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In core-shell silver nanoclusters, the control of core structure presents a more formidable challenge com-
pared to that of the shell structure. Here, we report the successful synthesis and characterization of
four distinct silver thiolate nanoclusters [MS;@Ag, @Ag46S,4(dppb)i2] (M=Mo or W), each incorporat-
ing a cup-like [MS;@Ag;;]%+ kernel. These nanoclusters were meticulously prepared using (NH4);MoS,
or (NH4),WS, as both a template and a controlled source of S?~ ions. Remarkably, we have observed
a unique configuration within these eight-electron superatomic Agsg nanoclusters, where the zero-
valent Ag atoms reside exclusively within the inner [MS,@Ag;;]>* kernel. This stands in contrast to
other superatomic clusters possessing an Ag(0) core. Notably, the introduction of phenyl-containing
compounds during the synthesis process induced a transformation in the space group symmetry from
C2/c to I4. This transformative effect was found to originate from the interplay between adjacent 1,4-
bis(diphenylphosphino)butane (dppb) ligands, which facilitated enhanced emission through aggregation-
induced intermolecular interactions, specifically C—H---7r interactions. Collectively, our findings contribute
substantively to the understanding of the intricate relationship between nanocluster structures and their
corresponding properties, shedding light on the crucial roles played by templates and diphosphine lig-

ands in this context.

© 2024 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

Atomically precise metal nanoclusters (NCs) have garnered sig-
nificant attention in both fundamental and applied sciences, owing
to their exceptional physical and chemical properties. These NCs
have been extensively studied in areas such as catalysis [1], op-
tics [2] and magnetism [3]. The precise atomic arrangement within
these clusters offers a unique platform for investigating the intri-
cate relationship between structure and properties [4]. However,
achieving precise control over the properties and functionalities
of these NCs by manipulating atoms and molecules within their
crystal structures remains a significant challenge [5]. In recent
years, template-assisted synthesis of NCs has emerged as a promis-
ing approach, primarily due to its potential for achieving struc-
tural predictability [6-8]. Unlike conventional surface-protecting
ligands such as thiols [9,10], phosphines [11,12], alkynyls [13,14],
and calixarenes [15,16], templates enable the aggregation of mul-
tiple metal cations, leading to the formation of cluster species
with captivating structures and diverse properties [17]. This avenue
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opens up exciting opportunities for exploring novel NC structures
and uncovering their associated properties.

In previous studies, a diverse set of templates has been ex-
plored for the construction of high-nuclear silver clusters. This in-
cludes silver sulfide units [18], halogens [19,20], rare earth ions
[21], acid anions [22,23], and oxometalates [24]. Among them,
polyoxometalates, characterized by an abundance of terminal oxy-
gen atoms and high charge densities, have emerged as partic-
ularly effective templates for facilitating the aggregation of ad-
ditional [6,7]. In a significant contribution, Wang et al. demon-
strated that the addition of PhCO,H triggers the transformation
of [MogO,3@Agsg] into [MogO,, @Agy4] cluster [25]. Similarly, Shen
et al. highlighted the role of anionic templates in tuning the pho-
toluminescence (PL) properties of Agss clusters [24].

Conversely, there has been mounting research interest in
mixed-valence Ag(0)/Ag(l) silver nanoclusters due to their intrigu-
ing structures and unique physicochemical properties. However,
these clusters often suffer from poor stability attributed to the
presence of partial Ag(0) characters [10,26,27]. To address this, im-
proved synthetic approaches involving co-protection of various lig-
ands, especially thiolates and phosphines, have proven effective in
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enhancing the stability of silver clusters such as Agyg [12], Ags0
[28], Agss [29], Agso [30], Age7 [11], Agys [31].

