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ABSTRACT: Although there has been an upsurge of interest 
in anisotropic assembly of inorganic nanoparticles, atomically 
precise self-assembly of anisotropic metal clusters is extreme-
ly rare. Herein, we presented two novel silver nanoclusters, 
Ag52 (SD/Ag23) and Ag76 (SD/Ag24), which are interiorly 
templated by five MoO4

2- and a pair of Mo6O22
8- anions, re-

spectively, and co-protected by bridging RSH and terminal 
diphosphine ligands exteriorly. Regiospecific distribution di-
phosphine ligands on the surface and the arrangement of mul-
tiple molybdate templates within the nanoclusters synergeti-
cally tailor their shapes to anisotropic oblate spheroid and 
elongated rod, respectively. This work not only open up new 
avenues for the synthesis of silver nanoclusters with novel 
metal skeleton shapes and anisotropic surface structures, but 
also give important insights for the anisotropic growth of sil-
ver nanoclusters through surface modifications or/and tem-
plate organizations. 

Due to the close structure-property correlations, anisotropic 
nanoparticles have exhibited fascinating size- and shape-
dependent properties, thus pushing the anisotropic growth and 
assembly of nanoparticles to be an enthusiastically pursued 
area of exploration.1 However, down-sizing of them to 
nanoclusters caused the anisotropic assembly rather difficult 
owing to the inherently more complex assembly environments 
and the difficulty to achieve the atomically precise structures, 
especially for high-nuclearity metal clusters.2 Compared to 
ubiquitous isotropic spherical silver nanoclusters, anisotropic 
nanoclusters have regiospecific surface structures and metal 
skeleton shapes, thus defining regiospecific functionality sites 
such as catalysis active centers. Retrospecting the history of 
reported silver nanoclusters, we found most of them are spher-
ical or quasi-spherical,3-11 whereas only limited examples 
showed anisotropic geometries.12 Based on the inspirations 
from the anisotropic nanoparticles, understanding the coordi-
nation preferences of different ligands is probably the key for 
controlling the orientation and spatial arrangement of them to 
achieve anisotropic shapes,13 however, such task is still hard to 
be realized at the molecular level. As one of the most powerful 
tools, single crystal X-ray diffraction (SCXRD) can give 
atomically precise metal and ligand spatial arrangement land-
scapes. Thus, it is imperative to access the crystallography of 
these anisotropic silver nanoclusters to elucidate the overarch-
ing factors and local mechanisms leading to anisotropic as-

sembly. For mixed-ligands co-capped silver nanoclusters, dif-
ferent ligands dissimilar in their steric hindrance and coordina-
tion preference play different roles in the assembly so as to 
build the anisotropic nanoclusters. To address above-
mentioned challenges much more experimental evidences are 
needed, especially for the vivid single crystals structures of 
anisotropic silver nanoclusters. 

With these considerations in mind, we isolated two novel 
silver nanoclusters using RSH (tBuC6H4SH for SD/Ag23 and 
MeOC6H4SH for SD/Ag24) and dppm (dppm = Bis-
(diphenylphosphino)methane) ligands (Scheme 1). Their for-
mulae were confirmed as 
(HNEt3)10[(MoO4)5@Ag52S6(tBuC6H4S)20(dppm)10(MoO4)10] 
(SD/Ag23) and 
[(Mo6O22)2@Ag76(MeOC6H4S)28(dppm)8(MoO4)16(H2O)8·8CH

3OH·4CH3CN] (SD/Ag24). Two silver nanoclusters have fol-
lowing features: (a) Their metal shells and ligands show typi-
cal anisotropic shapes and regiospecific distributions, respec-
tively; (b) Both of them are formed by multiple molybdates 
(up to five MoO4

2- in SD/Ag23 and two Mo6O22
8- in SD/Ag24) 

templates; (c) Dppm as terminator ligates on the cyclic periph-
ery of disc-like Ag52 and two ends of rod-like Ag76 nanoclus-
ters. 

Scheme 1. Synthetic Routes for SD/Ag23 and SD/Ag24. 

