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ABSTRACT: We report the X-ray structure of a cyclohexan-
ethiolate-capped [Au23(SR)16]

− nanocluster (counterion:
tetraoctylammonium, TOA+). The structure comprises a
cuboctahedron-based bipyramidal Au15 kernel, which is
protected by two staple-like trimeric Au3(SR)4 motifs, two
monomeric Au(SR)2 and four plain bridging SR ligands.
Electronic structure analysis reveals nonsuperatomic feature of
[Au23(SR)16]

− and confirms the Au15 kernel and surface
motifs. The Au15 kernel and trimeric staple motif are
unprecedented and offer new insight in understanding the
structure evolution of gold nanoclusters.

Atomically precise metal nanoclusters have recently
emerged as a new frontier in nanoscience research.1−13

Gold nanoclusters protected by thiolate ligands (denoted as
Aun(SR)m, where n and m represent the numbers of metal
atoms and ligands, respectively) are of particular interest due to
their extraordinary stability, physicochemical properties, and
many promising applications.14−19 In fundamental research, it
is of major importance to understand how the atoms in the
nanocluster are packed and how the surface is protected by
ligands, as both aspects determine the stability and properties of
Aun(SR)m nanoclusters.20−27 Although a number of size-
discrete nanoclusters have been identified,1−5,28−36 only a few
of them have been structurally characterized by single crystal
X-ray crystallography.20−23,37−39 Herein, we report the synthesis
and structure determination of a new [Au23(c-C6)16]

− nanocluster
(counterion: TOA+, and c-C6 represents cyclohexanethiolate). On
the basis of the crystal structure, we further carried out density
functional theory (DFT) analysis of the electronic structure and
interpreted the optical spectrum of the cluster.
The synthesis of [Au23(c-C6)16]

− involved NaBH4 reduction
of gold salt following a one-phase method using methanol as
the solvent34 and cyclohexanethiol32 as the ligand (see
Supporting Information (SI) for details). After reaction
overnight, pure [Au23(c-C6)16]

− nanoclusters resulted via
spontaneous size focusing. Single crystal growth of the
nanoclusters was performed via vapor diffusion of pentane
into a concentrated solution of the nanoclusters in dichloro-
methane for 1−2 days.

Single crystal X-ray crystallography revealed the total
structure of the nanocluster (Figure 1). The counterion
(TOA+) for the anionic cluster was also found, albeit the
carbon chains were heavily disordered. To reveal the details of
the structure, we start with the Au23S16 framework (Figure 2A).
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Figure 1. Crystal structure of a cyclohexanethiolate-protected
[Au23(c-C6)16]

− nanocluster (TOA+ counterion omitted). Color labels:
magenta = Au, yellow = S, gray = C; all H atoms not shown.

Figure 2. (A) The Au23S16 framework with the cuboctahedron
highlighted in green and the two extra atoms in blue. (B) Thiolate-
binding motifs in [Au23(c-C6)16]

−: (i) Au3(SR)4 staple, (ii) Au(SR)2
staple, and (iii) simple thiolate bridging mode. (Color labels:
magenta/green/blue = Au, yellow = S).
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An Au13 cuboctahedron (Figure 2B, highlighted in green) is
identified in [Au23(c-C6)16]

−, which is in contrast with the Au13
icosahedron in [Au25(SCH2CH2Ph)18]

q (q = −1, 0).21−23

Starting from the center of the cuboctahedron, the radial Au−
Au bond lengths give rise to an average of 2.96 ± 0.28 Å, in
comparison to the 2.79 ± 0.01 Å in the icosahedral Au13
of [Au25(SCH2CH2Ph)18]

q.21−23 The peripheral Au−Au
bond lengths of the Au13 cuboctahedron give an average of
3.00 ± 0.27 Å.
The cuboctahedral kernel is protected by two trimeric

Au3(SR)4 staples with one on the top and the other at the
bottom (Figure 2B, labeled i and highlighted with dashed
curves), two monomeric Au(SR)2 staples with one in the back
and the other in the front (Figure 2B, labeled ii), and four
simple bridging SR ligands with two in the back and two in the
front (Figure 2B, labeled iii). Among these surface-protecting

motifs, the trimeric Au3(SR)4 staple is indeed for the first time
observed experimentally. Such a trimeric staple was predicted
to exist in earlier theoretical works40,41 in the structure of the
experimentally identified Au20(SR)16.

