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Abstract: Decreasing the core size is one of the best ways to
study the evolution from AuI complexes into Au nanoclusters.
Toward this goal, we successfully synthesized the [Au18-
(SC6H11)14] nanocluster using the [Au18(SG)14] (SG =l-gluta-
thione) nanocluster as the starting material to react with
cyclohexylthiol, and determined the X-ray structure of the
cyclohexylthiol-protected [Au18(C6H11S)14] nanocluster. The
[Au18(SR)14] cluster has a Au9 bi-octahedral kernel (or inner
core). This Au9 inner core is built by two octahedral Au6 cores
sharing one triangular face. One transitional gold atom is
found in the Au9 core, which can also be considered as part of
the Au4(SR)5 staple motif. These findings offer new insight in
terms of understanding the evolution from [AuI(SR)] com-
plexes into Au nanoclusters.

Metal nanoclusters of atomic precision have attracted great
attention because of their use in catalysis, chemical sensing, or
bio-application.[1–5] Unlike metal complexes (of e.g. AuI, AgI)
and larger metal nanoparticles, the atomic packing mode, and
electronic structure in small nanoclusters play a much more
important role in their structure–property relationship and
size-dependent properties.[6] In the previous work, metal
nanoclusters with small electronic structures (e.g. 2 or 4 free
electrons) were reported.[7] These nanoclusters were consid-
ered as the bridge in linking metal complexes with metal
nanoclusters. In the past few decades, thiolate-protected gold
nanoclusters have attracted interest and during the past eight

years the structures of clusters of Au102,
[8] Au38,

[9] Au36,
[10]

Au30,
[11] Au28,

[12] Au25,
[13] Au24,

[14] Au23,
[15] and Au20

[16] were
successfully determined by X-ray crystallography.

Recently, the mechanism of the formation of [Au25(SR)18]
nanoclusters has been studied,[17] in which the [AuI(SR)]
complex is rapidly reduced to small Au nanoclusters, which
have 2 or 4 free valence electrons (2e or 4e), and such small
nanoclusters finally grow to the larger Au nanoclusters which
have 8 free valence electrons. The [Au15(SR)13] and
[Au18(SR)14] nanoclusters were found as the smallest gold–
thiolate nanoclusters with 2 and 4 free valence electrons,
respectively. Meanwhile, theoretical calculations also suggest
that the most stable gold nanoclusters that have 2e and 4e are
[Au15(SR)13] and [Au18(SR)14], respectively.[18] Thus, the
[Au15(SR)13] and [Au18(SR)14] nanoclusters have a key role
in the growth of gold nanoclusters. Unfortunately, no X-ray
structure of them has been reported, only the DFT predicted
structures.[18]

In this work, the Au18 nanocluster capped by l-glutathione
(SG) is utilized as the starting material, which is subject to
ligand exchange with cyclohexylthiol (C6H11SH). After
changing the thiolate-ligands, the crystal structure of [Au18-
(SC6H11)14] could be determined. The Au18 nanocluster has an
Au9 core, which is constructed by two Au6 cores. The Au9 core
is protected by three monomeric Au(SR)2 staples, one dimeric
Au2(SR)3 motif, and one tetrameric Au4(SR)5 motif. The
dimeric and tetrameric of motifs cap the top and bottom of
the Au9 core, respectively. Meanwhile, one gold atom in this
smallest of 4e nanoclusters belongs either to the core or the
surface motif, it can thus be viewed as an “evolutionary” gold
atom from AuI to Au nanoclusters.

In a typical reaction, the [Au18(SC6H11)14] clusters were
synthesized by a two-phase ligand-exchange approach, which
involves two major steps: 1) synthesis of water-soluble
[Au18(SG)14] nanoclusters following the method reported by
Pradeep et al.,[19] 2) two-phase ligand exchange, in which
[Au18(SG)14] nanoclusters were dissolved in water and then
cyclohexylthiol dissolved in toluene (or CH2Cl2) was added to
the cluster solution. A displacement kinetics experiment was
carried out to track the reaction process (Supporting Infor-
mation, Figure S1). The [Au18(SG)14] nanoclusters were
quickly deposited (Figure S1 and S2 a), and the absorption
ration (500 nm/600 nm, Figure S2c) did not change. Then the
precipitate was dissolved in CH2Cl2 (Figure S1 and S2 b), and
the absorption ration (450 nm/524 nm or 450 nm/570 nm,
Figure S2 c) was quite steady. These results suggest that no by-
product was obtained in water or in organic solvents systems.
The differences in the UV/Vis absorption spectra of
[Au18(SG)14] (main peaks: 520 nm and 590 nm) and
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[Au18(SR)14] (main peaks: 570 nm and 640 nm) nanoclusters
shows that the [Au18(SR)14] nanocluster has an approximately
50 nm red shift. The red shift may be caused by ligand effect.
The crystal structure of [Au18(SG)14] was not obtain. The
above results suggest that the cluster structure is unchanged
by the ligand exchange. The IR spectrum was also used to
monitor the water solution, the precipitate and the CH2Cl2

