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Owing to their unique properties, thiolate-protected gold
nanoparticles (Au-SR) with core diameters of less than 2 nm
are of importance and have attracted interest both exper-
imentally and theoretically.!"

Geometric shell closure is an important factor for the
stability of Au-SR nanoparticles, and the geometries are
unique as a result of the strong relativistic effects of Au
element. The seminal X-ray crystal structural determination
of [Au,,(SR),,] showed that the thiolate ligands do not simply
passivate a large gold core but instead form [Au(SR),] and
[Au,(SR),] oligomers that bind to a smaller gold core,” in
agreement with the previous “divide-and-protect” model.’!
Later, in the crystal structures of [ Au,s(SR)5]~, [Ausg(SR).],
and [Aus(SR),,] compounds,*® the model of a gold core
surrounded by [Au,(SR),,.] oligomers was further confirmed.

Besides the four crystallized Au-SR compounds, there are
also a variety of Au-SR compounds which are experimentally
isolated and measured by mass and/or optical spectra but not
crystallized yet, such as [Aug,(SR)x]> " [Auy(SR)g],®
[Aulz(SR)9]+»[9] [Aug(SR) 1] 1l [Auy(SR)y6] e
[Au,,(SR)5] .1 [Aug(SR)u].™ [Aug(SR);5]."™ and
[Aug(SR)3,].! Structures of the experimentally isolated
Au-SR compounds can be theoretically predicted by density
functional theory (DFT) calculations. Based on the “divide-
and-protect” model, knowledge of the bonding motifs of
[Auys(SR)i5]” and [Auxk(SR),,] was given by DFT predic-
tions!"”! independent of and in agreement with X-ray crystal-
structure determination. DFT predictions have successfully
located the structures for many of the synthesized compounds
in agreement with the experimental X-ray diffraction and/or
UV/Vis  spectra, for example, [Auu(SR),J*~,!"
[Auy (SR )g] ' [Auy,(SR),] ", [Aug(SR),,]
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[Auy(SR)i] 2! [Aup(SR)y],*! and [Auys(SR)ys].*! All of
these Au-SR clusters show geometric shell closure following
the “divide-and-protect” model and have molecule-like
electronic structures with a relatively large gap between the
highest occupied-lowest unoccupied molecular orbitals
(HOMO-LUMO).

In addition to the geometric shells, electronic shell closure
is another important factor for the stability of Au-SR
nanoparticles. To understand the intrinsic stability of Au-SR
clusters, the superatom model was suggested by Hakkinen
and co-workers.”! The jellium model for metal clusters with
electronic shell closure was first proposed to explain the high
abundance of certain magic-number alkali-metal clusters
observed in the mass experiments.” In this model, the
valence electrons of a cluster are delocalized in the cluster
volume and fill discrete energy levels. Based on such a jellium
model, exceptional stability of Au-SR clusters is associated
with the magic numbers of free valence electrons (n* =2, 8,
18, 34, 58, 92....).2 The total number of free valence
electrons associated with a Au-SR cluster Au,,(SR),? can be
counted based on the formula n* = M—N—gq, where M is the
number of Au(6s') electrons, N and g are the number of
electron-withdrawing ligands (thiol groups) and the charge
state of the cluster, respectively. Based on the superatom
model, stability of the experimentally measured clusters can
be understood with the magic numbers, such as [Au;p,(SR)]
(58e)” [Augg(SR)y]  (34e),""  [Auu(SR)]  (18e),”
[Au,s(SR);s]™ (8e), and [Au,,(SR)s]™ (2¢).) These clusters
both have a spherical and symmetric gold core.

