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Electronic and geometric structures of Au30 clusters: A 

network of 2e-superatom Au cores protected by tridentate 

protecting motifs with u3-S† 

Zhimei Tian
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 and Longjiu Cheng*

a 

Density functional theory calculations have been performed to study the experimentally synthesized Au30S(SR)18 and two 

related Au30(SR)18 and Au30S2(SR)18 clusters. The patterns of thiolate ligands on the gold cores for the three thiolate-

protected Au30 nanoclusters are on the basis of the “divide and protect” concept. A novel extended protecting motif with 

u3-S, S(Au2(SR)2)2AuSR, is discovered, which is termed as tridentate protecting motif. The Au cores of Au30S(SR)18, Au30(SR)18 

and Au30S2(SR)18 clusters are Au17, Au20 and Au14, respectively. The superatom-network (SAN) model and superatom 

complex (SAC) model are used to explain the chemical bonding patterns, which are verified by chemical bonding analysis 

based on the adaptive natural density partitioning (AdNDP) method and aromatic analysis on the basis of nucleus-

independent chemical shifts (NICS) method. The Au17 core of Au30S(SR)18 cluster can be viewed as a SAN of one Au6 

superatom and four Au4 superatoms. The shape of the Au6 core is identical to that revealed in the recently synthesized 

Au18(SR)14 cluster. The Au20 core of Au30(SR)18 cluster can be viewed as a SAN of two Au6 superatoms and four Au4 

superatoms. The Au14 core of Au30S2(SR)18 can be regarded as a SAN of two pairs of two vertex-sharing Au4 superatoms. 

Meanwhile, the Au14 core is a 8e-superatom with 1S21P6 configuration. Our work may aid understanding and give new 

insights into chemical synthesis of thiolate-protected Au clusters. 

1. Introduction  

Thiolate-protected gold nanoclusters (Aum(SR)n) have been widely studied 

due to their interesting optical, electronic and charging properties, as well as 

potential applications in catalysis, biomedicine and nanoelectronics.1-5 The 

first breakthrough of the Aum(SR)n nanoclusters crystallization is the crystal 

determination of Au102(SR)44 reported by Kornberg group.1 Au25(SR)18
- cluster 

is another breakthrough, and the crystal structure of which is reported 

separately by two groups.6, 7 Subsequently, Au38(SR)24,8 Au36(SR)24,9-11 

Au28(SR)20,12 Au23(SR)16
−,13 Au24(SR)20,14 Au20(SR)16, Au18(SR)14,15, 16 

Au133(SR)52,17, 18 and Au130(SR)50,19 crystal structures are determined. 

Theoretical predictions of Au25(SR)18,20-22, Au38(SR)24,23-28 and  Au130(SR)50,29 

clusters have been reported by several groups and confirmed by 

experiments. 

     In 2013, Dass et al. reported the synthesis and separation of the green 

Au30(SR)18 cluster and got the formula.30 Later, this group31 synthesized the 

Au30S(SR)18 cluster and concluded that Au30(SR)18 cluster was converted to 

Au30S(SR)18 cluster during the crystallization. Zheng et al.32 also crystallized 

the Au30S(SR)18 cluster independently. The two works reveal the cluster with 

a novel u3-S bridging and thiolate co-protecting layer, which is the first 

report of u3-S bridging in Aum(SR)n nanoclusters. The u3-S bonding was 

suggested in the non-staple unit Au41(S-Eind)12 (Eind-SH is 1,1,3,3,5,5,7,7-

octaethyl-s-hydrindacene-4-thiol) cluster,33 and the u3-S surface motif has 

been observed in Au3Ag(µ3-O)(PPh2py)3
2+ cluster before.34 Such a u3-S 

bonding is theoretically predicted in AumSn
- and (Au2S)n clusters.35-37  

The appropriate aufbau rule of super shells for spherical Au 

clusters is |1S
2|1P

6|1D
10|2S

21F
14|2P

61G
18|… (S–P–D–F–G–H– denote 

angular-momentum characters), associated with magic numbers 2, 8, 

18, 34, 58, …. Häkkinen et al. proposed the superatom complex (SAC) 