Despite these advancements, there remains a dearth of inves-
tigations focusing on the incorporation of templates in mixed-
valence Ag(0)/Ag(l) clusters. Wang et al. observed that the forma-
tion of octahedral Agg** kernel and various molybdates can be dis-
rupted by the presence of N,N-dimethylformamide (DMF) solvent
[32]. Furthermore, Duan et al. identified the crucial roles played by
oxometalates and phosphines in the formation of twenty-electron
silver nanoclusters [33]. Additionally, Liu et al. reported the utiliza-
tion of AggS unit as a template in the synthesis of Agys clusters
[34]. Jin et al. uncovered the presence of Ag4S1, kernel in Agg,S1
clusters and Agi4S¢3 kernel in Agg,Sq3 clusters, leading to different
numbers of valence electrons and subsequent variations in their
PL properties [35,36]. Lastly, Wang et al. successfully synthesized
AgsZ4@Ag36 (Z=S or Se) clusters [37] through the controlled intro-
duction of Ph3CSH or Ph;PSe, which gradually release S2- or Se?~.

We have devised innovative strategies for the synthesis of a
novel class of Ag NCs, utilizing NaBH4 as the reducing agent. In our
synthetic approach, (NH4);MS; (M=Mo or W) serves a dual role
as both a template and a slow-release reagent for S2~ ions, while
dppb acts as protective ligands, imparting stability to the NCs.
Through meticulous isolation and characterization efforts, we have
successfully identified and confirmed the formulas of four distinct
silver nanoclusters: [(MoS4)@Ag, @Ag46S,4(dppb)q2] (1: C2/c space
group; 3: 14 space group), [(WS4)@Ag1@Ag465,4(dppb)ip] (2: C2/c
space group; 4: [4 space group). In contrast to most other super-
atomic nanoclusters where the zero-valent Ag atoms occupy cen-
tral positions, the distinctive feature of these eight-electron super-
atoms lies in the MS,2~ (M=Mo or W) template positioned at
the center. The zero-valent Ag atoms of these Agsg NCs are situ-
ated within the inner [MoS,@Ag;,]** kernel. Notably, intermolec-
ular C—H.--7r interactions between adjacent clusters can induce a
space group transformation from C2/c to I4, further elucidating the
structural intricacies. An intriguing observation is the aggregation-
induced emission enhancement (AIEE) exhibited by these silver
nanoclusters. By reducing the polarity of the solvent or introducing
compounds containing phenyl groups, we achieve AIEE, amplifying
their luminescent properties.

The novel silver NCs 1-4 were successfully synthesized using
a convenient one-pot method, and detailed experimental proce-
dures can be found in Supporting information. Single-crystal X-ray
diffraction (SCXRD) analysis revealed that the main structural mo-
tifs of 1 and 2 were analogous to those of NCs 3 and 4, albeit with
different space group symmetry; specifically, 1 and 2 exhibited the
C2/c space group, while 3 and 4 adopted the I4 space group. Com-
prehensive crystallographic data and structure refinement details
for 1-4 are provided in Tables S1 and S2 (Supporting information).

Crystals of 1-4 exhibit high solubility in MeOH and CH,Cl,,
enabling a detailed investigation of their solution behaviors
through electrospray ionization mass spectrometry (ESI-MS). In
the positive ion mode ESI-MS analysis of 1, a distinct peak at
m/z=4128.50 corresponding to the three-charge state [1b]3+ was
observed. This peak can be confidently attributed to the species
[(M0S4)@Ag1, @Ag45S,4(dppb)y; + 3Ag™ + CH,Cly +CH3OH]3+ (sim.
m/z=4128.39). Furthermore, the peak at m/z=3123.53, cor-
responding to the four-charge state [1a]*t, was identified as
[(M0S4)@Ag1>@Ag46S24(dppb)yy +4Ag* + CH,Cl, + CH;OH]4* (sim.
m/z=3123.52). Similarly, in the positive ion mode ESI-MS analysis
of 2, prominent peaks at m/z=3061.67 ([2a]**), 4118.54 ([2b]*™),
and 4129.19 ([2c]*t) were observed. These peaks correspond
to the species [(WS4)@Ag1,@AgssS,4(dppb)iy +2Ag™ +2HT |4
(sim. m/Z=306284), [(WS4)@Aglz@Ag46524(dppb)1] -‘1-:?IAg+]3+
(sim. m/z=4118.41), and [(WS4)@Ag»@Ag46S,4(dppb)y; +3Ag™ +
CH;OH|3* (sim. m/z=4129.09), respectively (Fig. 1 and Fig. S1 in
Supporting information). Importantly, these species arise from the
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Fig. 1. Experimental isotope distributions of selected peaks for (a) 1 and (b) 2 (pos-
itive ion mode, dissolved in CH30H and CH3CN).