42 The theoretical struc-
ture of Au20(SR)16 was predicted to possess a prolate Au8
kernel with four trimeric staple motifs.40,41 Recently,
Au18(SR)14 and Au15(SR)13 nanoclusters were also predicted
to possess trimeric staples.25,43 The trimer configuration
observed in the X-ray structure of [Au23(c-C6)16]

− is
comparable to the theoretically constructed trimer.
We also found two extra surface Au atoms in [Au23(c-C6)16]

−

(Figure 2B, highlighted in blue), each serving as a “hub” for
linking to the trimeric and monomeric staples (Figure 2B) with
Auhub−Austaple distance of ∼2.93 Å. The Auhub−Aukernel
distances (∼2.7 Å to the underlying kernel’s gold atoms) are
even shorter than the average radial Au−Au distance (2.96 Å)
in the cuboctahedron, thus these two extra surface Au atoms
are more strongly associated with the kernel. The kernel is
better described to be a Au15 bipyramid (Figure S1), rather
than a Au13 cuboctahedron. This Au15 kernel is further
confirmed by DFT analysis of the electronic property of the
cluster. The bipyramidal Au15 can be viewed as a bicapped
cuboctahedron along its four-fold axis.
The cluster formula and charge state were confirmed by

electrospray ionization mass spectrometry (ESI-MS) analysis.
ESI-MS (negative ion mode) revealed a prominent peak at
m/z = 6373.13 (Figure 3A), corresponding to the formula of
the intact cluster [Au23(c-C6)16]

− (calculated formula weight:
6373.16). The TOA+ counterion was also found in the positive
mode mass spectrum (Figure 3B, expected mass: 466.53,
observed: 466.52 Da), confirming the −1 charge of the cluster
(note: one TOA+ per cluster was found in the crystal
structure). The purity of the product was further confirmed

Figure 4. (A) Experimental UV−vis spectrum of [Au23(c-C6)16]
− and (B) theoretically simulated spectrum of the [Au23(SCH3)16]

− model cluster.
(C) Schematic diagram of HOMO of [Au23(SCH3)16]

− and (D) LUMO of the cluster.

Figure 3. ESI-MS analysis of [Au23(c-C6)16]
−TOA+. (A) Negative

mode mass spectrum of [Au23(c-C6)16]
−. (B) Positive mode spectrum

for the counterion [TOA]+, where TOA = +N(C8H17)4.
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by thermogravimetric analysis, and a 33.8 wt % loss was
observed (Figure S2), consistent with the formula (calculated
loss: 33.8%).
To gain insight into the newly observed trimeric staple motif

and address to what extent the two extra ‘surface’ Au atoms
contribute to the electronic structure of the whole cluster, we
carried out DFT calculations (see SI for details). In the
calculations we adopted a [Au23(SCH3)16]

− model cluster
mimicking the experimental one by simplifying the −SC6H11
ligands with -SCH3.

44,45 Figure 4A,B shows the experimental
and theoretical optical absorption spectra. The theoretical
spectrum is convoluted by the Lorentz function with
appropriate width. The DFT result reasonably reproduced
the spectral profile. The distinct peak at ∼570 nm in the
experimental spectrum corresponds to the simulated peak at
∼530 nm (with ∼0.16 eV discrepancy). This peak involves
both the HOMO to LUMO (529 nm, intense) and HOMO
to LUMO+1 (507 nm, less intense) electronic transitions
(Figure 4B).
The diagrams of the HOMO and LUMO of the nanocluster

are shown in Figure 4C,D. In the HOMO diagram, we see two
large blue lobes of MO clouds. The extra surface Au atoms that
serve as the “hubs” indeed contribute to these lobes of MO.
The third lobe (red) of the HOMO is located within the
cuboctahedron (Figure 4C). In the LUMO diagram (Figure
4D), two blue and two red lobes are seen; the surface “hub” Au
atoms are also involved in constructing the electronic state of
LUMO. Therefore, the two “hub” atoms are part of the kernel,
which give rise to an overall Au15 kernel. It is worth noting that
the lowest-lying peak (experiment: 570 nm, theory: 530 nm) in
the optical spectrum uniquely arises in the Au15 kernel. Finally,
we clarify that the HOMO is not a d-like orbital; instead, it is a
hybrid orbital constructed from atomic orbitals of Au. Thus, the
[Au23(c-C6)16]

− nanocluster is a nonsuperatom, although the
nominal valence electron count is 8, being the same as that of
superatomic [Au25(SR)18]

−.46

In summary, the [Au23(SR)16]
− nanocluster exhibits new

kernel and surface structures. Unlike the reported Aun(SR)m
structures,20−23,37−39 this nanocluster features a cuboctahedron-
based Au15 kernel and Au3(SR)4 trimeric staple motifs. Detailed
analyses on the geometric and electronic structures offer insight
into the nonsuperatomic features of the nanocluster. The
experimentally identified new staple motif and kernel structure
are remarkable and offer new perspectives in terms of
understanding the atomic structure and growth pattern of
gold nanoclusters.
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