 

Details of the synthesis and some basic characterizations for 
them are shown in the Supporting Information (SI). The mo-
lecular structures of SD/Ag23 and SD/Ag24 were determined 
by SCXRD analysis (Table S1). They crystallize in monoclin-
ic C2/m and tetragonal I-4 space groups, respectively. 
SD/Ag23 is an anionic oblate nanocluster with a C2h symmetry. 
The asymmetric unit of SD/Ag23 contains a quarter of Ag52 
cluster. SD/Ag23 is an oblate spheroid composed of 52 silver 
atoms, 10 dppm, 20 tBuC6H4S

- ligands, 6 S2- and 15 MoO4
2- 

anions (Figure 1a and 1b). The equatorial and polar diameters 
of SD/Ag23 is 2.9 and 1.8 nm, respectively, if removing the 
organic shell, they are 1.8 and 0.8 nm, respectively. The 52 Ag 
atoms can be divided into two categories: 2 Ag atoms (Ag1 
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and Ag1i) in the inner of the cluster along the polar radius and 
50 Ag atoms on the surface, which can be seen as a layer-by-
layer motif with totally five layers (Figure 1c). Each layer 
from pole to equator to opposite pole contains 5, 10, 20, 10, 5 
silver atoms, thus forming metallic 5-, 10- and 20-gons, analog 
to latitude lines on the oblate spheroid. The adjacent polygons 
are further linked by tBuC6H4S

- and MoO4
2- anions as well as 

the argentophilic interactions14 in the range of 2.858(5)-
3.370(2) Å. Alternatively, the skeleton of Ag50 shell is com-
posed of two pentagons at two poles with each rounded by 
five alternate squares and trigons, ten squares and ten boat-like 
hexagons near to equator region (Figure 1d), that is total 10 
trigons, 20 squares, 2 pentagons, 10 hexagons. 

 

Figure 1. (a) and (b) The X-ray crystal structure of Ag52 nanoclusters 
viewed along two orthogonal directions. (c) The layer-by-layer structure 
of 52-silver-skeleton. Different layers are highlighted individually by 
different colors. Two green balls along the polar radius direction are two 
interior Ag atoms. (d) The Ag50 shell composed of diverse polygons. One 
boat-like hexagon, pentagon, tetragon and trigon were highlighted by bold 
black, yellow, red and blue bonds, respectively. Five interior and ten exte-
rior MoO4

2- anions are represented by green and cyan polyhedral. 

All dppm ligands as µ2 bridges seal the cyclic periphery of 
Ag52 cluster (Ag-P distances: 2.374(6)-2.383(7) Å), whereas 
20 tBuC6H4S

- ligands cover on the 20 Ag4 squares of oblate 
spheroid up and down in a unified µ4 mode (Ag-S distances: 
2.268(9)-2.908(5) Å), which gives an anisotropic distributions 
for tBuC6H4S

- and dppm ligands. Totally 15 MoO4
2- anions are 

found both inside and outside of Ag52 cluster, of which five 
(green polyhedra in Figure 1d) in the cavity as anion templates 
adopt a unified µ8-η

2:η2:η2:η2 mode to support the Ag52 cluster 
(Figure S1) and the other ten (cyan polyhedra in Figure 1d) 
coordinate to the equator region in µ7-η

2:η3:η2:η0, µ5-
η2:η3:η0:η0, or µ6-η

2:η2:η2:η0 mode where dppm ligands are 
alternately arranged with MoO4

2-. Two µ3-S
2- ions (S7 and S7i) 

sit on two poles of oblate spheroid and bind to two interior Ag 
atoms to from the central axis (S7-Ag1-Ag1i-S7) along the 
polar radius direction (Figure S2), whereas the other four µ2-
S2- locate in the inner of Ag52 cluster near to the equatorial 

plane (Figure S3, Ag-S distances: 2.669(6)-2.834(8) Å). These 
S2- ions should be in situ generated from the C-S bond 
cleavage of tBuC6H4SH ligands as seen in similar assembly 
systems.7,14c (symmetry code: i = -x+1, -y+1, -z) 

 

Figure 2. (a) The molecular structure of Ag76 nanocluster. (b) and (c) Two 
orthogonal views of skeleton of Ag76 nanocluster with inner four and 
shared four silver atoms highlighted by green and blue, respectively. (d) 
Two Mo6O22

8- templates caged in a Ag76 nanocluster. The green tetrahedra 
are 16 MoO4

2- anions on the surface. (e) Anisotropic distributions of dppm 
and MeOC6H4S

- ligands around the Ag76 shell simplified to a yellow pil-
lar. 