incorporation of three Ag* ions and solvent molecules subsequent
to the removal of a single dppb ligand from the pristine cluster.
These assignments are consistent with the data obtained from
single-crystal X-ray diffraction analysis. Other characterizations
including elemental analysis (EA), powder XRD, thermogravimetric
(TG) analysis, Fourier-transform infrared (FT-IR) spectra, and X-ray
photoelectron spectroscopy (XPS) were analyzed in Figs. S2-S5
(Supporting information).

Single-crystal X-ray analysis revealed that NCs 1-4 are neutral
silver nanoclusters consisting of 58 Ag atoms. They exhibit a tetra-
hedral structural motif, comprising a central MS,2~ (M =Mo or W)
template, twenty-four bridging S~ ions, and twelve dppb ligands.
The MS, tetrahedron containing the Mo or W atom exhibits disor-
der, indicating significant vibrational motion within the tetrahedral
framework at low temperatures. Although the structures of all four
NCs are similar, a detailed description will be provided for 1 for
clarity. In order to enhance visual understanding, Fig. 2 depicts a
schematic representation of the crystal structure, with the average
positions of the Mo atoms.

As depicted in Fig. 2, NC 1 features a multi-shell core architec-
ture encapsulating a [MoS;@Ag, @Ag46S,4(dppb);;] motif. Notably,
the encapsulated MoS42~ anion template is housed within an ir-
regular Agq, shell, distinct from the conventional M, (M =Au or
Ag) icosahedral structures reported in previous literature [27,38].
This observation highlights the substantial structural influence ex-
erted by the introduction of templates on the core architecture.
Each of the four S atoms from the template is coordinated to
three Ag atoms, leading to the formation of the MoS,@Ag;, kernel,
characterized by argentophilic Ag—Ag bond distances ranging from
2.870A to 3.217 A. The observed Ag—Syo (Smo = sulfur atom of the
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Fig. 2. (a) MoS4?~ anion template. (b) Cup-like [MoS;@Ag;]?>* kernel (MoS,
tetrahedra are highlighted in pink). (c) "Wind blade"-like AggSs unit of AgssSi4
shell. (d) "Windmill" shaped Ag4S24 shell. (e) Multishelled core architec-
ture of [MoS;@Ag,@Ag4sS24] skeleton. (f) Overview of the total structure of
[MoS,@Ag 1, @Ag46S24(dppb)s2]. Color codes: Mo, brown; Ag, green and dark blue;
S, orange and yellow; P, purple; C, gray; Hydrogen atoms are omitted for clarity.

MoS4%~ anion template) bond lengths and average Mo—S bond
lengths are 2.552—2.920 and 2.530A, respectively. As depicted in
Figs. 2d and e, the MoS,@Ag, kernel is further surrounded by an
Ag46S24 shell resembling a “windmill” shape. The Ag—Ag and Ag—S
bond lengths between the MoS;@Ag, kernel and AgysS,4 shell
span from 2.8893 A to 3.350A and from 2.427 A to 2.870 A, respec-
tively. The “windmill”-shaped Ag4sS,4 shell consists of four “wind
blade”-like AgqSs units, which are interconnected through two dis-
tinct bridging coordination modes (Fig. S6 in Supporting informa-
tion). Each of the six S~ ions adopts a 4 ligation mode, bridg-
ing four surrounding Ag atoms, while the remaining eighteen S2-
ions coordinate to five Ag atoms through a us ligation mode, with
Ag—S distances ranging from 2.308A to 2.943A (Fig. S7 in Sup-
porting information). Notably, argentophilic Ag—Ag interactions are
observed, with Ag—Ag distances ranging from 2.992 A to 3.266 A.
In the context of the multishelled core architecture
[MoS;@Ag, @Ag45S-4], it is observed that each of the twelve
dppb ligands coordinates to an Ag atom on the Ag4sS,4 shell
through Ag—P bonds, with bond lengths ranging from 2.393A
to 2.457A. The bidentate phosphine ligands, characterized
by differing lengths, exhibit distinct coordination modes on
the surface of Ag clusters [30,39]. As illustrated in Fig. S8
(Supporting information), four distinct staple motifs involv-
ing dppb ligands, Ag atoms, and S atoms were identified
in 1, namely Ph,P-Ag—Ag—Ag—PPh,, Ph,P-Ag-S—Ag—PPh,,
Ph,P—Ag—Ag—S—Ag—PPh,, and Ph,P—Ag—S—Ag—S—Ag—PPh,.
These specific coordination modes of dppb ligands contribute to
the protection of the cluster surface, reduction of surface energy,
and enhancement of stability. According to the “superatom” the-
ory [40], the total electron count for the [(MS4)@Ags5S,4(dppb)iz]
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Fig. 3. (a) The intermolecular C—H.--7 interactions (A) between dppb ligands of
adjacent clusters in 1 (phenyl groups with interactions are highlighted in pink). (b,
c) Cluster packing patterns along the b axis of 1 (C2/c) and 3 (I4). Color codes: Ag,
dark blue; S, yellow; P, purple; C, gray; Hydrogen atoms are omitted for clarity.

