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Abstract
Understanding the role of interfacial interactions between the protection motifs SR[Au(SR)]x (x = 0, 1, 2, 3,
...) and gold cores on the stabilities of the thiolate-protected gold nanoclusters is still a challenging task.
Although several theoretical models, including the superatom complex, super valence bond, and
superatom network, have provided insights into the stabilities of either the overall structures or the gold
cores, a model that can illuminate how the interfacial interaction dictates the unique structures of the
protection motifs and gold cores is still lacking. Herein, we present a ring model, on the basis of
comprehensive analyses of all 95 previous experimentally crystallized and theoretically predicted thiolate-
protected gold nanoclusters, to offer a deeper insight into the structure-interaction relationship for this
class of clusters. In the ring model, all the thiolate-protected gold nanoclusters can be generically viewed
as fusion or interlocking of several [Aum(SR)n] (m = 4 - 8, 10, 12, and 0 ≤ n ≤ m) rings. The aurophilic
interactions among these rings are expected to play a key role in the stabilization of the thiolate-protected
gold nanoclusters. Guided by the ring model and the grand uni�ed model (for understanding the
structures of gold cores), a new Au42(SR)26 isomer is predicted, whose total energy is even lower than
those of two previously crystallized isomers, thereby giving credence to the predictability of the ring
model. The ring model provides not only a mechanistic understanding of the interactions between the
protection ligands and gold cores in the thiolate-protected gold nanoclusters, but also a practical
guidance on predicting new thiolate-protected gold nanoclusters for experimental synthesis and
con�rmation.

Introduction
The chemical and structural properties of thiolate-protected gold nanoclusters that entail strong gold-
sulfur (Au-S) covalent bond have received considerable attention over the past �fteen years.1 Since the
report of the �rst total crystalline structure of thiolate-protected gold nanocluster Au102(p-MBA)44 (p-MBA

= p-mercaptobenzoic acid) in 2007,2 the studies on the structures of thiolate-protected gold nanoclusters
both through experimental crystallization and theoretical predictions have increased dramatically.3-7 A
common structural feature of the thiolate-protected gold nanoclusters is that each cluster is composed of
a gold core and a number of oligomeric SR[Au(SR)]x (x = 0, 1, 2, 3, ...) protection motifs, all exhibiting core-

shell interfacial structure.3,7,8 Several theoretical models, such as superatom complex (SAC) model,9

super valence bond (SVB) model,10 superatom network (SAN) model,11,12 borromean ring model,13 grand
uni�ed model (GUM),14-16 and thermodynamic stability theory (TST),17 have been proposed to elucidate
various properties of these core-shell clusters. For example, SAC was developed to describe the electronic
structures of the thiolate-protected gold nanoclusters. SVB, SAN, and GUM were to describe generic
properties of the gold cores. Borromean ring model can illuminate the structure of the prototype cluster,
Au25(SR)18

-,18-20 whose six SR[Au(SR)]2 protection motifs and the icosahedral Au13 core are closely linked
through Borromean rings. However, it is di�cult to generalize the Borromean ring model to other thiolate-
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protected gold nanoclusters. In the TST model, a �ne energy balance between the core cohesive energy
and the shell-to-core binding energy was identi�ed. Despite of major progresses in the development of
various models to understand the stabilities of either the overall structures or the gold cores, a model that
can elucidate how the interfacial interaction dictates the unique structures of the protection motifs and
gold cores is still lacking, which hinders the tractable design of the thiolate-protected gold nanoclusters.

In this communication, we present development of a ring model, on the basis of comprehensive analyses
of all previous experimentally crystallized and theoretically predicted thiolate-protected gold nanoclusters,
to offer a deeper insight into the structure-interaction relationship for these nanoclusters. We show that
the nanoclusters can be decomposed into several fused or interlocked rings, namely, [Aum(SR)n] (m = 4 -
8, 10, 12, and 0 ≤ n ≤ m). These [Aum(SR)n] rings entail aurophilic interactions that play a key role to
stabilize the thiolate-protected gold nanoclusters. Furthermore, guided by the ring model and the
previously developed GUM, a new Au42(SR)26 isomer is predicted to have lower energy than two
crystallized isomers previously synthesized in the laboratory.

