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ABSTRACT: This study presents a new crystal structure
of a gold nanocluster coprotected by thiolate and chloride,
with the formula of Au36(SCH2Ph-

tBu)8Cl20. This nano-
cluster is composed of a Au14 core with two Cl atoms, a
pair of pentameric Au5(SCl5) staple motifs, and a pair of
hexameric Au6(S3Cl4) motifs. It is noteworthy that the
“Au−Cl−Au” staple motifs are observed for the first time
in thiolate protected gold nanoclusters. More importantly,
the formation of the Cl−Au3 motifs is found to be mainly
responsible for the configuration of the gold nanocluster.
This work will offer a new perspective to understand how
the ligands affect the crystal structure of gold nanocluster.

Metal nanoclusters protected by ligands have attracted
intensive research interest as a new class of material in

nanoscience.1 In this context, gold nanoclusters protected by
phosphines2−11 or thiolates12−25 have made breakthroughs in
both synthesis and structure determination. The structures of
phosphine-protected nanoclusters such as Au5, Au7, Au8, Au11,
Au13, and Au39 were previously reported, but their stability is
not satisfactory.
In recent years, Au nanoclusters protected by thiolate have

been extensively studied due to their higher stability than
phosphine protected ones. To date, a number of crystal
structures of the gold−thiolate nanoclusters such as Au18, Au20,
Au23, Au24, Au25, Au28, Au30, Au36, Au38, Au102, and Au133 have
been characterized.12−25 Recently, the alkyne and phosphine
protected gold nanoclusters such as [Au23(Ph3P)6(PhC
C)9](SbF6)2 and selenolate protected gold nanoclusters such
as Au24(SeR)20 have also been reported. Their distinct
structures from the related thiolate protected ones (i.e.,
Au23(SR)16 and Au24(SR)20) imply that the ligands may affect
the crystal structure.26,27 Despite these developments, the
organic ligands located on the surface of nanoclusters always
result in high steric hindrance and thus are unfavorable for
practical applications such as catalysis. Therefore, the develop-
ment of gold nanoclusters stabilized by small ligands (e.g., Cl−,
Br−, SH2, or SCN−) is desirable. These ligands can sufficiently
stabilize the nanocluster and enable the exposure of the surface
gold atoms as well.28,29 A recent density functional theory study
by Jiang et al. shows the high similarity between Au25Cl18

− and
Au25(SR)18

− in various aspects, such as Au−X distances, X−
Au−X angles, band gap, and frontier orbitals (X = Cl or SR).28

Accordingly, the gold nanoclusters with chloride could possibly
be discovered.

Herein, we report the synthesis and crystal structure of a new
Au36(SCH2Ph-

tBu)8Cl20 nanocluster (Au36-Cl for short). The
structure of the Au36-Cl comprises a Au14 inner core with two
Cl atoms, a pair of pentameric Au5(SCl5) staple motifs, and a
pair of hexamer Au6(S3Cl4) motifs. Compared with the
Au36(SR)24 nanocluster previously reported by the Jin group,
the Au36-Cl nanocluster shows four distinct differences: (a)
eight free electrons; (b) dissimilar optical properties; (c) a Au14
core consisting of two Au7 units; and (d) unique “AunClm”
staple motifs, which is observed for the first time in thiolate
protected gold nanoclusters. (The Cl atoms have been analyzed
by X-ray photoelectron spectroscopy (Figure S1).)
The synthetic details are provided in the Supporting

Information (SI). In a typical reaction, HAuCl4·3H2O was
dissolved in water and then phase-transferred to CH2Cl2 with
the aid of tetraoctylammonium bromide (TOAB). Then,
HSCH2Ph-

tBu was added, and 2 seconds later a borane tert-
butylamine complex was added. After 1 h, the aqueous phase
was removed, and the organic phase was rotavaporated at room
temperature. The product was washed several times with
CH3OH. The optical absorption spectrum of Au36-Cl nano-
clusters (dissolved in CH2Cl2) shows three stepwise peaks at
365, 420, and 502 nm (Figure 1). Of note, the optical spectrum

of the Au36-Cl is distinct from that of Au36(SR)24 (with peaks at
375 and 570 nm). We also have performed stability tests of
Au36-Cl nanocluster, e.g. under thermal or oxidizing/reducing
environments. The results indicate that the Au36-Cl is stable
under relatively weak reducing/oxidizing and thermal con-
ditions while becoming unstable under strong reducing/
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Figure 1. Optical absorption spectrum of Au36-Cl nanocluster.
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oxidizing or thermal environments. The details are provided in
the Supporting Information (SI).
The salmon pink crystals of Au36-Cl were obtained via

crystallization in CH2Cl2/ethanol over 2−3 days. The structure
of Au36-Cl was determined by X-ray crystallography (Figure 2).
We found that the structure of the Au36-Cl has a triclinic space
group P1̅ (Table S1).