model.2 According to the model, one determines the valence-electron 

count (V) of Aum(SR)n
q cluster (where q is the charge of the cluster) by 

V = m - n - q. Each gold contributes one valence electron and each SR 

localizes one electron; if there is S in cluster, each S localizes two 

electrons. The model provides a useful perspective to explain why 

certain compositions are stable. The SAC model has been successfully 

used to interpret the stability of Aum(SR)n nanoclusters with spherical 

shells and magic numbers.6, 38-40  

According to SAC model,2 Au30S(SR)18 cluster is a 10e-compound. Cheng 

and Yang41 proposed the superatom-network (SAN) model to explain the 

electronic stability of non-spherical shells of metal clusters. The electronic 

stability of the 4e thiolate-protected nanoparticles Au18(SR)14, Au20(SR)16 and 

Au24(SR)20 follows the SAN model and the Au8 cores of the three clusters 

should be viewed as two non-conjugate 4-center 2-electron (4c-2e) 

tetrahedral Au4 superatoms.41 The Au9
5+ core in experimentally determined 
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Au18(SR)14 cluster can be viewed as a unique combination of two fused 

octahedral Au6 superatom units according to the SAN model.15 

The “divide-and-protect” approach was originally proposed by Häkkinen 

et al.,23 that is, a Aum(SR)n cluster can be viewed as an Au core fully covered 

by various staple motifs (with known structures but different lengths). 

Staple motifs like Aux(SR)x+1 units are commonly observed in the surface 

protected layers of Aum(SR)n nanoclusters. Maksymovych et al. studied 

adsorption of methylthiolate on Au(111) and found Au adatom-induced self-

assembly via formation of a linear monomer bonding motif.42 Jadzinsky et al. 

found monomer and extended dimer units in Au102(SR)44, which they termed 

the “staple” motif.1 The dimer staple motif is also observed in the 

experimentally synthesized Au25(SR)18
-, Au38(SR)24,  Au28(SR)20 and Au36(SR)24 

clusters.6, 8, 11, 12 The trimer staple motif is revealed in Au28(SR)20 and 

Au23(SR)16
- clusters.11, 13, 43 The dimer and trimer motifs were predicted in 

small thiolated gold clusters.44 Tetramer motif has been theoretically 

determined to be part of the thiolated Au15 cluster,45 and then is revealed in 

the synthesized Au24(SR)20 and Au18(SR)14 clusters.14-16 The gold-thiolate rings 

such as Au8(SR)8 and Au6(SR)6 rings have been revealed in Au20(SR)16 and 

Au22(SR)18 clusters, respectively.46, 47 The bridging -SR ligand was first 

predicted from DFT calculations in Au13(SR)n (n = 4, 6, 8) clusters,48 and later 

revealed experimentally in Au23(SR)16
- cluster.13 

The “divide and protect” scheme has been widely used to predict 

Aum(SR)n clusters,7, 27, 49-51 which can be viewed as Au cores protected by 

protecting motifs. However, the size of the Au cores and the length of the 

protecting motifs are uncertain since the Au-Au distances in Au cores and 

those between Au cores and Au protecting motifs are similar. The recently 

synthesized Au30S(SR)18 is an interesting cluster with u3-S unit,31, 32 and the 

u3-S unit is viewed as a protecting motif. However, based on the “divide and 

protect” scheme and SAN model, we think that the u3-S should not be 

regarded as an actual ligand; rather it is S(Au2(SR)2)2AuSR that constitutes 

the protective unit. Herein the S(Au2(SR)2)2AuSR is termed as tridentate 

protecting motif, which is a new type of extended protecting motif with 

three branches. This work tries to give a new perspective of the Au30 cluster 

from its geometric and electronic structure based on “divide and protect” 

scheme and SAN model. The tridentate protecting motif enriches the family 

of motifs. We envision Au30S2(SCH3)18 cluster formed by addition of a second 

u3-S to Au30S(SCH3)18 cluster (methylthiolate is chosen for convenience). 

Considering Au30(SCH3)18 cluster is in C2 symmetry, if we add a second u3-S to 

it symmetrically, what structure will the cluster keep? On the other hand, 

the synthesis of body-centered cubic Au38S2(SR)20 nanocluster with two u3-S 

has been reported recently.52 Thus, it is natural for us to create 

Au30S2(SCH3)18 cluster. 