Results

Ring model: [Aum(SR)n] (m = 4 - 8, 10, 12, and 0 ≤ n ≤ m)
rings.
Development of the ring model is based on detailed analysis of structures of all 95 thiolate-protected gold
nanoclusters, and their atomistic structures were either determined from previous experiments (totally 41
crystallized structures) or predicted from density-functional theory (DFT) computation (totally 54
structures) over the past �fteen years. Several types of ring structures, i.e. [Aum(SR)n] (m = 4 - 8, 10, 12,
and 0 ≤ n ≤ m), have been identi�ed, as shown in Figures 1-6. In addition, the number of gold atoms in
the gold core (NAu-core), the number of elementary blocks (Neb) that the gold-core atoms belong to, the
number of gold atoms in the protection motifs (NAu), and the number of sulfur atoms in the protection
motifs (NS) are listed in Table 1. Note that in our previously developed GUM, the gold core of ligand-
protected gold nanocluster can be viewed as several elementary blocks (triangular Au3 and tetrahedral

Au4, both satisfying duet rule) fused or packing together.14-16

Table 1 The number of gold core atoms (NAu-core), the elementary
blocks (Neb) that the gold-core atoms belong to, the number of gold
atoms in the protection motifs (NAu), and the number of S atoms in
the protection motifs (NS) in [Aum(SR)n] (m = 4 - 8, 10, 12, and 0 ≤ n ≤
m) rings. For every ring class, two equations to describe the
relationship among NAu-core, Neb, NAu, and NS are also presented. The
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superscripts, 1a and 1b, in the table denote the corresponding ring
structures shown in Figure 1a and Figure 1b, respectively.
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Ring Class Speci�c Rings NAu-

core

Neb NAu NS Protection

Motifs

Equations

[Au4(SR)n]

(1 < n ≤ 4)

[Au4(μ3-
S)2(SR)2]1a

0 0 4 4 [Au4(μ3-S)2(SR)2]
ring

NAu = 4 – NAu-

core

NS = 4 – Neb[Au4(SR)3]1b 2 1 2 3 SR[Au(SR)]2

[Au4(SR)2]1c 3 2 1 2 SR[Au(SR)]

[Au4(SR)2]1d 4 2 0 2 2SR

[Au5(SR)n]

(1 ≤ n < 5)

[Au5(SR)4]2a 2 1 3 4 SR[Au(SR)]3 NAu = 5 – NAu-

core

NS = 5 – Neb
[Au5(SR)3]2b,2c 4 2 1 3 SR + SR[Au(SR)]

[Au5(SR)2]2d 4 3 1 2 SR[Au(SR)]

[Au5(SR)]2e 5 4 0 1 SR

[Au6(SR)n]

(0 ≤ n ≤
6)

[Au6(SR)6]3a 0 0 6 6 [Au6(SR)6] ring NAu = 6 – NAu-

core

NS = 6 – Neb
[Au6(SR)5]3b 2 1 4 5 SR[Au(SR)]4

[Au6(SR)4]3c 3 2 3 4 SR[Au(SR)]3

[Au6(SR)4]3d 4 2 2 4 2SR[Au(SR)]

[Au6(SR)3]3e 5 3 1 3 SR + SR[Au(SR)]

[Au6(SR)3]3f 4 3 2 3 SR[Au(SR)]2

[Au6(SR)3]3g 6 3 0 3 3SR

[Au6(SR)2]3h 5 4 1 2 SR[Au(SR)]

[Au6(SR)2]3i 6 4 0 2 2SR

[Au6(SR)]3j 6 5 0 1 SR

[Au6]3k 6 6 0 0 -

[Au7(SR)n]

(n = 4 or 5)

[Au7(SR)5]4a 4 2 3 5 SR[Au(SR)] +
SR[Au(SR)]2

NAu = 7 – NAu-

core
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NS = 7 – Neb[Au7(SR)4]4b 5 3 2 4 SR + SR[Au(SR)]2

[Au7(SR)4]4c 5 3 2 4 2SR[Au(SR)]

[Au8(SR)n]

(n = 4, 6, or
8)