solution, respectively (Figure S3). A slightly enhanced ratio of
Cy:SG (1923 cm�1/1630 cm�1, Figure S3a) was found in water
soluble Au18 nanoclusters, indicating that the cyclohexythiol
exchanged with the SG ligands in [Au18(SG)14] nanoclusters,
and this made the Au18 nanoclusters deposit quickly. The ratio
of Cy:SG increased gradually in the precipitate (Figure S3 b).
When it was transferred to the organic solvent, no SG ligand
was found in the organic-soluble Au18 nanoclusters (Fig-
ure S3c). HPLC separation further confirms our homoge-
neous preparation (Figure S4). The [Au18(SC6H11)14] nano-
clusters exhibit weak photoluminescence centered at approx-
imately 706 nm (see Figure S5) and the emission is weaker
than that of 4e [Au24(SCH2Ph-tBu)20].[14] Using the well-
studied [Au25(SG)18] (where SG represent glutathione) as
a reference (QY� 0.2%), we found that the quantum yield of
[Au18(SC6H11)14] is around 0.1%. The electrospray ionization
mass spectrometry (ESI-MS) spectrum confirmed that the as-
synthesized nanocluster retained its original size. We note
that, without adding cesium acetate (CsOAc), no signal was
found in either positive or negative mode, which implies
charge neutrality of the cluster. To impart charges, the cluster
solution was mixed with CsOAc to form positively charged
[M+Cs]+ adducts (where M represents the cluster) in the
electrospray process. As shown in Figure 1A, the ESI-MS
(positive ion mode) analysis revealed a prominent peak at m/
z 5291.1, corresponding to the formula of the intact cluster
[Au18(C6H11S)14Cs]+ (calculated formula weight: 5291.1).
Note that, the crude product has a similar ESI-MS spectrum
(Figure S5) as that of the crystal sample, which indicates that
the two-phase ligand exchange method can give rise to
monodisperse nanoclusters.

The pure [Au18(SR)14] nanoclusters were dissolved in
CH2Cl2/MeCN (2:1), followed by slow diffusion of CH2Cl2

vapor into the cluster solution over a period of about 7 days at
18 8C. Dark green crystals were obtained, which were
analyzed by single-crystal X-ray crystallography. The struc-
ture of [Au18(SR)14] is shown in Figure 1B. The [Au18(SR)14]
structure has a Au9 bi-octahedral kernel. This Au9 core is built
by two octahedral Au6 units sharing one triangular face
(Figure 1C). This Au9

5+ core is found for the first time in the
Au nanoclusters, and it is larger than the Au7 and Au8 cores of
[Au20(SR)16] and [Au24(SR)20], respectively. The octahedral
Au6 unit in this Au9 core is a perfect fragment that can be cut
out from face-centered-cubic (fcc) metals. Such an octahedral
unit has also been identified in the Au28 and Au36 nanoclusters.
The Au�Au distances in the Au6 unit range from 2.6648(4) �
to 3.0068(5) � (average 2.8262 �), which is slightly shorter
than the bulk gold Au�Au distance (2.88 �). The Aucore�
Aucore distance in the Au18 nanocluster is much longer than the
[Au20(SR)16] (average 2.72 �) and [Au24(SR)20](2.73 �) nano-
clusters.

The bi-octahedral Au9 kernel (Figure 1D) is protected by
three monomeric staples (i.e., Au(SR)2, Figure 1E), each S
atom in these monomeric staples is linked to one Au atom at
the end of the Au9 core and one Au atom in the staple. In
addition, one dimeric Au2(SR)3 and one tetrameric Au4(SR)5

motif (Figure 1F) are linked with the top and the bottom,
forming the complete structure of the [Au18(SR)14] nano-
cluster (Figure 1G). The strong interaction between the core
and the ring, which is found in the [Au20(SR)16] nanocluster, is
also found in the [Au18(SR)14] nanocluster structure. The
gold–thiolate motif interacts with the core through Aumotif�
Aucore bonds (3.09� 0.23 �), which are quite strong as they
are only 7.3% longer than the Au�Au distance of 2.88 � in
bulk gold.

The [Au18SR14] nanocluster together with the previously
reported [Au20(SR)16] and [Au24(SR)20] forms an “isoelec-
tronic” 4e nanocluster family. The [Au18(SR)14] nanocluster is
the smallest member of these three nanoclusters, and is also
predicted to be the smallest stable nanocluster with 4e
electronic structure. More insights into the structure evolu-
tion from AuISR complex to Au nanocluster can be gained by
comparison with other 4e gold nanoclusters.

