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Using density functional theory calculations, we compared four kinds of possible structural motifs of the
medium-sized Ayl (n = 21—28) clusters, i.e., fcc-like, double-layered flat, tubular cage, and close-packed.
Our results show strong competition between those structural motifs in the medium-sized gold clusters. Au
(n = 21-23) adopt fcc-like structure owing to the high stability of tetrahedraloA& structural transition

from fcc-like to tubular occurs at Ay and the tubular motif continues at Auand Aws. Meanwhile, a
double-layered flat structure was found at,Auand a pyramid-based structure at,AurThe relationship
between electronic properties and cluster geometry was also discussed.
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Gold nanoclusters have been the focus of intensive studies __ ??*['| — double-layered flat e
owing to their importance in many fields such as catalysis, 3 22[| v coserau ———
nanoelectronics, and biomedicihé3 Because of the strong £ 221 / ~e
relativistic effect and possible metal aromaticityprevious £ 220 - Al v
theoretical and experimental studies revealed thatchusters g 219 —_ /;:/ /..------"*"
exhibit a variety of fascinating atomic structures, e.g., planar > 218} '/: :/ /
structures up to about= 138 double-layered flat configurations g 247 F ya /
in the size range ofi = 13—16,8 cages an = 17, 18? fcc- o 2t N~
like macrotetrahedrorT symmetry) at Auo,'° tubular structures S 2| Va / N
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amorphous close-packed configurations at some medium-sized
clusters such as Ap Auss, etc.1® respectively. Meanwhile, on
analogy to carbon nanotubes, single-walled gold nanotubes haV":Figure 1. Binding energy per atom as a function of cluster size for

been observed.e.xpe.rim'ental'ly ip electron microscope stdtlies. the most stable fcc-like, double-layered flat, tubular cage, and close-
All of these exciting findings indicate that the structural growth packed isomers.

sequence of Ayiclusters is rather complicated and requires very

careful exammanons. _ _ tions18 and a structural transition from hollow tubular to close-
So far, less attention has been paid ta, Alusters withn = packed structure is observedret 25. For larger Ay clusters

21-30, which is believed to be a transition region from small wjth n > 38, it was generally believed that the clusters mainly

molecule-like to nanocrystalline-like. Previously, Fa et al. prefer close-packed structures of either amorphous or fcc-like
predicted the existence of tubular Aland Awes by density type13.15.19However, this structural motif might be challenged

functional theory (DFT) using the DMbpackage'* Xing et by the other motifs (like fullerene-like hollow cages) at some
al. explored the evolution of structural motifs of gold cluster particular sizes. For example, a holla@ cage of Ag was

anions, Ay, in the size ranga = 11—24 through a comparison found to be energeti
. . ; ; getically favorable over the lowest-energy
of electron diffraction data with DFT calculatioh$They found compact isomer& Very recently, a high-symmetric tube-like

that a transition from planar to three-dimensional structures in Dea Cage was found to be even more stable tharGheage!

the size range of = 12—14, cage structures for = 16 and . . .
17, the appearance of a tetrahedral structune at20, and a The_ref(_)re, the_re might be a coexistence of different strugtural
! ' motifs in the size range af = 21—30 for Au, clusters. But it

tubular structure fon = 24. Zeng’'s and Wang'’s group observed . . -
the structural transitions in anionic Au(n = 21—25) clusters is unclear how those possible structural motifs (such as fcc-
like, double-layered flat, hollow cage or tubular, and close-

using photoelectron spectroscopy combined with DFT calcula- ;
packed) compete with each other and what are the lowest-energy
configurations for the neutral Aclusters | = 21—-30) at each
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TABLE 1. Symmetry, Binding Energy (Ep) per Atom,
HOMO —LUMO Gap, Vertical lonization Potential (VIP),

and Average Coordination Number (CN) for Au, (n =
21-28) Clusters

isomers studied show no polarization. Normal-mode vibrational
analysis was conducted to make sure that the obtained structures
are real local minima rather than saddle stationary points on
the potential energy surface.