2. Computational methods 

2.1 Structure determination  

Starting from the experimental crystal structure of Au30S(StBu)18,31 

density functional theory (DFT) calculations have been carried out. Due 

to computational difficulty, we replace R group with CH3 in our 

calculations. The TPSS (Tao, Perdew, Staroverov, and Scuseria)53 

functional is used in DFT calculations, which has been proven reliable 

in prediction of Aum(SR)n nanoclusters,38, 54-56 with LanL2dz basis set 

used for Au which accounts for the relativistic effective core potentials, 

and 6-31G* basis set used for S, C and H atoms. Harmonic vibrational 

frequency analyses are carried out at the same level to confirm that 

the structures are true minima. The quality of self-consistent field 

(SCF) convergence tolerance is set with a convergence criterion of 1 × 

10-5 hartree on total energy and electron density, 2 × 10-3 hartree/Å on 

the gradient, and 5 × 10-3 Å on the displacement in our calculations. 

Symmetry type of the Au30 clusters is given at 0.01 Å tolerance. The 

calculations of molecular orbital (MO) and the natural bond orbital 

(NBO)57 analyses are also calculated at the same level. All calculations 

are carried out using the Gaussian 09 package.58 Molecular 

visualization is performed using MOLEKEL 5.4.59  

2.2 Adaptive natural density partitioning (AdNDP) 

method   

Chemical bonding analysis is performed using the adaptive natural 

density partitioning (AdNDP) method developed by Zubarev and Boldyrev.60, 

61 This method is widely used to analyse the chemical bondings in boron 

clusters,60, 62, 63 Au clusters64, 65 and Aum(SR)n nanoclusters.5, 66 The algorithm 

is a generalization of the natural bonding orbital analysis and is based on 

diagonalization of the blocks of the first-order density matrix on the basis of 

natural atomic orbitals. AdNDP analysis is dependent on the choice of the 

threshold values for the occupation numbers which is inherited from the 

parental NBO analysis. This method accepts only those bonding elements 

whose occupation numbers (ON) exceed the specified threshold values, 

which are usually chosen to be close to 2.00 |e|. AdNDP is based on the 

concept of the electron pair as the main element of chemical bonding 

models, which recovers both Lewis bonding elements (1c-2e and 2c-2e 

objects) and delocalized bonding elements (nc-2e) with n ranging from one 

to the total number of atoms in the whole molecule.  

2.3 Nucleus-independent chemical shifts (NICS) method 

Aromaticity is one of the most important concepts in chemistry, which 

can be applied not only to planar two-dimensional molecules but also to 

diverse structures of three-dimensional molecules.67 In 1996, nucleus-

independent chemical shifts (NICS) method was proposed as an 

aromaticity/antiaromaticity criterion by Schleyer et al,68 which uses the 

absolute magnetic shieldings as a magnetic index of aromaticity. NICS 

value is the most widely used quantitative measure for aromaticity. 

Negative NICS values mean aromaticity, whereas positive NICS values 

mean antiaromaticity. NICS is an effective aromaticity criterion, which 

has been successfully used to predict the aromaticity of aromatic 

hydrocardons,68 boron clusters, fullerenes,67 and all-metal compounds,69 

etc.  

 NICS values in this work are calculated with TPSS/Lanl2dz and 6-

31G* method through the gauge-including atomic orbital (GIAO) 

method70 implemented in Gaussian 09. NICS uses a ghost atom (termed 

‘‘bq’’ after the ghost Banquo in Shakespeare’s Macbeth), namely, one 

with no proton, neutron or electron, which is placed at any desired 

location.71 This ghost atom is nothing but a sensor for the magnetic 

environment at the point. The ghost atom senses the magnetic 

environment and reports the chemical shielding (absolute chemical shift) 

through the use of GIAO. The NICS value is taken to be the negative of 

the calculated shielding. 

3.Results and discussion 

Based on the crystal structure Au30S(StBu)18, we obtained the original 

structure of Au30S(SCH3)18. Then, the original structures of Au30(SCH3)18 

and Au30S2(SCH3)18 clusters are obtained by removing the u3-bridging S 
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and adding a second u3-bridging S, respectively. Then we optimize the 

clusters using TPSS functional. The structures of them are given in Fig. 1. 

