss~ to Augg™. (2)—(c) Auyg —
Augg~ structural evolution. (d) Ausg;,~ (top) and (e) Auyg ;™ (bottom).
The core Au atoms are highlighted in green. The added atoms from
(a) to (c) are highlighted by a yellow sphere.

very similar to one another, the structure of Aus,” can be
viewed as simply adding one atom on the surface of Auy, s~ or
two atoms on Auygg~. The added atoms not only change the
connected surface and core atoms, but also affect other atoms
through Au—Au bond reorganizations. Overall, the cluster’s
surface becomes smoother and its shape more tetrahedral going
from Ausg~ to Augg . In particular for Augg,~, positions of the
four vertexes correspond well to its tetrahedral core in space.

The most favorable site for atom additions appears to be the
one that makes a more completed triangular Au,,~ (with Dy,
symmetrgf). The triangular Au,,~ is the most stable structure of
Auyo~,"*** and constitutes the four surfaces of the pyramidal
Au,y~.'®* Notably, if we highlight each part of the surface of
Ausg,” and Au,g s~ in different colors (see d, e), we find that
the combination of atoms in red and green (core) is analogous
to the well-known pyramidal Au,,” (a fragment of FCC bulk
gold),16a while the remaining atoms in purple and blue can be
viewed as two Au),~ fragments attached to the pyramidal Au,,™.
This finding leads to an important conclusion that the Au,,~
pyramid is a favorable intermediate in the structural growth
toward large-sized Au clusters. One can even imagine bigger
clusters being built by packing several Au,, clusters together, as
suggested in a recent work by Chen and Ren using BH search
based on a multiple-center Lennard-Jones potential>® The
special packing in Auys can be viewed as a result of the
structural competition between 3D pyramid Auy,~ and 2D
triangle Au,,~. Because the pyramidal Au, is a fragment of the
FCC bulk, we may consider Ausg as the beginning of the
cluster-to-bulk transformation in gold.

V. CONCLUSION

Through a joint experimental and theoretical study, we find
that the most stable structures of Auss~ to Ausg~ exhibit the
core—shell type structures with a tetrahedral four-atom core. All
Auzs” to Augg” clusters possess two coexisting isomers in the
cluster beam. More importantly, a clear growth path from Auy;~
to Auzg~ through adding Au atoms one-by-one on the surface
can be seen. This structural evolution also demonstrates the
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tetrahedral four-atom core is highly robust. Last, we find that
the structure of Ausg™ reflects the interplay between the 3D
compact pyramidal structure Au,,~ and the 2D compact
triangular structure Auy,~. Auzg,” can be viewed as an Au,,~
attached with two incomplete Au,,~, where the four vertexes on
the surface can better support the tetrahedral core. The
appearance of the fragment of FCC bulk gold, that is, pyramidal
Au,;”, at Auyg~ implies that the cluster-to-bulk transformation
is likely to start at Ausg~. In other words, the pyramidal-like
intermediates will emerge in later medium- to large-sized Au
clusters.

B ASSOCIATED CONTENT
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Structures of all candidate isomers of Auss~ to Ausg~, and
comparison of experimental and theoretical PES spectrum of
Auy;_,". This material is available free of charge via the Internet
at http://pubs.acs.org.
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