However, not all experimentally produced Au-SR clusters
exhibit magic numbers of free valence electrons as described
by the spherical jellium model. [Aus(SR),,] is a highly stable
cluster that has been detected in many experiments under
different reaction conditions, but the 14 free valence elec-
trons disagree with the magic numbers of superatom model.
Electronic stability of the 14e prolate Au,; core of
[Aus(SR),4] was first explained using Clemenger’s ellipsoidal
shell model® by Zeng and co-workers,"®™ where 14e is
a magic number in the ellipsoidal shell model. Lately, the
electronic stability of [Aus(SR),,] was further explained by
Aikens et al.l'*! using the particle-in-a-cylinder model, a var-
iation of the ellipsoidal shell model. However, the ellipsoidal
model is based on an oblate shape, which is structureless and
different from the prolate shape of [Aus(SR),]. Very
recently, Cheng and Yang?” proposed a super valence bond
(SVB) model to explain the electronic stability of non-
spherical shells of metal clusters, and found that Lig, Li;, and
Li,, are exact analogous of CH,, N,, and F,, respectively, in
electronic state and bonding patterns. Using the SVB model,
the 23-center 14-electron (23c-14e) bi-icosahedral Au core of
[Ausg(SR),4] is shown to be a superatomic molecule (super F,)
in electronic shells.*
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Exceptions were also found for some other clusters such
as [Aujs(SR)1], [Auy(SR)i], and [Auy(SR)y] """ The
three compounds have both four free valence electrons in
the gold core, which disagrees with the counts of magic
numbers in the superatom model, but are electronically very
stable with large HOMO-LUMO gaps in about 1.6¢V,
2.1eV, and 1.5 eV, respectively."" % The three 4e compounds
have been isolated and measured by mass and optical spectra
but their geometric structures are still not determined by X-
ray measurement. A probably geometric structure of
[Au,(SR);6] has been predicted by Pei et al.”! using DFT
calculations in good agreement with the experiment in optical
spectra and HOMO-LUMO gap. The predicted structure can
be viewed as a prolate Aug core “stapled “by four [Au;(SR),]
oligomers, of which the Aug core can be viewed as the fusion
of two tetrahedral Au, units through edges. Very recently,
structures of the [Au(SR)] cluster®™ and [Au,(SR)s)
cluster® were also theoretically predicted in good agreement
with the experimental optical spectra and HOMO-LUMO
gaps, and the prolate Aug core was further confirmed in the
two compounds.

To explain the electronic stability of these 4e compounds,
Clemenger’s ellipsoidal shell model was also suggested based
on the prolate shape.”!! However, 4e seems not to be a magic
number in the ellipsoidal shell model. Also, the electronic
stability of the 4e compounds cannot be understood by the
SVB model. Thus, there must be another story to be
uncovered for the electronic shell closure of these 4e
compounds.

Herein, we propose the concept of superatom-network
(SAN) to understand the “magic” stability of these 4e
compounds. Based on the SAN model, as shown in Figure 1,
these 4e compounds should be taken as a network of two 4c—

Figure 1. Superatom-network model for a) [Auy(SR)1e], b) [Aui5(SR)14],
and c) [Au,,(SR)4]. R groups are removed for clarity. The staple motifs
are given as ball-and-stick models (Au yellow, SR pink), the sticks are
shown in different colors for clarity. The 4c—2e tetrahedral Au,
superatom cores are shown as polyhedral models. Coordinates are
from Ref. [20,22]].

2e tetrahedral Au, superatoms stapled by four [Au,(SR),,4]
(n=3, 4, 5) oligomers, where Au-Au interactions between
superatoms are mainly non-bond interactions.

We first focus on the atomic structure of the Aug*" core of
the three 4e compounds. The Aug'" core of [Auy(SR),¢] has
a D, symmetry. As shown in Figure 2, Au-Au bond lengths
within the Au, tetrahedral unit are 2.76-2.84 A, and the Au-
Au distances between the two Au, tetrahedral units are
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Figure 2. a) Atomic structures (left) and AANDP localized chemical
bonding (right) of the Aug*" core of [Au,(SR)+¢] (top),

[Auy5(SR) 4] (middle), and [Au,.(SR),] (bottom). The distances (A)
between and within Au, tetrahedrons are given. The Au(5d) lone-pairs
(LPs) are not shown.

clearly longer at 3.06 A and 312 A. The Aug** core of
[Au;5(SR)4] is in C; symmetry, where bond lengths within the
two Au, tetrahedrons are 2.76-2.88 A and 2.75-2.83 A, and
the Au-Au distances between two tetrahedral units are also
longer at 2.95-3.15 A. Atomic structure of the Aug** core of
[Au,4(SR),] is very similar to that of [ Au,(SR);¢], where Au—
Au lengths within and between the Au, tetrahedral units are
2.76-2.82 A and 3.11-3.16 A respectively (all in Figure 2).
The interactions between nearest-neighbor non-bond Au
atoms are much stronger than to other metals and the non-
bond distances are also much shorter (they can be only
slightly longer than the Au-Au bonded lengths) as a result of
the strong relativistic effects. Thus, we suspect that such
a Aug*" core should be viewed as two non-conjugate 4c—2e
tetrahedral Au, superatoms based on the geometry.