[Au8(SR)8]5a 0 0 8 8 [Au8(SR)8] ring NAu = 8 – NAu-

core

NS = 8 – Neb
[Au8(μ3-
S)2(SR)4]5b

4 2 4 6 SR + SR[Au(μ3-
S)Au(SR)]2

[Au8(SR)4]5c 6 4 2 4 2SR[Au(SR)]

[Au10(SR)n]

(n = 4)

[Au10(SR)4]5d 8 6 2 4 2SR[Au(SR)] NAu = 10 –
NAu-core

NS = 10 – Neb

[Au12(SR)n]

(n = 4)

[Au12(SR)4]5e 10 8 2 4 2SR[Au(SR)] NAu = 12 –
NAu-core

NS = 12 – Neb

 

1. [Au4(SR)n] (1 < n ≤ 4) rings.
As shown in Figure 1, four types of [Au4(SR)n] (1 < n ≤ 4) rings are identi�ed. Except two R ligands, the
[Au4(μ3-S)2(SR)2] ring structure (Figure 1a) observed in the thiolate-protected gold nanocluster Au38(μ3-

S)2(SR)20 is the same as [Au4(SR)4] ring,21 either detected experimentally as an isolated form or observed

within the [Au8(SR)8] ring to form an Au12(SR)12 structure (Figure S1).22,23 The [Au4(SR)3] ring seen in
Au21(SR)15 (Figure 1b) can be formed by binding a SR[Au(SR)]2 protection motif (NAu = 2 and NS = 3) with

two gold atoms in a tetrahedron Au4 elementary block (NAu-core = 2 and Neb = 1).24 The [Au4(SR)2] ring
seen in Au20(SR)16 (Figure 1c) is formed by binding a SR[Au(SR)] protection motif (NAu = 1 and NS = 2)

with two gold atoms at the two ends of the bi-tetrahedron Au7 structure.25 So, three gold-core atoms
belong to the two tetrahedral Au4 elementary blocks (NAu-core = 3 and Neb = 2). While the [Au4(SR)2] ring
seen in Au38(μ3-S)2(SR)20 (Figure 1d) can be viewed as binding two SR motifs (NAu = 0 and NS = 2) with

four gold-core atoms in two triangular Au3 elementary blocks (NAu-core = 4 and Neb = 2).21 So, the values
of NAu-core, Neb, NAu, and NS in [Au4(SR)n] rings satisfy the two equations NAu = 4 – NAu-core and NS = 4 –
Neb (see Table 1). In addition, the structures of [Au4(μ3-S)2(SR)2] (Figure 1a) and [Au4(SR)2] (Figure 1d)
rings in the Au38(μ3-S)2(SR)20 cluster indicate a structural transformation from [Au4(SR)2] ring (Figure 1d)
to [Au4(μ3-S)2(SR)2] ring (Figure 1a), which can be achieved by adding two three-coordinated μ3-sul�do
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(μ3-S) atoms onto the two triangular Au3 elementary blocks that are bound with the [Au4(SR)2] ring
(Figure 1d)

2. [Au5(SR)n] (1 ≤ n < 5) rings.
In Figure 2, the [Au5(SR)4], [Au5(SR)3], [Au5(SR)2], and [Au5(SR)] rings are identi�ed from the crystallized

Au16(SR)12,26 Au30(SR)18,27 Au43(SR)25,28 and Au38(μ3-S)2(SR)20 clusters.21 The [Au5(SR)4] ring in Figure
2a is formed by combing a SR[Au(SR)]3 protection motif (NAu = 3 and NS = 4) with two gold-core atoms
belonging to a triangular Au3 elementary block (NAu-core = 2 and Neb = 1). The [Au5(SR)3] ring in Figure 2b
can be generated by combining one SR[Au(SR)] and one SR (NAu = 1 and NS = 3) with four gold-core
atoms belonging to two triangular Au3 elementary blocks (NAu-core = 4 and Neb = 2). The [Au5(SR)2] ring in
Figure 2c is formed by combining a SR[Au(SR)] protection motif (NAu = 1 and NS = 2) with four gold-core
atoms belonging to three tetrahedral Au4 elementary blocks (NAu-core = 4 and Neb = 3). While the [Au5(SR)]
ring in Figure 2d is formed by combining a SR protection motif (NAu = 0 and NS = 1) with �ve gold-core
atoms belonging to four tetrahedral Au4 elementary blocks (NAu-core = 5 and Neb = 4). Thus, the values of
NAu-core, Neb, NAu, and NS in [Au5(SR)n] (1 ≤ n < 5) rings satisfy two equations NAu = 5 – NAu-core and NS =
5 – Neb (see Table 1). Note that the interlocked structures containing [Au5(SR)n] rings have not been
found in the crystallized thiolate-protected gold nanoclusters. Although a theoretical structure Au24(SR)20