To study this evolution process, we focus on one special
gold atom in the [Au18(SR)14] nanocluster (Figure 2A, high-
lighted in black). This atom is linked to the four core atoms
with average Au–Au distance of 2.786 � and to two staple S

Figure 1. A) ESI-MS (positive ion mode) spectrum of [Au18(SC6H11)14]
treated with CsOAc. Inset: experimental and simulated isotope pat-
terns of [Au18(C6H11S)14Cs]+. B) X-ray structure of [Au18(SC6H11)14] ; all
hydrogen atoms are omitted for clarity. C) Anatomy of the Au9 core as
two Au6 units; D) Bi-octahedral Au9 kernel which is built by two
octahedral Au6 units sharing one triangular face. E) Au(SR)2 staples
protecting Au9 kernel; F) dimeric and tetrameric staple motifs protect-
ing Au9 kernel; G) [Au18(SR)14] structure. Dark green core Au, gold Au
in the staple, red S.[25]

.Angewandte
Communications

3146 www.angewandte.org � 2015 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Angew. Chem. Int. Ed. 2015, 54, 3145 –3149

http://www.angewandte.org


atoms with Au–S distances of 2.403/2.506 � (Figure 2B). The
special gold atom in [Au18(SR)14] can be seen as a transitional
Au4(SR)5 motif. This link mode was also found in
[Au102(SR)44] nanocluster. Generally, gold atoms can be
classified as Aucore or Aumotif. In Aucore, Au is linked to at
most one S atom, and the distance of Aucore–S is generally
around 2.36 �. In the Aumotif structure, every Au is linked with
two S atoms. In both [Au18(SR)14] and [Au102(SR)44] nano-
clusters, the distance between the special Au atom and the
connected S atoms is much longer than other Aucore–S
distance (ca + 8%). Xie et al. reported the growth mechanism
of [Au25(SG)18] nanoclusters, in which [AuI(SG)] complexes
are first reduced to 2e [Au15(SG)13] and 4e [Au18(SG)14]
nanoclusters, then grow to [Au25(SG)18] nanoclusters.[17] On
the basis of these results and the particular Au�S bonds found
in the structure of [Au18(SR)14] nanoclusters, we propose that,
if the distance of the special Au and S in the [Au18(SR)14]
nanocluster is slightly lengthened, the Au�S bond will be
broken, the gold atom will remain in the core, and the S atom
will need another Au atom to form the Au–S staple. This may
be the growth mechanism of the formation of larger gold
nanoclusters.

To correlate the cluster structure and optical properties,
we performed time-dependent density functional theory (TD-
DFT) calculations for the electronic structure and optical
absorption spectrum of [Au18(SR)14] with R = CH3 (see
computational details in the Supporting Information. R =

C6H5, C6H11 were also calculated, see Figure S7). It can be
found that the ligands do not significant affect the geometric
structure of the AuS framework of [Au18(SR)14]. The calcu-
lated optical adsorption spectrum, energies, and atomic
orbital (AO) component of Kohn–Sham molecular orbitals
are displayed in Figure 3. As shown in Figure 3, the theoret-
ical spectrum of [Au18(SCH3)14] shows feature peaks at
670 nm (peak a), 580 nm (peak b), 480 nm (peak c), and
380 nm (peak d), which qualitatively agree with the exper-
imental results. Further examination of the Kohn–Sham (KS)
molecular orbital (MO) energy levels and atomic orbital
components in each KS MO of [Au18(SCH3)14] indicates that
the occupied orbitals HOMO to HOMO�20 are mainly
composed of the Au(5d) atomic orbitals, denoted as the d-
band. The unoccupied orbitals are sp-band owing to the
significant contribution of the Au(6sp) atomic orbitals.
Because all the occupied orbitals are d-bands, the electronic
transitions involved in all adsorption peaks are considered as

d!sp interband transitions. We have also examined the
components of KS orbitals and energy levels for [Au24-
(SCH3)20] and [Au20(SCH3)16], based on the recent reported
crystal structures (Figure S8).[14, 16] The computed diagram of
KS orbital components indicate that the [Au24(SCH3)20] and
[Au20(SCH3)16] have similar d!sp interband transitions to
that of Au18 cluster, while larger [Au25(SR)18]

� and
[Au38(SR)24] clusters with more free valence electronics are
all have sp!sp interband transitions owing to the relatively
larger contributions of the Au(6sp) atomic orbitals to
HOMO.[13b,20]

The magic stability of [Au18(SR)14] is further addressed in
terms of superatom network (SAN) model[21] through ana-
lyzing the electronic structure of the Au core. The SAN model
has been used to explain the magic stability of [Au20(SR)16],
[Au28(SR)20], [Au36(SR)24], and [Au44(SR)28].[22] In these
clusters, the Auz+ cores can be viewed as a network of
tetrahedron Au4-superatoms according to the SAN model.
For example, the Au14-core in [Au28(SR)20] can be viewed as
the fusion of four 2e superatom tetrahedral Au4 units.