3.1 Structures 

From Fig. 1, we can see that the geometric structures of the three Au30 

clusters are very novel. The HOMO-LUMO gap of Au30S(SCH3)18 cluster is 

1.25 eV, which is smaller than that of Au30S(StBu)18 cluster (1.37 eV, Fig. 

1a) computed by PBE functional.31 Dass et al. reported that the cluster 

features an Au20 core protected by a layer, that is, a combination of 

monomeric and trimeric gold-thiolate units, bridging thiolates, and a 

single u3-sulfur. Zheng et al. reported that the cluster consists of an Au22 

core capped by a mixed layer of staple Au-thiolate units, bridging 

thiolates and a μ3-S. In contrast, our results (Fig. 1b) reveal that the 

cluster is composed of an Au17 core protected by a combination of a new 

tridentate protecting motif S(Au2(SR)2)2AuSR with a μ3-S, two monomeric, 

two trimeric units and one bridging -SR on the basis of the “divide and 

protect” concept.23 Interestingly, the tridentate protecting motif has 

three branches, one AuSR and two Au2(SR)2, which is distinctly different 

from common staple motifs. The branching motif as a union protects the 

Au17 core in Au30S(SR)18 cluster. In this work, the three Au atoms 

connected by u3-S in Au20 and Au22 cores of previous reports are the 

compositions of the tridentate protecting motif. The tridentate 

protecting motif provides an alternative picture for the understanding of 

bonding in Au30S(SR)18 cluster. Au30(SCH3)18 cluster is in C2 symmetry and 

it is a 12e-compound with a HOMO-LUMO gap of 1.27 eV. According to 

the “divide and protect” scheme, Au30(SR)18 is viewed as 

Au20(Au3(SR)4)2(SR)2(Au(SR)2)4. It is composed of one Au20 core protected 

by two bridging SR, two Au3(SR)4 and four Au(SR)2. Note that the vertex-

sharing Au7 unit of the Au20 core is remarkably similar to the core of 

Au28(SR)20 cluster,12, 43 which has been pointed out earlier.31, 32   

From the analysis above, adding a u3-S to Au30(SCH3)18, the cluster 

changes to Au30S(SCH3)18, meanwhile, the Au20 core changes to Au17 core. As 

shown in Fig. 1, Au30S2(SCH3)18 cluster is in C2 symmetry, and it can be 

described as Au14(Au3(SCH3)4)2[S(Au2(SCH3)2)2AuSCH3]2 based on “divide-and-

protect” notation.23 The Au14 core resembles the core in Au28(SR)20 cluster.43  

As the addition of a second u3-S to Au30S(SCH3)18, the Au cores change from 

Au17 to Au14, indicating the Au cores become smaller. Au30S2(SCH3)18 is stable 

with a HOMO-LUMO gap of 1.35 eV. We have also optimized Au30S2(SR)18 

cluster with real ligand R=t-Bu. The results show that the cluster is stable 

with a HOMO-LUMO gap of 1.41 eV, and harmonic vibrational frequency 

analyses confirm that the structure is a true minimum. Although the 

Au30S2(SCH3)18 cluster has not been synthesized yet, it may be synthesized in 

future. The structural model of Au30S2(SR)18 is shown in Fig. 2. Remarkably, 

two tridentate protecting motifs are discovered, and the three terminal S 

legs of each S(Au2(SR)2)2Au(SR) anchor to three Au atoms of the farther 

vertex-sharing Au7 kernel (Fig. 2a). The tridentate protecting motif adopts a 

branching conformation, with average SR-Au-SR angle of 172.7° and 

Au−SR−Au angle of 93.3°. The tridentate protecting motif interacts with the 

neighbouring vertex-sharing Au7 kernel exclusively through Aumotif−Aukernel 

bonding. The average Au···Au distance of 3.11 Å indicates strong 

aurophilicity interaction between the motif and the neighbouring Au7 

kernel. Thus, the interaction modes between the tridentate protecting 

motifs and the Au14 kernel include both the “clamping” mode which has S-

Au kernel bonding between the motif and Au kernel, and the aurophilicity 

interactions. The two terminal S legs of the trimer staple motifs clamp to 

two Au atoms of the nearby Au7 kernel. By anchoring and clamping of the 

protecting motifs, the cluster can keep stable. In this work, the “divide-and-

protect” concept can be extended to tridentate protecting motif.  