More striking, not only the numbers of Ag atoms in each 
layer but also the numbers of dppm, tBuC6H4S

- ligands and 
MoO4

2- ions are 5 or multiples of 5, which imposes a quasi-
five-fold symmetry of the overall oblate spheroid (Figure S4). 
As we know, the odd orders of symmetry are disfavored,15 
thus artificial molecular clusters with 5- even 7-fold symmetry 
were still rare,16 although such symmetries have been found in 
biomacromolecules.17  

When changing the bulk tBuC6H4SH to MeOC6H4SH, a 
rod-like Ag76 cluster was isolated. SCXRD analysis revealed 
that it sits on the crystallographic inversion center (i) that is 
passed by a crystallographic 4-fold axis (C4), giving the Ag76 
nanocluster a S4 symmetry. The asymmetric unit of SD/Ag24 
contains a quarter of Ag76 cluster and one CH3OH and CH3CN 
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molecules. The SD/Ag24 is a neutral nanocluster with a long 
rod geometry. As shown in Figure 2a, this 76-nucleus 
nanocluster is template by two Mo6O22

8- anions in the interior 
and capped by 8 dppm, 28 MeOC6H4S

-, 16 MoO4
2-, 8 aqua 

ligands on the surface. The diameter of square cross-section 
(Figure 2b) and length of SD/Ag24 is 2.3 and 3.5 nm, respec-
tively, if removing the organic shell, they are 1.0 and 2.4 nm, 
respectively.  

Among 76 Ag atoms shown in Figure 2c, four locate in the 
nanocluster (green balls), thus the outer shell of SD/Ag24 con-
tains only 72 Ag atoms. The Ag76 cluster can be seen as two 
40-nucleus cages mutually rotated by 90o then fused together 
by sharing four silver atoms (blue balls) at the waist section of 
the cluster. The Ag···Ag distances within the argentophilic 
interaction range are 2.8487(10)-3.3604(10) Å. Within the 
cluster, two in situ generated bicubane Mo6O22

8- anions from 
Na2MoO4 act as templates to support the cluster through Ag-O 
interactions (Figure 2d). For each Mo6O22

8- anion 26 silver 
atoms are coordinated to it with the Ag-O distances of 
2.271(6)-2.563(6) Å (Figure S5). Notably, such bicubane 
Mo6O22

8- anion has only been observed in a Ag58 mango-like 
nanoclusters,18 but only one was trapped. Sixteen MoO4

2- ani-
ons were found on the surface of the Ag76 cluster, six (µ7-
η2:η3:η2:η0, µ8-η

3:η3:η2:η0, and µ5-η
2:η3:η0:η0) on each end of 

the cluster and four (µ6-η
2:η3:η1:η0) on the waist region. All 

MeOC6H4S
- ligands are coordinated at the rod body region, 

forming a five layers distribution. Each MeOC6H4S
- ligand 

caps on the irregular Ag4 quadrangle with a unified µ4 mode 
(Ag-S distances: 2.451(2)-2.730(2) Å). The numbers of 
MeOC6H4S

- ligands in each layer from one end to another are 
4, 8, 4, 8, 4. Eight dppm ligands are anchored on both ends of 
rod equally (Figure 2e). There are additional eight aqua lig-
ands on the surface to finish the coordination geometry of 
silver atoms. To the best of our knowledge, this nanocluster is 
the largest silver nanocluster templated by molybdates. 

Notably, both Ag52 and Ag76 nanoclusters clearly exhibit 
anisotropic shapes and ligands distributions, which should be 
caused by the synergetic effects from anion template and lig-
and category. The overall arrangement of multiple anions in 
the interior dominate the geometries of silver nanoclusters. On 
the other hand, the differences in coordination preferences and 
steric hindrances between RSH and dppm give them selective-
ly covered on the specific regions, forming the regiospecific 
organic coatings. In details, the anisotropic shape of Ag52 
nanocluster is benefited from the circular arrangement of mul-
tiple MoO4

2- anion templates which dictates the cyclic profile 
of Ag52 nanocluster that is further shaped by the bulker 
tBuC6H4S