To find out the details of the atom-packing mode in Au36-Cl,
we focus on the Au36S8Cl20 framework. As shown in Figure 3,

the Au36S8Cl20 can be viewed as a Au14 core (Figure 3A,
highlighted with green) covered with two Cl atoms, a pair of
pentameric Au5(SCl5) staple motifs (Figure 3B; the left one is
labeled with light blue curve), and a pair of hexameric
Au6(S3Cl4) staple motifs (Figure 3B, labeled with the red
curve). The Au36(SR)24 has a Au28 kernel (FCC-type core)
which is protected by 12 S atoms and four dimeric staple motifs
(−SR−Au−SR−Au−SR−). To our knowledge, these “Au−Cl−
Au” staple motifs are observed in thiolate protected gold
nanoclusters for the first time. Furthermore, the whole
structure of the Au36-Cl is centrosymmetric.
For a more detailed anatomy of the total structure, we start

with the Au14 kernel (Figure 4C, side view). From the side
view, the Au14 kernel can be divided into two layers (Figure 4A
and 4B). Each of the two layers contains 7 Au atoms, and forms

a hexagon with one Au atom at the center of the hexagon. As
shown in Figure 4A, the two layers are centrosymmetric. The
Au atoms are almost in the same plane (the angle sum of
hexagon: 719.56°) (Figure 4B). The Au−Au distances in the
hexagon range from 2.70 to 3.31 Å. Alternatively, the Au14
kernel can also be divided into two jointed Au7 units without
sharing Au atoms (Figure 4G, top view). Herein, each of the
Au7 units can be viewed as two tetrahedral Au4 units sharing
one vertex (7 = 4 + 4 − 1, Figure 4D). And then, the Au7 units
join together without sharing Au atoms (Figure 4E).
Furthermore, there are two more Cl atoms at the surface of
the tetrahedral Au4 units (Figure S2), which induce longer Au−
Au bond lengths (average: 2.99 Å) than those of the other
tetrahedral Au4 units (average: 2.76 Å) without the Cl atoms.
The Au14 kernel is protected by a pair of pentameric

Au5(SCl5) and a pair of hexameric Au6(S3Cl4) staple motifs
(Figure 3B). These staple motifs containing Cl atoms are
observed for the first time in thiolate protected gold
nanoclusters. Some structural differences between Aun(SR)m
and Aun(Cl/SR)m motifs are worthy of comment (vide supra).
As shown in Figure 5A, the pentameric Au5(SCl5) motif with

a linear “SR−Au−Cl−Au−Cl−Au−Cl−Au−Cl−Au−Cl” struc-

ture can be easily identified from Au36-Cl. In this staple motif,
Cl is either triply or doubly coordinated with the Au atoms.
The bond lengths of Au−Cl in the pentameric Au5(SCl5) staple
motifs range from 2.133 to 2.334 Å (average: 2.264 Å) and are
slightly shorter than those of the typical Au−S bonds on
average (2.31 Å). Furthermore, due to the formation of the Cl−
Au3 (Figure 5C), the bond angles of Cl−Au−Cl can be
generally categorized into two groups: (i) from 159.57° to
175.87° (almost linear), which are similar to that of S−Au−S;
(ii) from 95° to 109.20°, which make the staple motifs more

Figure 2. Crystal structure of the Au36-Cl nanocluster (Color labels:
yellow = Au, brown = S, light green = Cl, gray = C; all H atoms are not
shown).

Figure 3. (A) Framework of the Au36-Cl nanocluster with the Au14
kernel highlighted in green. (B) New staple motifs in the Au36-Cl:
Au5(SCl5) staple and Au6(S3Cl4) staple (Color labels: green/yellow,
pink = kernel/surface Au atoms; brown = S; light green = Cl).

Figure 4. Au14 kernel structure of the Au36-Cl nanocluster (Color
labels: yellow/green = Au).

Figure 5. Two kinds of staple motifs in Au36-Cl nanocluster (Color
labels: yellow/pink = Au, brown = S; light green/purple = Cl).

Journal of the American Chemical Society Communication

DOI: 10.1021/jacs.5b06235
J. Am. Chem. Soc. 2015, 137, 10033−10035

10034

http://pubs.acs.org/doi/suppl/10.1021/jacs.5b06235/suppl_file/ja5b06235_si_001.pdf
http://dx.doi.org/10.1021/jacs.5b06235


flexible than the corresponding Aun(SR)m or Aun(SeR)m staple
motifs. The same phenomena (i.e., two types of Cl−Au−Cl
bond angles and formation of the Cl−Au3 motifs) were also
observed in the hexameric Au6(S3Cl4) staple motifs (Figure
5B). It is notable that there is a branch in the Au6(S3Cl4)
hexamer, which is unprecedented in the Aun(SR)m or
Aun(SeR)m. In view of the entire structure, both the
coordination of the staple motifs to the Au14 kernel and the
Au−Au/Au-Cl bonds between the two types of staple motifs
(Figure 5C, highlighted with purple) contribute to the stability
of the Au36-Cl nanocluster. Meanwhile, the formation of Cl−
Au3 plays an important role in the whole structure of this
nanocluster.
In summary, this study reports the crystal structure of a

Au36(SCH2Ph-
tBu)8Cl20 nanocluster coprotected by thiolate

and chlorine. This nanocluster consists of a Au14 core with two
Cl atoms, a pair of pentameric Au5(SCl5) staple motifs, and a
pair of hexamer Au6(S3Cl4) staple motifs. The “Au−Cl−Au”
staple motifs are for the first time reported in thiolate protected
gold nanoclusters. Of note, the formation of the Cl−Au3 is
primarily responsible for the configuration of the gold
nanocluster. The distinct optical properties and crystal
structures of Au36-Cl and the previously reported Au36(SR)24
unambiguously imply the important role of the ligand effect.
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