3.1 Chemical bonding analysis 

To verify the structural prediction of the three Au30 clusters, the 

chemical bonding analysis is performed. Though there are ligand effects72-

74 on Au30 clusters when different ligands are used, here, we focus on the 

chemical bonding analysis. It is found that the structures do not change 

much when the -SCH3 group is replaced by -SH group, and the chemical 

bonding pattern of the Au cores do not change. Thus, we use -SH instead of -

SCH3 for simplicity and clarity in chemical bonding analysis, and this method 

- S + SAu30S(SCH3)18, C1

(1.25 eV)

Au30(SCH3)18, C2 Au30S2(SCH3)18, C2

(1.27 eV)                                               (1.35 eV)

crystal structure 
of  Au30S(StBu)18

(1.37 eV)

replace tBu
group with CH3

(a)

(b)

(c)                                         (d)

 

Fig. 1 (a) Single crystal XRD structure of Au30S(StBu)18 from ref 31, (b) the 

optimized structure of Au30S(SCH3)18 cluster, (c) the optimized structure of 

Au30(SCH3)18 cluster, (d) the optimized structure of Au30S2(SCH3)18 cluster. 

The clusters are obtained at the TPSS/LanL2dz (Au) and 6-31G* (S, C, H) 

level of theory. Au, red and yellow; S, baby blue and blue (u3-S); C, gray; H, 

white. Enclosed are HOMO-LUMO gaps of the clusters. 

 

(a)

(b)

+                                         +

tridentate protecting motifs                trimer staple  motifs                        Au14
6+ (8e)

2                                       2

 

Fig. 2 (a) Structure model of Au30S2(SR)18. R groups are removed for clarity. 

The S(Au2(SR)2)2Au(SR) and Au3(SR)4
 
oligomers are given as ball-and-stick 

models (Au: yellow; S: pink), in which the sticks are shown in different 

colors by their groups. The Au cores are shown as polyhedra. (b) Model of 

Au14
6+ core plus tridentate protecting motifs and trimer staple motifs. 
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has been used to study Au38(SR)24 and phosphine-protected Au20 clusters 

before.5, 75 

The binding framework of the valence shells of Au30S(SH)18 cluster using 

AdNDP is in Fig. S1, ESI†. According to the AdNDP analysis, there are 19 lone 

pairs (LP) on the 19 S atoms, 18 × 2c-2e localized S-H bonds with ONs = 1.98-

1.99 |e| and 39 × 2c-2e localized Au-S bonds with ONs = 1.82-1.95 |e|. The 

cluster follows the SAN (5 × 2e) model in electronic structure. AdNDP 

analysis (Fig. 3a) reveals one 6c-2e bond with ON = 1.77 |e| and four 4c-2e 

bonds with ONs = 1.62-1.65 |e|. This 4c-2e binding pattern is in accordance 

with the experimentally synthesized 4e compounds Au20(SR)16, Au24(SR)20 

and Au24(SeR)20 clusters.3, 14, 46, 76 The Au6 superatom exists in the recently 

experimentally produced Au18(SR)14 cluster.15, 16 To display the chemical 

bonding more clearly, we only analyse the Au17 core of Au30S(SH)18 cluster 

while keeping its geometric structure. The results of AdNDP analysis are 

shown in Fig. 3b. The Au17 core is a 5 × 2e  SAN, which consists of one Au6 

superatom and four Au4 superatoms. The ON in the 6c-2e bond is 1.90 |e|, 

while the four 4c-2e bonds with ONs = 1.64-1.74 |e|. 

Au30(SH)18 cluster follows SAN model (6 × 2e) in electronic structure, 

which can be viewed as a network of two Au6 superatoms and four Au4 

superatoms stapled by two SH, four Au(SH)2 and two Au3(SH)4 units. 

