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It is well-established that gold nanoclusters possess remarkable
catalytic activities." However, the structure—activity relationship
of gold nanoclusters is largely an open question due in part to the
lack of precise atomic structures of gold clusters. To date, gold
clusters reported in the literature can be loosely divided into two
classes: bare gold clusters (Auy) and ligand-stabilized gold clusters.
Bare gold anion clusters in the size range 2 < N < 20, which have
been well-studied, undergo a series of structural transitions from
planar to flat shell to cage to pyramid.> For medium-sized gold
clusters beyond Au,s, the compact core/shell structures are likely
a prevalent structural form.> On the other hand, ligand-stabilized
gold clusters typically exhibit structural patterns different from those
of bare clusters. A unique structural feature in many ligand-protected
Auy (LP-Auy) clusters is the existence of a symmetric Au core.
Previous experimental and theoretical studies have revealed several
forms of symmetric Au cores, e.g., the incomplete icosahedrons
Aug, Aug, Aujg, and Auyy, the perfect icosahedron Auys, and
hexagonally packed Ausg, in various phosphine—X (X = CI, SCN,
etc.)-protected gold salts.* Monodisperse Auss(PPhs);,Cls clusters
synthesized in the laboratory had been proposed to contain either
a cuboctahedral or an icosahedral Auss core.* The recent crystal-
lization of the thiolate-protected gold cluster Au;p(p-MBA )44 (p-
MBA = SC,0,Hs) was a major advance.>® The Au core of this
nanocluster was found to be highly symmetric, protected by two
types of “staple” motifs, namely, the simple motif —RS—Au—RS—
and the extended motif —RS—Au—RS—Au—RS—.° A similar Au
core/staple motif combination was also discovered in the thiolate-
protected gold cluster Au,s(SR)5~, which possesses an icosahedral
Auj; core and six —RS—Au—RS—Au—RS— extended staple
motifs.® Besides Aujg(SR)4 and Auys(SR);5~, the presence of
several size-selected clusters (e.g., 5, 8, 14, 22, and 28 kDa Au
species) was revealed by mass spectrometry.”® However, the
crystallization and identification of the structural formula of these
clusters are rather difficult. The 5, 8, 14, and 28 kDa Au species
had been assigned to Auys(SR)is, Auszs(SR)2, Aues(SR)ss, and
Au,44(SR)so, respectively.”® Recently, the Au core and associated
staple motifs of Auj(SR)o™,%® Ausg(SR)y4,"> "% and Au,44(SR)sp"
have been predicted theoretically. In addition, a structural formula-
tion of [Au]i94+30[Au(SR),]11[Aux(SR);3]4 was predicted for the 14
kDa cluster Augg(SR)z4.12 Intriguing core—ligand combinations in
these highly stable LP-Auy clusters were partially attributed to the
closed valence-electron shell.>%'°

In this communication, we present a theoretical prediction of
the most viable structure of the newly synthesized “magic cluster”
Au,(SR);6 (R = CH,CH,Ph).'* A related finding is the possible
existence of a new type of extended staple motif, namely,
—RS—Au—RS—Au—RS—Au—RS—. The recent experiment shows
that Au,p(SR);6 exhibits robust stability toward excess thiol etching
and has a large optical absorption gap (~2.15 eV)."? In fact, the
number of core Au atoms and thiolate ligands in Auyy(SR);¢ exhibits
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a good linear correlation with those known core sizes, for example,
25-, 38-, 68-, 102-, and 144-atom clusters (Figure S1 in the
Supporting Information). Our structural prediction is based on the
“divide-and-protect” scheme, that is, any stable thiolate-protected
gold cluster Auy(SR); can be viewed as a Au core plus a number
of level-m staple motifs, e.g., [Au],+o[Au(SR),],[Auy(SR)3].." %"
Here we define a level-m staple motif [Au,,(SR),+1] according to
the number of Au atoms in the motif. To date, only level-1 and
level-2 staple motifs have been observed in Auy(SR); clusters.>*~"!
Higher-level staple motifs, such as the level-3 staple motif, have
been seen only in certain high-energy isomers of the Ausg(SR)x
cluster.'?