was proposed to contain the interlocked [Au5(SR)4] and [Au7(SR)6] rings (Figure S2),29 it has not been
con�rmed by experiment yet. Moreover, the [Au5(SR)5] ring has not been found in any thiolate-protected
gold nanoclusters yet, however, the Au10(SR)10 complex with two [Au5(SR)5] interlocked rings has been

seen in both experiment and simulations (Figure S3).30

Furthermore, in thiolate-protected gold nanoclusters with face-centered cubic (FCC) cores,26-28 the
[Au5(SR)n] ring is always located on the top of a tetrahedron Au4 elementary block, in which a special
gold atom (highlighted by a red circle in the tetrahedral Au4 elementary block) near the [Au5(SR)n] ring
does not bind with the SR motif, as shown in Figure 2a-2d. The average bond length between this special
gold atom and the gold atoms in the [Au5(SR)n] rings is 2.84 Å, indicating strong interactions between
them. Hence, the [Au5(SR)n] ring can be viewed as a protection motif, covering this special gold atom so
that it does not need to bind with an extra SR motif. For Au38(μ3-S)2(SR)20 with a body-centered cubic

(BCC) core,21 however, this special gold atom near the [Au5(SR)] ring no longer exists (Figure 2e) due to
the gold core with different symmetry.

3. [Au6(SR)n] (0 ≤ n ≤ 6) rings.
In Figure 3a-k, the [Au6(SR)6] ring in Au22(SR)18,31 [Au6(SR)5] ring in Au21(SR)15,32 [Au6(SR)4] ring in

Au28(SR)20 and Au23(SR)16
- clusters,33,34 [Au6(SR)3] ring in Au30(SR)18,Au36(SR)24,27,35 and Au68(SR)36
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clusters,36 [Au6(SR)2] ring in Au34(SR)22 and Au92(SR)44 clusters,37,38 [Au6(SR)] ring in Au92(SR)44

cluster,38 and [Au6] ring in Au40(SR)24 cluster are presented.39 Among them, only the [Au6(SR)6] ring in
Au22(SR)18 (Figure 3a) and the [Au6(SR)3] ring in Au68(SR)36 (Figure 3g) have not been observed in the
crystallized nanoclusters. The compositions of [Au6(SR)n] (0 ≤ n ≤ 6) rings are also analyzed in Table 1,
in which the values of NAu-core, Neb, NAu, and NS in the [Au6(SR)n] (0 ≤ n ≤ 6) rings also satisfy two
equations NAu = 6 – NAu-core and NS = 6 – Neb. Moreover, the same number of gold and sulfur atoms but
completely different compositions can be seen in the [Au6(SR)4] rings (Figure 3c and 3d), [Au6(SR)3] rings
(Figure 3e, 3f, and 3g), and [Au6(SR)2] rings (Figure 3h and 3i). Unlike the [Au4(SR)n] (1 < n ≤ 4) and
[Au5(SR)n] (1 ≤ n < 5) rings, the [Au6(SR)n] (0 ≤ n ≤ 6) rings tend to adopt the interlocked ring structures
with one Au atom being located at the center of the ring (Figure S4), very similar with the Au12(SR)12

composed of two [Au6(SR)6] interlocked rings (Figure S5).30

4. [Au7(SR)n] (2 < n < 5) ring.
In Figure 4a, the [Au7(SR)5] ring can be identi�ed in Au38(SR)24 nanocluster by combining one SR[Au(SR)]
and one SR[Au(SR)]2 (NAu = 3 and NS = 5) with four gold-core atoms belonging to two tetrahedral Au4

elementary blocks (NAu-core = 4 and Neb = 2).40 In Figure 4b and 4c, two types of [Au7(SR)4] rings, both