(M=Mo or W) cluster is calculated to be 8, which arises from
[(58 x 1) — (24 x 2)—2] =8. Notably, 8 corresponds to a magic num-
ber based on the electronic cluster shell model [41], following
an Aufbau rule of 1S%|1P8|. This shell closure typically exhibits
a significant energy gap between the highest occupied molecu-
lar orbitals (HOMO) and the lowest unoccupied molecular orbitals
(LUMO), thereby contributing to the enhanced stability of ligand-
protected metal clusters [27,33,38].

The surfaces of NCs 1—4 are abundantly decorated with phenyl
groups, giving rise to a diverse array of C—H.-..7r intermolecu-
lar interactions between adjacent nanoclusters. In 1, these inter-
actions are observed within a range of 2.996—4.033 A, while in
2, they span from 2.929-3.975A. Similarly, in 3, the range is
2.947-4.086A, and in 4, it is 2.912-4.039A (Fig. 3a and Fig. S9
in Supporting information).

In an effort to synthesize 3 and 4, which possess the same
cluster structure as 1 and 2 but belong to different space groups,
PhCO,H, PhCO,K, PhPO3H,, or PhPO3Na, were introduced to the
synthesis system of 1 and 2. The successful synthesis of 3 and 4
with higher yields suggests that the addition of these compounds
containing phenyl groups facilitates the aggregation and crystal-
lization of the nanoclusters during the assembly process. This phe-
nomenon can be attributed to the favorable .- or C—H.-..7r in-
teractions between these compounds and the surface ligands of the
nanoclusters, effectively restricting the mobility of the nanoclusters
and enhancing their crystallization propensity. Furthermore, these
interactions induce a transition in the cluster’s space group from
C2/c to I4 (Figs. 3b and c, and Fig. $10 in Supporting information).

Notably, despite the similarities in structures among 1-—4, there
exist variations in average bond lengths attributable to distinct
core structures and space groups. In 2, for instance, the W-S aver-
age bond length within the WS, tetrahedra is measured at 2.593 A,
slightly longer than the Mo—S bond length (2.530A) observed in
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Fig. 4. (a, b) UV-vis spectra of 1-4. Emission spectra of (¢) 1 and (d) 2 (dissolved
in THF and MeOH, and the volume fraction of THF is 0%, 25%, 50%, and 75%, re-
spectively; all excited by 480 nm light). (e, f) Emission spectra of 2 (added different
quality of PPh3) and 2 (added different quality of PhCO,H).