Figure 2. A) The special gold atom (black) which is linked with one
Au(SR)2 staple (left) and one Au2(SR)3 motif (right) and Au6 core.
B) Detailed view of (A) after removing the surrounding atoms.[25]

Figure 3. A) Simulated UV/Vis adsorption spectrum of [Au18(SR)14] .
B) Kohn–Sham orbital energy level diagram for [Au18(SR)14]. The
energies are in eV. Each Kohn–Sham orbital is drawn to indicate the
relative contributions (line length with color labels) of the atomic
orbitals of Au(6sp) red, Au(5d) green, S(3p) blue, and other orbital
contributions from C and H atoms are in cyan.
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In the present case, the [Au18(SR)14] is composed of a Au9

core (protected by five staple motifs), which can be consid-
ered as Au9

5+ according to the superatom model.[23] The
number of total valence electrons in Au9

5+ core is 4. In
comparison to the Au core discovered in thiolated gold
clusters, such as [Au20(SR)16], [Au25(SR)18], [Au38(SR)24],
[Au28(SR)20], [Au36(SR)24], and [Au44(SR)28], the Au9 core in
[Au18(SR)14] is composed of two fused octahedral Au6 units,
which suggests the 4e valence electrons might have a different
distribution manner than in other gold clusters. To explore the
distribution of the valence electrons, we performed chemical
bond analysis of Au9

5+ using the adaptive natural density
partitioning (AdNDP) method.[24] The AdNDP analysis is an
efficient tool to explore the multi-centered bonds of atomic
clusters by a scheme of orbital transformations. From
Figure 4, two symmetric 6 center, 2 electron (6c-2e) bonds
are clearly found within Au9

5+, which both have occupancy
numbers ON = 1.9897. The Au9

5+ can be therefore viewed as
a unique combination of two fused superatom octahedral Au6

units according to the SAN model.

Another interesting finding is the boat form of cyclohexyl
in the thiolate ligand. In the cyclohexylthiolate-protected
[Au18(SR)14] nanocluster, a boat-like form of cyclohexyl was
found in the middle of the Au2(SR)3 motif (Figure S9). The
ratio of boat/chair form is 1/13. Generally, the boat form of
cyclohexyl is less stable than the chair form, and the ratio of
boat/chair form of free cyclohexane is less than 0.1% at room
temperature (significantly lower than the 7.7% percentage
found in our [Au18(SC6H11)14] cluster structure). This phe-
nomenon is not observed in the structure of cyclohexylth-
iolate-capped [Au23(SR)16]

� . The NMR spectrum of [Au18-
(SC6H11)14] was recorded in CDCl3 solution (Figure S10),
unfortunately, the core highly affects the 1H shift of cyclo-
hexyl and makes it hard to find the difference between the
boat form and the chair form. It is plausible that the boat form
cyclohexyl found in Au18 is due to the effect of the cluster
core, but it might also be a solid-state effect caused by the
consequence of crystal packing.

In summary, we have designed and synthesized cyclo-
hexylthiolate (C6H11S) protected [Au18(SR)14] nanoclusters by
a ligand-exchange method and successfully solved the crystal
structure. The [Au18(SR)14] structure exhibits a new Au9 bi-
octahedral kernel, which is formed by two octahedral Au6

units sharing one triangular face. Detailed analyses on the
geometric and electronic structures offer insight into the
evolution from [AuI(SR)] complex to Au nanoclusters. Future

work on the smallest 2e [Au15(SR)13] is expected to reveal
more details of the [AuI(SR)] complex to Au nanocluster
evolution process.[26]

Experimental Section
SG-caped Au18 nanoclusters were prepared by NaBH3CN reduction
of HAuCl4 in water in the presence of protonated l-glutathione
(HSG).[18] The as-obtained [Au18(SG)14] clusters were then used as the
precursor for the synthesis of [Au18(SC6H11)14] by reaction with
cyclohexylthiol. [Au18(SG)14] (200 mg in 5 mL pure water) was added
to a CH2Cl2 solution (5 mL) of cyclohexylthiol (1 mL) under vigorous
stirring at 313 K. After 6 h, the product was transferred from water to
CH2Cl2 solution, then the organic layer was separated and dried in
vacuum, washed several times with ethanol/hexane (1:3, V/V). The
pure [Au18(SR)14] nanoclusters were then dissolved in CH2Cl2/MeCN
(2:1), followed by slow vapor (CH2Cl2) diffusion into the cluster
solution over about 7 days at 18 8C.
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