found in crystallized Au43(SR)25 nanocluster,28 can be formed, respectively, by combining one
SR[Au(SR)]2 and one SR (NAu = 2 and NS = 4) with �ve gold-core atoms belonging to two tetrahedral Au4

and one triangular Au3 elementary blocks (NAu-core = 5 and Neb = 3), and by combining two SR[Au(SR)]
(NAu = 2 and NS = 4) with �ve gold-core atoms belonging to three tetrahedral Au4 elementary blocks (NAu-

core = 5 and Neb = 3). Thus, the values of NAu-core, Neb, NAu, and NS in [Au7(SR)n] rings satisfy two
equations NAu = 7 – NAu-core and NS = 7 – Neb. It should be noted that one half of the [Au7(SR)4] ring
bypasses the middle of the bi-tetrahedron Au7 structure and the other half bypasses an end of Au7, while
the whole [Au6(SR)3] ring tends to bypass the middle of the bi-tetrahedron Au7 structure (Figure S6). This
difference can be attributed to difference in the arrangement of one gold-core atom in the two rings. In
addition, the [Au7(SR)4] ring tends to interlock with another two rings (Figure S7), different from the two
interlocked [Au6(SR)n] rings.

 5. Other larger rings including [Au8(SR)n] (n = 4 and 8),
[Au10(SR)4], and [Au12(SR)4].
In Figure 5, three larger rings, i.e. the [Au8(SR)8] ring in Au20(SR)16 cluster,25 [Au8(μ3-S)2(SR)4] ring in

Au38(μ3-S)2(SR)20 cluster,21 [Au8(SR)4] ring in Au28(SR)20 cluster,41 [Au10(SR)4] ring in Au72(SR)40

cluster,42 and [Au12(SR)4] ring in Au92(SR)44 cluster,38 are identi�ed. Among them, the [Au10(SR)4] ring has
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not been con�rmed by experiment yet. The [Au8(SR)8] ring can be seen in both thiolate-protected gold

nanocluster Au20(SR)16 and Au(I)-S complex Au12(SR)12 (Figure S8).25,30 As listed in Table 1, the
compositions of each ring in Figure 5 also satisfy two equations. In addition, the [Au8(SR)4], [Au10(SR)4],
and [Au12(SR)4] rings tend to interlock with another 2, 3, and 4 rings, respectively.

Discussion Of The Ring Model

1. The stabilities of [Aum(SR)n] rings.
In most of [Aum(SR)n] rings, the number of sulfur atoms is less than the number of gold atoms. In
isolated forms, these independent rings are unstable, contrary to the high stabilities of the elementary
blocks in the gold cores (as described by GUM).14-16 Although the structural decompositions of thiolate-
protected gold nanoclusters into [Aum(SR)n] rings are not re�ective of the electronic structure, the ring
model can be still helpful to understand the interfacial interactions between SR[Au(SR)]x (x = 0, 1, 2, 3, ...)
protection motifs and gold cores. Notably, the insu�cient number of sulfur atoms in [Aum(SR)n] rings can
actually be offset by the growth of the μ3-S onto the triangular Au3 to form the Au3(μ3-S) units or by the
growth of the four-coordinated μ4-sul�do (μ4-S) into the tetrahedral Au4 to form the Au4(μ4-S) units. As

shown in our recent work,43 the structural transformation from thiolate-protected nanoclusters to more
stable Au(I)-S complexes can be achieved by gradually adding the μ3-S and/or μ4-S motifs to the gold
core. Among these predicted complexes, the number of sulfur atoms eventually becomes balanced,
namely, there are the same number (6) of gold atoms as the sulfur atoms in each [Au6Sq(SR)6-q] ring
(integer q is the number of μ3-S and μ4-S atoms). Therefore, with the increment of the number of μ3-S and
μ4-S atoms, the transformation from the unstable [Aum(SR)n] rings associated with the thiolate-protected
nanoclusters to the stable [Aum(SR)m] rings associated with the Au(I)-S complexes can be achieved.