Auz; Auz Auzz Auzs Auzs Auzs AUz Auzg
symmetry Cs Cp G Da Cp Cs Cp Gy I1l. Results and Discussion
E, (V) 217 219 218 220 221 222 222 223
gap(evV) 095 098 068 093 090 0.67 0.93 0.76 The large amount of isomers obtained here can be grouped
VIP(ev) 622 643 6.26 673 648 6.34 660 6.59 nto a few structural growth motifs, that is, fcc-like, double-
CN 514 536 52 55 56 515 555 557

layered flat, tubular cage, and close-packed. To simplify, at each
cluster size we selected the most stable configuration in each
motif as representative. The structures and relative energy
To identify the lowest-energy configurations, several kinds differences for these representative isomers of éu= 21—
of initial structures were generated via different approaches. 28) clusters are given in Figure S1 and the size-dependent
First, fullerene-based hollow cages were obtained by the binding energies for these structural motifs are compared in
previously proposed capping and dualization procedures, whichFigure 1. The main theoretical results from our DFT calculations
establish connections between carbon fullerenes and goldare summarized in Table 1. By comparing these isomers, the
antifullerened314Second, fcc-like structures were constructed lowest-energy configurations can be identified and the graphic

II. Methodological Details

by capping adatoms on the face(s) of tetrahedrabAtinally,
close-packed configurations were obtained using genetic algo-clusters are summarized in Figure 3. Within the size range
rithm20.21 with various empirical potentiaf.:232425Through
these approaches, large amount of structural isomers werebinding energy, suggesting it is the least energetically favorable
generated at each size, e.g., from 80 isomers fon Au470

isomers at Aps. DFT optimizations were then performed to

illustration for the structural evolution of Aun = 21—-28)
studied, close-packed structural motif corresponds to the lowest

one among four kinds of structural motifs considered.
For Au, (n = 21-23), fcc-like structures have the highest

obtain the equilibrium geometries of these isomers. binding energies than the other isomers, with energy differences
In the DFT calculations, we employed the PBE functiéhal of at least 0.36, 0.22, and 0.16 eV, respectively. As a
for the exchange-correlation interaction within generalized continuation of the magic Ay cluster with extremely high
gradient approximation (GGA) and a double numerical basis stability, fcc-like configurations remain the primary growth
set including d-polarization functions (DNP), as implemented pattern for Ay (n = 21—-23) clusters. As shown in Figure 2,
in DMol packag€’ A relativistic semi-core pseudopotential the most stable configurations for Auand Aws adopt fcc-like
(DSPP) considering 85p°5d1%s! valence electrons for Auwas  form based on a highly stable Agpyramid with one or three
used in the present calculations. The accuracy of the presentatoms capped on one face of AuAlthough the most stable
PBE/DNP/DSPP scheme was assessed in previous stddfes. structure of Ay, with C,, symmetry is also based on pyramid
Spin-polarized GGA calculations were performed, but alhAu  Auyg, the two adatoms are embedded into the tetrahedral Au

Auge

Auyy Augg

Figure 2. Graphitic illustration of structural evolution of Aun = 21—-28) clusters from fcc-like Au(n = 21—-23) to tubular Ay, to double-
layered flat Aus to fcc-like Aus and to tubular Agy and Aws. For Aws, both sideview and topview are presented.
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Figure 3. Partial density of states for Awlusters ( = 21—-28) with
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energy structure and other isomers are more than 0.21 eV. The
double-layered flat structure of Asimight be related to the
unusual stability of planar structures of smaller,Alusters?
Previous calculations predicted that Am = 13—16) clusters
prefer similar kind of close-flat planar configuratiohsHow-

ever, finding such configuration in the medium-sized Au
cluster is rather unexpected. The HOMOUMO gap of close-

flat Augsis 0.90 eV. In a previous combined computational study
with basin-hopping algorithm and DFT (at PBE/GGA level)
calculations, a pyramid-based form was reported as the lowest-
energy structuré,which is higher by 0.5 eV in total energy
than the present double-layered structure ofsAu

The most stable configuration Aglis fcc-like, based on a
tetrahedral A with six atoms added to one (111) face ofAu
pyramid. Previous theoretical work predicted that a tubular
structure is the ground state of At! However, compared with
present pyramid-based Agithe previously reported tubular one
is higher in energy by 0.35 eV. In addition, the computed
HOMO-LUMO gap of pyramid-based Agis 0.67 eV, higher
than that of the tubular Ay (0.40 eV).