On basis of well-established cluster structures from both experi-
ment and theory, we have identified a generic rule: higher-level
staple motifs become more prevalent as the Au/SR ratio in a cluster
decreases. For example, the ratio of level-1 to level-2 staple motifs
is 30:0, 19:2, 11:4, 3:6, and 0:6 in AU144(SR)(,(), Aul()z(SR)44,
Augs(SR)34, Ausg(SR)24, and Aups(SR)s, respectively. The homo-
leptic [Au(SR)]y clusters have a Au/SR ratio of 1:1. The existence
of higher-level staple motifs (e.g., level-3, level-4, etc.) in the
homoleptic [Au(SR)]y clusters are plausible on the basis of various
Au core/staple motif partitions, for example, Auy,[Au(SR)z]vn, Auy,
3[Aua(SR)slns3, Aunu[Auz(SR)4]na, etc. However, the homoleptic
[Au(SR)]y species has no stacked Au core but exhibits only chain,
ring, and catenane structures, depending on N.'® Au,o(SR);6 has a
Au/SR ratio of 1.25:1, a value between that of the core-free
[Au(SR)]y and core-stacked structures [e.g., 1.39:1 for Au,5(SR);s].
In view of the low Au/SR ratio in Au,o(SR);¢, the level-3 extended
staple motif was added in the structural formula, i.e.,
[Au],+[Au(SR),],[Auy(SR)3] [Aus(SR)4]4, with several constraints:
a=2b+2c+2d,da+a+b+ 2+ 3d=20,and 2b + 3¢ +
4d = 16. A unique set of data, a = 0,a" =8,b =0, c = 0, and
d = 4, satisfy all constraints in the division scheme (Table S1 in
the Supporting Information). On the basis of this set, a number of
isomer structures were built and optimized using density functional
theory (DFT).!” Here, the —R group is simplified to a methyl
(—CHj3) group for computing efficiency. In addition, isomers built
upon a highly stable tetrahedral Au,, core were investigated by
randomly adding 16 —SCHj; groups. Finally, global-minimum
search techniques such as the basin-hopping algorithm'® and
simulated annealing were also applied to explore various isomer
structures. Altogether, more than 50 isomer structures were
optimized using the generalized gradient approximation with the
Perdew—Burke—Ernzerhof (PBE) functional'®® and the double-{
basis set (DND), as implemented in the DMol® software package.'*®
The 10 lowest-lying isomer structures ranked at the PBE/DND level
were reoptimized at the PBE/TZP level of theory followed by
single-point energy calculations including spin—orbit effects, using
the ADF software package.?® Lastly, for the three lowest-energy
isomers ranked at the PBE/TZP level (Isol—Is03), structural
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Figure 1. Structures of Isol—Iso3 and structural decomposition of the
Aug core and four level-3 staple motifs. Structures of isomers Iso4—Is06
are shown in Figure S1.

Table 1. Relative Electronic Energies and Gibbs Free Energies
and Lowest Vibrational Frequencies of Iso1—Iso3 (Energies Are in
eV)

isomer PBE/TZP

PBE/LANL2DZ,6-31G(dp)  TPSS/ILANL2DZ,6-31G(d,p)

Isol 0.00/0.00* 0.00/0.00” 0.00/0.00”
Iso2 0.022/0.026“ 0.012/—0.12° 0.002/0.11%
Iso3 0.041/0.052¢ 0.078/—0.075" 0.063/0.083"

“ Including spin—orbit effects. ” Gibbs free energy at 300 K.

optimizations, frequency calculations, and Gibbs free energy
corrections at 300 K were carried out using the PBE and TPSS?'?
functionals, respectively, with the LANL2DZ basis set for Au and
the 6-31G(d,p) basis set for S, C, and H, as implemented in the
Gaussian 03 program package.*'®

As shown in Figure 1, the three lowest-lying structures
Isol—Iso3 obtained all indicate that Au,o(SCHj3);¢ consists of a
prolate-shaped Aug core and four level-3 [Aus(SR)4] staple motifs.
Isol1—Iso3 are also local-minimum structures, as confirmed by
frequency calculations, with the same [Au]s[Au;(SR)4]4 structural
division but slightly different orientations of the staple motifs and
Au—Au bond lengths in the Au-core. Moreover, independent DFT
calculations using two different functionals and three different basis
sets with and without inclusion of spin—orbit effects all show that
the three isomers Isol—Iso3 are nearly degenerate in energy (Table
1). In addition, the computed relative Gibbs free energies of
Iso1—Is03 at 300 K suggest that the three isomers may coexist at
room temperature. Other isomers with different Au cores or staple
motifs all have notably higher energies [>0.40 eV at the TPSS/
LANL2DZ,6-31G(d,p) level] than Isol—Iso3 and also give sig-
nificantly different optical absorption curves (see below). Despite
the high stability of tetrahedral Au,,, we found that the addition of
16 —SCHj5 ligands to this species leads to significant distortion of
the tetrahedral structure. As a result, the thiolate-covered tetrahedral
Auy clusters have much higher energies (>1.6 eV) than Iso1—Iso3.