2. The atomic structures at the center of rings.
With the increment of the radii of rings, the atomic structures at the center of rings become increasingly
complex, as shown in Figure 6. No extra gold atoms at or near the center of the smallest [Au4(SR)3] ring
can be seen (Figure 6a). For the [Au5(SR)3] ring with a larger radius, there is one gold atom below the
center of the ring (Figure 6b), and the average bond length between the gold atom and the gold atoms in
the [Au5(SR)3] rings is 2.84 Å. While for the [Au6(SR)n] ring, one gold atom (Figure 6c) or a triangular Au3

(Figure 6d) located at the center of ring can be found. With further increase of the radii of the rings, there
are one, two, three and, four tetrahedral Au4 structures observed in the [Au7(SR)4], [Au8(SR)8], [Au10(SR)4],
and [Au12(SR)4] rings, respectively (Figure 6e-h). The same trend can also be observed in other rings.
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3. Non-ring structures associated with thiolate-protected
gold nanoclusters.
Besides the [Aum(SR)n] rings associated with the thiolate-protected gold nanoclusters, there are protection
motifs that do not exhibit the ring structures. For example, a SR[Au(SR)]2 motif should bind with the

Au(111) facet in Au36(SR)24 or with the Au(100) facet in Au42(SR)26,35,44 as shown in Figure 7a and 7b.

For the fused tetrahedron Au6 core with an Au-Au edge in Au42(SR)26,44 a SR[Au(SR)] motif is needed to
bind with two surface gold atoms (Figure 7c). These bonding modes between the protection motifs and
the gold core, as shown in Figure 7, are very common in the thiolate-protected gold nanoclusters, which
can be classi�ed as a supplemental information to understand the interfacial interactions between non-
ring SR[Au(SR)]x (x = 0, 1, 2, 3, ...) protection motifs and gold cores. 

Applications of [Aum(SR)n] (m = 4 - 8, 10, 12, and 0 ≤ n ≤
m) ring model

1. Structural decompositions.
According to the ring model, the complete structures of 95 thiolate-protected gold clusters can be
decomposed into several [Aum(SR)n] (m = 4 - 8, 10, 12, and 0 ≤ n ≤ m) rings that can be fused, or packed,
or interlocked together. Most of the crystallized and predicted structures up to date belong to this family
of nanoclusters. Two distinct structural decompositions of the crystallized Au24(SR)20 and Au40(SR)24

clusters are depicted in Figures 8 and 9 as examples,39,45 while decompositions of other clusters are
plotted in the Supporting Information. 

As shown in Figure 8, the Au24(SR)20 cluster is decomposed into two Au12(SR)10, fused together by
sharing two gold atoms. Here, some Au-Au bonds of the Au8 core are broken intentionally for clarity. Next,
the Au12(SR)10 can be further decomposed into two interlocked [Au6(SR)5] rings. Thus, the structure of
Au24(SR)20 can be viewed as four [Au6(SR)5] rings, fused or interlocked together. The larger Au40(SR)24

cluster can be decomposed into two interlocked structures Au24(SR)12 and Au16(SR)12 (Figure 9a). Next,
the Au24(SR)12 can be viewed as one [Au6] ring and six [Au6(SR)5] rings fused together by sharing three
gold atoms (Figure 9b), while the Au16(SR)12 can be viewed as three [Au6(SR)4] rings fused together by
sharing a gold atom (Figure 9c). So, the structure of Au40(SR)24 can be viewed as three [Au6(SR)4], one
[Au6], and six [Au4(SR)2] rings fused or interlocked together. For other 93 thiolate-protected gold clusters,
their structural decompositions based on the ring model are shown in Figures S9-S101.
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2. Understanding the structural stabilities of thiolate-
protected gold nanoclusters.
In Table 2, the average distance (d1) between the gold atoms in the atomic structures at the center of ring
and the gold atoms in the ring, and the average distance (d2) between two adjacent gold atoms in each
ring are given. The measured values of d1 and d2 for the Au4(SR)4, Au10(SR)10, and Au12(SR)12

complexes are also given in Table 2 for comparison. The very close d1 and d2 values of the rings and
complexes suggest that the aurophilic interactions play an important role in stabilization of the thiolate-
protected gold nanoclusters.46,47 Speci�cally, the role of protection motifs SR[Au(SR)]x (x = 0, 1, 2, 3, ...) is
not only for binding the surface gold atoms of the gold core via strong Au-S covalent bond, but also for
generating the [Aum(SR)n] rings with aurophilic interactions among the gold atoms within the rings.
Considering the ring model and GUM altogether, the stabilities of thiolate-protected gold nanoclusters can
be mainly attributed to the following four factors: (1) the high stabilities of the elementary blocks or
secondary blocks for the formation of the gold cores, (2) the aurophilic interactions between two
neighboring elementary blocks, (3) the strong Au-S covalent bonds, and (4) the aurophilic interactions
among the protection motifs and gold cores.