- ligand and terminator dppm ligands to form a dis-
crete oblate spheroid, similar to a round fragment cut from a 
2D layer. The linear arrangement of a pair of Mo6O22

8- anion 
decides the final shape of Ag76 nanocluster to be a rod which is 
covered by five-layered MeOC6H4S

- ligands on the body of 
rod and further polymerization is terminated by dppm at both 
ends. The longer diphosphines such as 1,4-
bis(diphenylphosphino)butane (dppb) disfavor to the for-
mation of such kind of anisotropic Ag clusters as compared to 
previously reported tetrahedral Ag24 clusters.19 

The positive-ion ESI-MS of SD/Ag23 dissolved in CH2Cl2 
shows four dominated +3 signals (1a-1d, Figure 3). The most 
dominated peak at m/z = 5184.17 corresponds to 
[(HNEt3)9(MoO4)5@Ag52S6(tBuC6H4S)20(dppm)12(MoO4)8(H2

O)5(CH2Cl2)7]
3+ (1d, calcd. m/z = 5184.08), whereas species 1c 

has the same core [(MoO4)5@Ag52S6] but with different num-
ber of outer ligands compared with 1d (exp. m/z = 4914.66; 

calc. m/z =4914.70), which indicated the core of SD/Ag23 can 
keep integrity in CH2Cl2. However, another two species with 
lower abundance, 1a and 1b, were also detected at lower m/z 
range, indicating the equilibrium between parent cluster and 
some fragments in solution. By matching the experimental and 
simulated isotope distributions, we ascribed two fragments to 
[(HNEt3)2(MoO4)5@Ag39S6(tBuC6H4S)12(dppm)8(MoO4)2(H2O
)3(CH2Cl2)5]

3+ (exp. m/z =3342.11; calc. m/z =3342.19) and 
[(HNEt3)2(MoO4)5@Ag40S6(tBuC6H4S)13(dppm)8(MoO4)2(H2O
)9(CH2Cl2)2]

3+ (exp. m/z =3384.15; calc. m/z =3384.25), re-
spectively. The details of assigned formulae for 1a-1d were 
listed in Table S3. We also checked the mother solution after 
reaction by ESI-MS (Figure S11) to explore the possible in-
termediates to the final Ag52 cluster in the solid state. The 
positive-ion ESI-MS showed only two species (1a’ and 1b’) in 
the m/z = 2000-3000 range and both are much smaller frag-
ments with core compositions of [(MoO4)5@Ag23S2] and 
[(MoO4)5@Ag24S2], respectively (Table S4), which suggests 
that the formation of SD/Ag23 may follow a core-expansion 
route from the inside out around five inner MoO4

2- templates. 

 

Figure 3. (a) Positive-ion ESI-MS of SD/Ag23 dissolved in dichloro-
methane. Insets show the experimental (black line) and the simulated (red 
line) isotopic distribution patterns of 1a-1d. 

For SD/Ag23, an emission peak was observed in NIR re-
gion at ca. 775 nm (λex = 365 nm, Figure 4). The red light 
emission of SD/Ag23 should be assigned to a ligand-to-metal-
charge-transfer (LMCT, S 3p→Ag 5s) transition mixed with 
cluster-centered transitions.20 When cooling to lower tempera-
ture, the maximum emission wavelength has barely change, 
but the emission intensity gradually increases. 

 

Figure 4. The emission spectra of SD/Ag23 recorded from 93 to 293 K. 
Insets show the photographs of sample SD/Ag23 under a hand-held UV 
lamp (365 nm) at 298 and 77K. 

In conclusion, we synthesized and characterized two un-
precedented mixed ligands co-protected Ag52 and Ag76 
nanoclusters that are interiorly templated by five MoO4

2- and a 
pair of bicubane Mo6O22

8- anions, respectively. Regiospecific 
distribution of diphosphine ligands on the surface and the ar-
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rangement of multiple molybdate templates within the 
nanoclusters synergetically tailor their shapes to anisotropic 
oblate spheroid and elongated rod, respectively. This work not 
only rich the anisotropic silver clusters but also give important 
insights for the anisotropic growth of silver nanoclusters 
through surface modifications or/and template organizations. 
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