Meanwhile, the four Au4 superatoms are two vertex-sharing units which can 

be regarded as two Au7 cores. Fig. 4a displays the AdNDP localized natural 

bonding orbitals of the cluster. AdNDP analysis reveals two 6c-2e bonds with 

ON = 1.80 |e|, and four 4c-2e bonds with ONs = 1.62-1.64 |e|. Then we take 

Au20 core out of the cluster and analyze the chemical bonding pattern. The 

results of the AdNDP are shown in Fig. 4b. As shown in the figure, Au20 core 

can be viewed as a network of two Au6 and four Au4 superatoms. The ONs of 

the two 6c-2e bonds are 1.86 |e| and those of the four 4c-2e bonds are 

1.65-1.77 |e|. The vertex-sharing conformation of Au4 superatoms has been 

revealed in experimentally produced Au20(SR)16 and Au36(SR)24 clusters.46, 77  

Au30S2(SH)18 cluster follows SAN model (4 × 2e) in electronic structure, 

and it consists of a network of two pairs of vertex-sharing Au4 superatoms. 

AdNDP in Fig. 5a reveals four 4c-2e bonds in the cluster and the ONs = 1.64-

1.66 |e|. In order to clearly get the chemical bonding pattern of the cluster, 

we analyze the Au14 core of the cluster separately, and the results are shown 

in Figs. 5b and 5c. The Au14 core follows the SAN model, and it can be 

6c-2e bond                                4c-2e bond                              4c-2e bond

ON = 1.77 |e|                            ON = 1.63 |e|                           ON = 1.65 |e|          

4c-2e bond                                   4c-2e bond

ON = 1.62 |e|                               ON = 1.64 |e|

(a)                                                    

Au30S(SH)18, C1

6c-2e bond                                4c-2e bond                              4c-2e bond 

ON = 1.90 |e|                             ON = 1.73 |e| ON = 1.68 |e|

4c-2e bond                              4c-2e bond                               

ON = 1.64 |e|                            ON = 1.74 |e|

(b)                                                   

Au177+ 1 ×××× 6c-2e +  4 ×××× 4c-2e

1 ×××× 6c-2e +  4 ×××× 4c-2e

 

Fig. 3 (a) Structure, superatom-network model and AdNDP localized 

natural bonding orbitals of Au30S(SH)18. (b) Structure, superatom-network 

model and AdNDP localized natural bonding orbitals of Au17
7+ core of 

Au30S(SH)18 cluster. Au, yellow; S, baby blue and blue.  

6c-2e bond                             6c-2e bond                          4c-2e bond

ON = 1.86 |e| ON = 1.86 |e|                       ON = 1.77 |e|

4c-2e bond                               4c-2e bond                          4c-2e bond

ON = 1.65 |e| ON = 1.65 |e|                       ON = 1.77 |e|

Au20
8+ 2×××× 6c-2e + 4×××× 4c-2e

6c-2e bond                                 6c-2e bond                                  4c-2e bond

ON = 1.80 |e|                             ON = 1.80 |e|                               ON = 1.62 |e| 

4c-2e bond                                 4c-2e bond                                   4c-2e bond

ON = 1.64 |e|                              ON = 1.64 |e|                            ON = 1.62 |e| 

(a)                                               

Au30(SH)18, C2                               2 ×××× 6c-2e + 4×××× 4c-2e

(b)

 

Fig. 4 (a) Structure, superatom-network model and AdNDP localized 

natural bonding orbitals of Au30(SH)18. (b) Structure, superatom-network 

model and AdNDP localized natural bonding orbitals of Au20
8+ core of 

Au30(SH)18 cluster. Au, yellow; S, baby blue. 
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viewed as a network of four Au4 superatoms (Fig. 5b). The four Au4 

superatoms are two vertex-sharing units which can be regarded as two Au7 

cores. AdNDP analysis reveals four 4c-2e bonds with ONs = 1.74-1.75 |e|. In 

Au14 core, the four 4c-2e bonds can delocalize in the whole range. The Au14 

core has a valence electron count of 8, which follows the SAC model as well, 

with 1S21P6 configuration of free electrons as expected from the counting 

rule.2 AdNDP analysis reveals the fulfilled 1S
21P

6 superatom orbitals in the 

core (Fig. 5c), which includes 1 × 14c-2e super 1S LP and 3 × 14c-2e super 1P 

LPs with ONs = 2.00 |e|. Moreover, similar to Au28(SR)20,43 the superatomic 

orbitals can also be found in the molecular orbitals of Au30S2(SH)18 cluster 

(Fig. S3† in SI).  