To verify the SAN model in the Aug** core we selected the
adaptive natural density partitioning (AdANDP) method as
a tool for chemical bonding analysis. This method was
developed by Zubarev and Boldyrevi?” and used to analyze
chemical bonding in organic molecules, boron clusters, and
Au clusters.” AINDP recovers both Lewis bonding elements
(1c—2e and 2c-2e objects) and delocalized bonding elements
(nc—2e), an approach which achieves seamless description of
systems featuring both localized and delocalized bonding. As
shown in Figure 2, in each case of the three 4e compounds,
chemical bonding analysis given by AANDP reveals two non-
conjugate 4c—2e delocalized bonds in each Au, tetrahedral
unit. They only differ little at the occupancy numbers (ON =
1.88-1.92 | e |). The Au(5d) lone-pairs (LPs) with ON =1.93-
2.00|e| are not shown. AANDP analysis confirms that the
prolate Aug*" core consists of two separated Au,’" close-shell
2e superatoms.

Ligand effects are also very important for Au-SR clusters.
Next, we give a total bonding analysis of [Au,,(SR),4] using
AdNDP. The R groups do not affect much of the overall
bonding patterns of the compound, thus we use SH instead of
SR for simplicity and clarity in chemical bonding analysis.

Angew. Chem. Int. Ed. 2013, 52, 9035—-9039
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Figure 3. Geometry (Au yellow, S pink, H white) and AANDP localized
natural bonding orbitals (red-gray) of the valence shells of
[Auzo(SH)¢]-

Figure 3 plots the bonding framework of the valence shells of
[Au,(SH),s] of AANDP analysis. As expected, the Au(5d)
orbitals are viewed as LPs with ON =1.88-1.99 | e |, which are
excluded in this analysis. AANDP analysis reveals sixteen LPs
of S atoms (ON =1.94-1.97| e |), sixteen 2c—2e localized SH
o-bonds (ON =1.97-1.99 | e|), and thirty-two 2c—2e localized
AuS o bonds (ON =1.87-1.95| e |). The remaining four elec-
trons are delocalized in each tetrahedral Au, unit as 4c—2e
o bonds with ON=1.78|e|. The total bonding analysis of
[Au,(SH),4] confirms the SAN model in electronic shells. The
chemical bonding in [Aus(SH),,] and [Au,,(SH),] are very
similar to that of [ Au,,(SH)], of which SAN model is viewed
by AANDP analysis in a straightforward manner (Supporting
Information, Figure S1).

Aromaticity is now a popular measurement for shell-
closure of delocalized bonding by calculating the nucleus-
independent chemical shifts (NICS) values.®!! The NICSzz-
scan curve of [Au,,(SH),¢] along the D, axis shows clearly that
the Aug core consists of two independent superatoms, which
gives extra support to the SAN model (Supporting Informa-
tion, Figure S2).

In addition to the three 2x2e compounds discussed
herein, there must be other Au-SR compounds with elec-
tronic structures corresponding to the SAN model. To
confirm this suspicion, we modeled some 7nx2e Au-SR
clusters (n=1-4, R=CHj;) following the SAN model. As
shown in Figure 4, the 1x2e compound (t1, [Aug(SCH;)s])
consists of one tetrahedral 2e superatom and two {Au,-
(SCH,;),} staple motifs with a very large HOMO-LUMO gap
of 3.16 eV; the 2 x 2e compound (12, [Au;,(SCH;)g]) consists
of two 2e superatoms linked by two {Au,(SCH;);} and two
SCH; staple motifs with an energy gap of 2.86 eV; the 3 x 2e
compound (t3, [Au;3(SCH;);,] consists of three 2e superatoms
linked by three {Au,(SCH;);} and three SCH; staple motifs
with an energy gap of 2.56eV; the 4x2e compound (t4,
[Au,o(SCHs;),,]) consists of four 2e superatoms linked by four
{Au(SCHj;),} and four SCH; staple motifs with an energy gap
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Figure 4. Modeled Au-SCH; clusters in 1x2e (t1, [Aug(SCHs)e]), 2x 2e
(t2, [Aur,(SCHy)g]), 3% 2e (83, [Arg(SCH3)1,]), and 4x 2e (t4, [Ause
(SCH;3)12]) SAN networks (Au yellow, S pink, C gray, H white). The
tetrahedral 2e superatoms are highlighted in dark blue. HOMO-
LUMO energy gaps are in parentheses.