The Aug cores in Isol1—Iso3 have near-D,; symmetry. Bond
length analysis indicates that the Aug core can be viewed as two
edge-fused tetrahedral Auy units (Figure 1), as the Au—Au bond
lengths between the two Auy units (3.0—3.4 A) are much longer
than those (2.7—2.9 A) within a single Auy unit. Each Au atom in
the Aug core is protected by an ending point of the level-3 staple
motif. The arrangement of staple motifs in Isol—Iso3 is quite
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Figure 2. Comparison of experimental and theoretical optical absorption
spectra of Iso1—Iso3 of Auy(SR)6. Iso1—Iso3 have the same prolate Au
core.

unique in that the two ending points of a level-3 staple motif connect
with two Au atoms in different Auy units. Such an arrangement of
staple motifs further enhances the stability of the prolate Au core.
Notably, the unprotected prolate Aug cluster itself is not a local-
minimum structure. In fact, geometry optimization of prolate Aug
leads to a planar structure.

The optical absorption spectrum of a thiolate-protected gold
cluster can be very sensitive to the core structure,'® and this can
be exploited to differentiate structures of different isomers. Here
the optical absorption spectra of six isomers, Isol—Is06, were
computed by the time-dependent DFT (TD-DFT) method at the
PBE/TZP level using the ADF software package. Figure 2 shows
that the extrapolated optical band edges of Isol—Iso3 are 2.14,
2.34, and 2.28 eV, respectively, in good agreement with the
experimental band edge of 2.15 eV. Moreover, three prominent
absorption peaks, a (2.56 eV), b (2.95 eV), and ¢ (3.50 eV), in the
experimental absorption curve are well-reproduced by the theoretical
spectra of Iso1—Iso3 (Figure 2). In particular, the theoretical optical
absorption spectrum of Iso3 is in the best agreement with the
experimental one. The different shapes of the simulated absorption
curves of Iso1—Iso3 are mainly due to slightly different geometries
of the staple motifs and Au—Au bond lengths in the Au-core
structure (Figure 1), reaffirming the sensitivity of the optical
absorption spectrum to the Au core structure. The optical absorption
spectra of the higher-energy isomers (Iso4—Is06) are significantly
different from those of Isol1—Iso3 (Figure S1). The optical gaps
for Iso4—Iso6 are 1.3—1.7 eV, much less than the experimental
gap of 2.15 eV.

Further examination of the Kohn—Sham (KS) molecular orbital
(MO) energy levels and the atomic orbital components in each KS
MO of Isol—Iso3 indicates that the Aug core contributes mainly
to the three strong absorption peaks (a—c) in the optical spectrum.
Figure 3 represents the KS orbital energies and components of Isol
(KS orbital energies and components of Iso2 and Iso3 are given in
Figure S3). As shown in Figure 3, the unoccupied LUMO to
LUMO-5 are mainly composed of the Au(6sp) orbital, denoted
as the sp band. The set of occupied orbitals HOMO-28 to HOMO
are d band because of the significant contribution of Au(5d) atomic
orbitals.

The X-ray diffraction (XRD) patterns of Isol—Iso6 were also
simulated and are shown in Figure S4. Isol—Iso3 with the same
prolate Au core exhibit a single strongest peak at ~3.8 nm™!. In
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Figure 3. KS orbital energy level diagram for Isol, with the three peaks
a, b, and ¢ in Figure 2 assigned to various excitation modes. The energies
are in eV. Various colors are used to mark relative contributions (line length
with color labels) of different atomic orbitals. The major orbital contribu-
tions, i.e., those from the Au(6sp), Au(5d), and S(3p) atomic orbitals, are
in green, blue, and yellow, respectively. Figure 3 as drawn partially refers
to ref 6¢.

contrast, two peaks can be seen in the range 1.8—6.0 nm™! for
Iso4—Is06. This result confirms the uniqueness of the prolate-
shaped Aug core.

The predicted prolate Au core structure may be understood on
the basis of a nonspherical shell model (e.g., the Clemenger—Nilsson
model®?). According to the electronic shell model,> Auy(SR);¢
has four net free valence electrons (20 — 16 = 4) from Au atoms.
In the Clemenger—Nilsson model,?* the disorder parameter (1) of
a nonspherical metal cluster is defined as 7 = 2(R, — R)/(R, +
R,), where R, and R, are the length and diameter, respectively, of
a prolate-shaped cluster. Here 7 is estimated to be 0.78 on the basis
of the Au core structure of Isol, in good agreement with the value
of 0.7 predicted from the Clemenger—Nilsson model*** for an alkali
metal cluster with four valence electrons.

In summary, we have shown that the recently synthesized
Auy(SR)¢ cluster contains a prolate Aug core and four level-3
extended staple motifs —RS—Au—RS—Au—RS—Au—RS—. This
highly stable cluster may represent a structural evolution of thiolate-
protected gold clusters from the homoleptic core-free structure to
the core-stacked structure. The predicted Au-core/ligand structure
is supported by very good agreement between the theoretical and
experimental optical absorption spectra and by the identification
of the structure as the best candidate for the lowest-energy structure
through an extensive structural search.
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