 

Table 2. The average distance d1 between the gold atoms in the
atomic structures at the center of ring, and the average distance d2
between two adjacent gold atoms in the ring of the thiolate-protected
gold nanoclusters. The measured values of d1 and d2 for Au4(SR)4,
Au10(SR)10, Au12(SR)12 complexes are also given for comparison.
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Rings d1/Å d2/Å

[Au4(SR)4] - 3.24

[Au4(SR)n] (1 < n < 4) - 3.23

[Au5(SR)5] - 3.60

[Au5(SR)n] (1 < n < 5) - 3.47

[Au6(SR)6] 3.44 3.49

[Au6(SR)n] (0 ≤ n ≤ 6) 3.20 3.56

[Au7(SR)4] (n = 4 or 5) 3.07 3.57

[Au8(SR)8] 3.06 3.56

[Au8(SR)n] (n = 4, 6, or 8) 3.27 3.32

[Au10(SR)4] 3.05 3.21

[Au12(SR)4] 3.00 3.02

 

3. Structural prediction.
Importantly, the ring model can be also used to predict new structures of the thiolate-protected gold
clusters. To this end, a gold core should be constructed �rst. Based on the GUM,14-16 the gold core of
ligand-protected gold nanoclusters can be viewed as several elementary blocks (either the triangular Au3

or tetrahedral Au4, both satisfying the duet rule) fused or packed together. As an example, here, a new
Au28 core composed of eight tetrahedral Au4 units can be constructed (Figure 10). Next, based on the ring
model, the protection motifs including four SR[Au(SR)]2, six SR[Au(SR)], and two SR can be easily added
to the Au28 core to yield a new Au42(SR)26 isomer, consisting of six [Au6(SR)3] and one [Au10(SR)4] rings
(Figure S46). DFT computation shows that this new isomer has lower energy than two crystallized
isomers reported previously,44,48 thereby giving credence to the effectiveness of the ring model for
predicting new and highly stable clusters.

Conclusion
In conclusion, a ring model is proposed to describe the interfacial interactions between SR[Au(SR)]x (x = 0,
1, 2, 3, ...) protection motifs and gold cores in thiolate-protected gold nanoclusters. A central concept of
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the ring model is that the gold nanoclusters can be decomposed into several [Aum(SR)n] (m = 4 - 8, 10, 12,
and 0 ≤ n ≤ m) rings, fused or interlocked together. The aurophilic interactions among these rings play
an important role in stabilizing the thiolate-protected gold nanoclusters. The ring model not only provides
a deep chemical insight into the interfacial interactions between protection motifs and gold core in
thiolate-protected gold nanoclusters, but also offers a simple way to construct and design new
nanoclusters for future con�rmation by experiments.
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Figure 1

The [Au4(μ3-S)2(SR)2] ring in Au38(μ3-S)2(SR)20 (a), [Au4(SR)3] ring in Au21(SR)15 (b), and two
[Au4(SR)2] rings in Au20(SR)16 (c) and Au38(μ3-S)2(SR)20 (d). The Au atoms in wine and S atoms in
yellow in [Au4(μ3-S)2(SR)2], [Au4(SR)3], and [Au4(SR)2] rings are represented by solid balls, and the other
atoms are denoted by lines. The tetrahedral Au4 and triangular Au3 elementary blocks that are connected
with the rings are �lled with green color. Au: wine and dark green; S: yellow. The R groups are omitted for
clarity.
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Figure 2