3.2 Aromaticity 

To further confirm the structural prediction, NICS calculations are carried 

out. In 2001, Boldyrev and Wang et al. reported for the first time 

1×××× 14c-2e super LPs (S)                         3 ×××× 14c-2e super LPs (P)

ON = 2.00 |e|                                                  ON = 2.00 |e|

(c)                                                 

(b)

4c-2e bond                   4c-2e bond                 4c-2e bond               4c-2e bond 

ON = 1.75 |e| ON = 1.75 |e|              ON = 1.74 |e|             ON = 1.74 |e|

Au14
6+ 4×××× 4c-2e 

Au14
6+ 4×××× 14c-2e 

(a)                                                 

4c-2e bond                                             4c-2e bond

ON = 1.64 |e|                                         ON = 1.66 |e| 

4c-2e bond                                             4c-2e bond

ON = 1.66 |e|                                         ON = 1.64 |e| 

Au30S2(SH)18, C2 4 ×××× 4c-2e 

 

Fig. 5 (a) Structure, superatom-network model and AdNDP localized 

natural bonding orbitals of Au30S2(SH)18. (b) Structure, superatom-network 

model and AdNDP localized natural bonding orbitals of Au14
6+ core of 

Au30S2(SH)18 cluster. (c) Structure, superatom model and AdNDP localized 

natural bonding orbitals of Au14
6+ core of Au30S2(SH)18 cluster. Au, yellow; 

S, baby blue and blue.  
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Fig. 6 (a) NICSzz- and NICScc-scan curves of Au30S2(SH)18 cluster, (b) NICSxx-, 

NICSyy- and NICScc-scan curves of Au28(SR)20 cluster, (c) NICSxy-, NICSzz- 

and NICScc-scan curves of Au36(SR)24 cluster. NICSxx-, NICSyy- and NICSzz- 

are the scans along x, y and z axes, respectively; NICSxy-scan and NICScc-

scan are the scans in xy-plane and along the centers of the Au4 superatoms, 

respectively. The black dotted ovals in the figure signal the presence of Au4 

superatoms. 
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experimental and theoretical evidence of aromaticity in Al4
2-, an all-