Once again, the tubular structures with high, and Cs,
symmetry are the lowest-lying isomers for Auand Aups,
respectively. Compared with other types of isomers, tubular
Auz7(Ausg) is more stable by at least 0.16 eV (0.17 eV). Their
HOMO—-LUMO gaps are 0.93 and 0.77 eV, respectively.
Previously, Fa et al. predicted the existence of tubular;And
Au,g!! and also found that tubular structures are their ground
states.

The tubular Ay, Auy7, and Ag cages can be considered as
capped finite gold nanotubes. Indeed, all of the three structures
have identical tube sidewall, which can be obtained via
dualization operation on a (6, 6) carbon nanottbehile they

their lowest-energy configurations. Fermi level is set at zero on the differ in the number and configuration of capping atoms.
energy axis. Green: d states; red: s states; blue: p states.

The computed HOMGLUMO gap reduces from 1.87 eV for
Auzoto 0.95 eV at Ay, 0.98 eV at Aup, and 0.69 eV at Ags.

In the case of odd-sized clusters, there is no spin polarization
so that both HOMO and LUMO for each cluster is half
occupied. The substantial gaps found forAand Aw, might

be due to the extraordinarily large gap for the magicAu
Previously, Fa and Dofigtudied the growth pattern of Agn

Experimentally, single-walled gold nanotubes were reported in
an electron microscope stué§Thus, the tubular configurations
found here might be considered as embryos of the experimen-
tally observed gold nanotubé%.

As shown in Table 1, the binding energy generally increases
with cluster size, i.e., from 2.17 eV at= 21 ton = 2.23 eV
atn = 28. Thus, the clusters continue to gain energy during
the growth process. The computed HOMOUMO gaps of Au,

= 21-23) clusters and also found that pyramid-based structuresclusters distribute within an energy range from 0.65 to 1.0 eV,
are their ground states using spin-polarized relativistic all- rather insensitive to the structural motif. High VIP values (about

electron DFT-GGA calculations with the same DMol package. 6.6 to 6.7 eV) were found at the tubular AuAuzz, and Al

At n = 24, a tubular form withDsy symmetry is the most

clusters, which can be associated with the relatively large

stable one and its energy is lower than the next low-lying isomer average coordination numbers§.5) of these clusters.

by 0.11 eV. It is composed of three six-member rings and two
capped triangles on both ends. The Au atoms in thg Aluster

To further discuss the correspondence between electronic and
geometry structures of these gold clusters, we have computed

can be divided into two types, namely, 12 atoms with fivefold the partial density of states (PDOS) of Aclusters, as shown
coordination and 12 atoms with sixfold coordination. The in Figure 3. In all the cases studied, hybridization of sp and d

HOMO—-LUMO gap of tubular Auys is 0.93 eV, suggesting it
is chemical inert and relatively stable. Previously, Fa et al.

electrons can be observed. Careful examinations show that the
PDOS exhibit distinct features for Awclusters belonging to

predicted the existence of tubular isomer by DFT calculations different structural pattern. For example, A = 24, 27, 28)

with GGA-PBE functional! However, the tube surface of
their tubular Ay, is distorted with a lowC, symmetry. For

with tube-like configurations possess relatively narrow d-
bandwidth (about 4.0 eV), compared to the d-bandwidth of about

comparison, the present tubular configuration has higher sym-5.0 eV for the other clusters. Another noticeable finding is the
metry and its energy is 0.56 eV lower than that of the Fa’s relative location for the small DOS peak at Fermi level. For
distorted tubular structure. In a recent study, the present structurethe Awg-based clusters, a small peak emerge at the vicinity of

was identified as the ground state of anionic fuby joint

Fermi level ain = 21 and 22, while it splits into a double peak

electron diffraction measurement and local spin-density- at n = 23 or is broadened at = 26. This single or double
functional molecular dynamics simulation method with norm peak locates between the major valence bands and conduction
conserving scalar relativistic pseudopotentiéls.
Forn = 25, a double-layered flat form possesses the highest at Fermi level, which is indeed a tail of the valence band. The
binding energy, and the energy differences between this lowest-situation of the tube-like Auclusters § = 24, 27, and 28) is

bands. For the double-layered Authere is also a small peak
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somewhat between the above two cases. The DOS peak at Fern28) clusters (Figure S1). This material is available free of charge
level is located at the edge of the major valence band, with via the Internet at http://pubs.acs.org.
very little overlap with the valence band.
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