The top (upper panels) and side (lower panels) of [Au5(SR)4] ring in Au16(SR)12 (a), [Au5(SR)3] rings in
Au30(SR)18 (b), [Au5(SR)2] ring in Au43(SR)25 (c), and [Au5(SR)] ring in Au38(μ3-S)2(SR)20 (d). The Au
atoms in wine and S atoms in yellow in [Au5(SR)4], [Au5(SR)3], [Au5(SR)2] and [Au5(SR)] rings and Au
atoms in green in tetrahedral Au4 structures beneath the [Au5(SR)4], [Au5(SR)3], and [Au5(SR)2] rings are
represented by solid balls, and the other atoms are denoted by lines. The tetrahedral Au4 and triangular
Au3 elementary blocks that are connected with the rings are �lled with green color. A special gold atom
near the [Au5(SR)n] ring without binding with the SR motif is highlighted by a red circle. Au: wine and dark
green; S: yellow. The R groups are omitted for clarity.

Figure 3

The [Au6(SR)6] ring in Au22(SR)18 (a), [Au6(SR)5] ring in Au21(SR)15 (b), [Au6(SR)4] rings in
Au28(SR)20 (c) and Au23(SR)16- (d), [Au6(SR)3] rings in Au30(SR)18 (e) and Au36(SR)24 (f),
Au68(SR)36 (g), [Au6(SR)2] rings in Au34(SR)22 (h) and Au92(SR)44 (i), [Au6(SR)] ring in Au92(SR)44 (j),
and [Au6] ring in Au40(SR)24 (k). The Au atoms in wine and S atoms in yellow in [Au6(SR)n] (0 ≤ n ≤ 6)
rings are represented by solid balls, and the other atoms are denoted by lines. The tetrahedral Au4 and
triangular Au3 elementary blocks that are connected with the rings are �lled with green color. Au: wine
and dark green; S: yellow. The R groups are omitted for clarity.
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Figure 4

The [Au7(SR)5] ring in Au38(SR)24 (a) and two types of [Au7(SR)4] rings in Au43(SR)25 (b and c). The Au
atoms in wine and S atoms in yellow in rings are represented by solid balls, and the other atoms are
denoted by lines. The tetrahedral Au4 and triangular Au3 elementary blocks that are connected with the
rings are �lled with green color. Au: wine and dark green; S: yellow. The R groups are omitted for clarity.
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Figure 5

The [Au8(SR)8] ring in Au20(SR)16 (a), [Au8(μ3-S)2(SR)4] ring in Au38(μ3-S)2(SR)20 (b), [Au8(SR)4] ring
in Au28(SR)20 (c), [Au10(SR)4] ring in Au72(SR)40 (d), and [Au12(SR)4] ring in Au92(SR)44 (e). The Au
atoms in wine and S atoms in yellow in rings are represented by solid balls, and the other atoms are
denoted by lines. The tetrahedral Au4 and triangular Au3 elementary blocks that are connected with the
rings are �lled with green color. Au: wine and dark green; S: yellow. The R groups are omitted for clarity.
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Figure 6

Top (upper panels) and side (lower panels) views of the atomic structures (solid balls in dark blue) at the
center of rings, in which the Au atoms in wine and S atoms in yellow are represented by solid balls. Au:
wine and dark green; S: yellow. The R groups are omitted for clarity.

Figure 7

Top (upper panels) and side (lower panels) views of SR[Au(SR)]2 motif binding with the Au(111) facet
(solid balls in wine) in Au36(SR)24 (a), SR[Au(SR)]2 motif binding with the Au(100) facet (solid balls in
wine) in Au42(SR)26 (b), and SR[Au(SR)] motif binding with the Au6 structure (solid balls in wine) formed
by two fused tetrahedrons Au4 via sharing one Au-Au edge in Au42(SR)26 (c). Au: wine and dark green; S:
yellow. The R groups are omitted for clarity.
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Figure 8

The structural decompositions of Au24(SR)20 into four [Au6(SR)5] rings. Au: wine; S: yellow. The R
groups are omitted for clarity.

Figure 9

The structural decompositions of Au40(SR)24 into six [Au4(SR)2], one [Au6], and four [Au6(SR)5] rings.
Au: wine; S: yellow. The R groups are omitted for clarity.
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Figure 10

The structural prediction of a new Au42(SR)26 isomer based on the ring model and GUM. The rings and
Au(111) facets are �lled with green color. Au: wine and dark green; S: yellow. The R groups are omitted for
clarity.
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