metal compound.78 Rings with large negative NICS values are considered 

to be aromatic. The more negative the NICS values, the more aromatic 

the molecules are. The maximum negative value of NICS is found at the 

center of the Al4
2- ring, and the NICS values at the centers are better 

suited for evaluation of the aromaticity for all-metal species.79 σ-

aromaticity is the aromaticity due to σ-electron delocalization first 

developed by Dewar80 and later Exner and Schleyer.81 The aromaticity of 

the Au4 and Au6 superatoms in Au30S(SH)18 and Au30(SH)18 clusters is σ-

aromaticity due to 6d1 σ-electrons of Au atoms. The NICS values at the 

centers of Au4 superatoms range from -32.2 to -29.6 ppm, whereas 

those of Au6 superatoms vary from -17.1 to -16.6 ppm, indicating high 

aromaticity of the clusters. It is clearly that these values are much higher 

than that of the famous aromatic molecule C6H6 (-9.7 ppm). 68               

Stanger introduced the NICS-scan method,82 which is analogous to 

the aromatic ring center shieldings approach. Here, we employ NICS-

scan method to analyze the aromaticity of Au30S2(SH)18 cluster. Fig. 6a 

displays the NICS-scan curves for Au30S2(SH)18 cluster within the range of 

-5.0-5.0 Å. Note that NICS(0) position in the figure is the geometric 

center of the cluster. The green curve is obtained through scanning 

along two centres of the two non-conjugated Au4 superatoms (coined as 

NICScc-scan) and the red curve is the scan along z-axis of the cluster 

(coined as NICSzz-scan). From the figure, we can see that the 

acromaticity along the centres of the two Au4 superatoms is stronger 

than that along z-axis. The two black dotted ovals in the figure signal the 

presence of two independent Au4 superatoms. In other words, the 

superatoms can be demonstrated existing by NICScc-scan method, which 

gives extra support to SAN model. NICS-scan method has been used to 

support SAN model in Au20(SR)16 cluster before.41  

 In order to verify the proposition that the superatoms can be proved 

existing through NICS-scan method, we take Au28(SR)20 and Au36(SR)24 

clusters as two test cases. The Au14 core in Au30S2(SH)18 cluster and that 

in Au28(SR)20 resemble each other. Based on the AdNDP analysis of Pei et 

al.66, the Au14 and Au20 cores in Au28(SR)20 and Au36(SR)24 clusters can be 

viewed as networks of four and six Au4 superatoms, respectively. The 

NICS-scan curves of Au28(SR)20 are plotted in Fig. 6b. The green curve 

scans along two centers of the two non-conjugated Au4 superatoms, and 

NICS(0) position is set at the midpoint of the two centers of Au4 

superatoms. The aromatic properties along x-axis and y-axis within the 

range of -5.0-5.0 Å above the geometric center of the cluster are much  

weaker compared to NICScc-scan. Fig. 6c displays the NICS-scan curves 

of Au36(SR)24 cluster. NICS(0) position of NICSxy- and NICSzz-scan curves 

is the geometric center of the cluster, whereas that of the NICScc-scan 

curve is set at the mid-point of the two centers of the scanned Au4. 

Coincidently, NICSzz-scan curve is also the scan along two independent 

Au4 cores. From the figure, we can obtain that the two curves scanning 

along the centers of Au4 superatoms (NICScc- and NICSzz-scan) signal the 

Au4 superatoms, and the aromatic is more highly compared to NICSxy-

scan. As shown in the figure displayed in dotted oval, the aromaticity 

brought by four Au4 superatoms can be clearly seen. In a word, the Au4 

superatom can be proved existing based on NICS-scan method. The 

existence of the Au4 cores is demonstrated from the aromaticity point of 

view. 

4. Conclusions 

Based on the “divide-and-protect” scheme, the electronic and geometric 

structures of the three related Au30 clusters have been investigated by 

first principle study. The Au cores of Au30S(SR)18, Au30(SR)18 and 

Au30S2(SR)18 clusters are Au17, Au20 and Au14, respectively. This is 

supported both by chemical bonding analysis and aromatic analysis. The 

Au cores of the three clusters can de viewed as networks of 2e-

superatoms. A unique tridentate protecting motif with u3-S, 

S(Au2(SR)2)2AuSR, is revealed in Au30S(SR)18 and Au30S2(SR)18 clusters. The 

SAN and SAC models are used to characterize the bonding patterns of 

the three Au30 clusters. The Au17 core of Au30S(SH)18 cluster can be 

viewed as a superatom-network of Au6 and Au4 superatoms. The Au6 

superatom exists in the recently experimentally produced Au18(SR)14 

cluster, and the Au4 superatoms are present in experimentally 

synthesized Au20(SR)16, Au24(SR)20 and Au24(SeR)20 clusters. The Au20 core 

of Au30(SR)18 follows SAN model, and it can be viewed as a SAN of four 

Au4 superatoms and two Au6 superatoms. The Au14 core of Au30S2(SR)18 

cluster can be viewed as a SAN of four Au4 superatoms. Meanwhile, the 

Au14 core is a 8e-superatom with 1S21P6 configuration. Au30S2(SR)18 

cluster has two bitetrahedral Au7 cores, and such a Au7 kernel is 

associated with the experimentally determined structure of Au20(SR)16 

cluster.  

The NICS-scan method is used to analyze the aromaticity of 

Au30S2(SR)18 cluster, and we find that the Au4 superatoms can be clearly 

shown by NICS-scan curves which scan along two centers of Au4 

superatoms. In a word, the existence of superatoms in Aum(SR)n 

nanoclusters can be demonstrated from analysis of both chemical 

bonding and aromatic perspectives. We believe that our work will give 

new insights into the electronic structures and stability of the three Au30 

clusters. The concept of tridentate protecting motif can provide some 

references to the experimental synthesis of Aum(SR)n clusters in future. 
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