[AuL,(SCH,),.]
(2.38 V)

of 2.38 eV. These four nx2e Au-SCH; clusters (t1-t4) are
modeled as simply as possible, which may not be the global
minimum structure, but have very stable electronic structures
with large energy gaps and are true local minimum structures
as verified by a frequency check.

The SAN model may be useful in finding some other
experimentally produced Au-SR clusters, which are also
exceptions for previous electronic-shell model, such as
[Auo(SR)15] (3 x2e networks) and [Auyy(SR),,] (2 x 8¢ net-
works).'> A structure for [Au,(SR),;] has recently been
predicted by Jiang®! using a “staple fitness” method. How-
ever, only compact gold cores are assumed for the fitness and
the HOMO-LUMO energy gap in the predicted structure is
about 0.2 eV lower than the experimental value (ca. 1.5 eV).
For Au-SR clusters, theoretically calculated gaps are usually
slightly larger than the experimental values at the PBE/
LANL2DZ level of theory. Thus we think that the real
structure of [Au,4(SR),5] might also follow the SAN model,
and the 3 x2e core should be considered in “staple fitness”.

Recently, a probable geometric structure of [Auy(SR),]
has been determined by DFT prediction. Malola et al.”
suggested that [Au,(SR),,] is a combination of a Au, bi-
icosahedral cluster core with 6[Au(SR),] and 4[Au,(SR);]
oligomers, where the 16e bi-icosahedral Auy core is explained
by a 2 x8e “superatom dimer”. The concept of the “supera-
tom dimer” is essentially telling the same story with our SAN
model. However, the two parts of the bi-icosahedral core in
[Au,(SR),,] are clearly in closer proximity (2.82 A) than the
tetrahedra in our examples, and the interaction between the
two icosahedral parts still needs to be further verified. In
addition, the newly crystallized phosphine/thiolate-protected
Au,, nanocluster™! consists of two Auy, incomplete icosahe-
drons with two pentagonal planes joined together by five
thiolate linkages, which may also be a 2 x 8¢ compound.

In summary, we proposed a SAN model to explain the
electronic stability of the 4e compounds [Au;3(SR)y],
[Auy,o(SR);¢], and [Au,s(SR)y]. As the products of self-
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assembly, the experimentally produced Au-SR clusters must
be shell-closed species in terms of both their geometric and
electronic structures. Unlike previous superatom and super
valence bond models, the magic stability and large HOMO-
LUMO gaps of these 4e compounds are explained by the
SAN model. This model was supported by the analysis from
Au-Au bond/non-bond lengths, AANDP localized chemical
bonds, and NICS-scan curves. The SAN model gives new
physical insight into the chemical bonding of these 4e Au-SR
compounds, which are viewed as “a network of two 2e-
superatom gold cores” linked and stapled by four
{Au,(SR),.,} staple motifs. The SAN model may be useful
in understanding the stability of some other experimentally
produced Au-SR clusters, which are also exceptions to
previous electronic-shell models, such as [Au;(SR);5] (3 % 2e
networks). Moreover, based on the SAN model, the assembly
of materials based on Au-cluster-superatoms and sulfur can
be expected as extensions of SAN complexes.

Experimental Section

Computational details: Geometries of [Au(SH)y], [Auy(SH)el,
and [Auy(SH),] are relaxed by density functional theory (DFT)
calculations performed on the Gaussian 09 package* starting from
the lowest-energy isomers of [Au;3(SCH;)4], [Auy(SCH3)p6], and
[Au,,(SCH3),], respectively, in Ref. [20,22]]. DFT geometry relaxa-
tions are performed using the generalized gradient approximation
method developed by Perdew, Burke, and Ernzerhof (PBE)™! with
the LANL2DZ basis set for Au element and 6-31G* for other
elements (PBE/LANL2DZ/6-31G*). Natural bonding analysis by
AdNDP and aromaticity analysis by NICS are also performed at the
same PBE/LANL2DZ/6-31G* level of theory. Molecular orbital
(MO) visualization is performed using MOLEKEL 5.4.5% t1-t4 Au-
SCHj; isomers are relaxed at PBE/LANL2DZ/6-31G(d,p) level of
theory, and the HOMO-LUMO energy gaps are also given in this
level.
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