1. As for 3, the average bond lengths of Ag—Ag and Ag—S are
recorded as 2.913A and 2.448A, respectively. These values indi-
cate a reduction compared to the corresponding bond lengths in
1, namely Ag—Ag (3.068A) and Ag—S (2.553A). Likewise, 4 ex-
hibits shorter average bond lengths of Ag—Ag (3.044A) and Ag—S
(2.469A) compared to 2, where the corresponding lengths are
Ag—Ag (3.057A) and Ag—S (2.524A). These observations suggest
that the transition from the C2/c to I4 space group leads to a con-
traction in average bond lengths. It is worth noting that differences
in core structure and space group do not induce alterations in the
coordination patterns of S2- ions and dppb ligands on the surface.

The UV-vis absorption spectra of 1—4 exhibit two distinct peaks
in the ranges of 475-520 and 600-650nm (Figs. 4a and b).
The presence of these similar absorption characteristic peaks in-
dicates their comparable electronic structures [23]. Luminescence,
a critical property of silver clusters, holds significant potential
for applications in molecular sensing, detection, and imaging [42-
44]. Therefore, we conducted an extensive investigation into the
emission properties of these Agsg NCs in solution. When excited
with 480 nm light at room temperature, 1 dissolved in methanol
demonstrates a broad emission band centered at 625nm, while
2 exhibits an emission peak at 630nm (Figs. 4c and d, Figs. S11
and S12 in Supporting information). Although 1 and 2 display sim-
ilar PL emission spectra, the emission peak of 2 is red-shifted by
5nm compared to that of 1. This phenomenon can be attributed to
the differential templates encapsulated within the identical silver-
thiolate framework [45,46].

To gain further insight into the PL mechanism, we performed
density functional theory (DFT) calculations employing the ORCA
5.0.3 program [47] and Multiwfn 3.8 program [48]. In these calcu-
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Fig. 5. (a, b) Composition analysis of frontier Kohn-Sham orbitals of 1 and 2. Elec-
tronic density diagrams of the (c) LUMO, (d) LUMO+1, (e) HOMO, (f) HOMO-1 of
1 (isovalue =0.01 a.u.). The phenyl groups present in the dppb ligands were selec-
tively replaced with methyl groups, abbreviated as d(Me)(Me)b.

lations, the phenyl groups present in the dppb ligands were selec-
tively replaced with methyl groups to reduce computational costs.
Fig. 5 and Fig. S13 (Supporting information) provide the results
obtained, revealing HOMO—LUMO band gaps of 0.97eV for 1 and
1.05eV for 2, consistent with the value of 1.2 eV reported for the
eight-electron Au,s5(SMe)g cluster [49]. Comparative analysis fur-
ther indicates that 1 and 2 exhibit similar arrangements of elec-
tron clouds in their Kohn-Sham orbitals, as well as contributions
from different components to the LUMO and HOMO. The PL mech-
anism is attributed to the MS, (M =Mo or W) — Ag charge transfer
process, which is modified by the presence of outer S>~ ions and
dppb ligands within the crystal structure.

The surfaces of Agsg nanoclusters are adorned with numerous
phenyl groups, establishing a foundation for exploring their AIE ac-
tivities. To examine these behaviors, the nanoclusters were investi-
gated in a MeOH/THF (tetrahydrofuran) solvent system. In each ex-
periment, 5 mg of freshly prepared crystals were dissolved in 10 mL
of solvent. By modulating the polarity of the mixed solvent system,
the aggregation degree could be controlled. Specifically, increasing
the volume fraction of THF (f=volyg/volyveontHr) led to decreased
polarity and a higher degree of aggregation. The observed results,
depicted in Figs. 4c and d, were achieved through deliberate ma-
nipulation of these variables. With an increase in f, the PL intensi-
ties of 1 and 2 exhibited corresponding increments, accompanied
by blue shifts of the emission peaks by 3—5nm, suggesting a pro-
gressive enlargement of the assembly size under the influence of
the solvent [50].

Furthermore, the addition of PPh; or PhCO,H to MeOH solvent
of 2 yielded similar results of AIEE (Figs. 4e and f). For each exper-
iment, 5mg of freshly prepared crystals were dissolved in 10 mL
of MeOH, followed by thorough stirring upon addition of PPhs
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or PhCO,H. The phenyl groups present in PPhy and PhCO,H fa-
cilitated abundant 7.7 and C—H---7r intermolecular interactions
with the numerous dppb ligands on the cluster’s surface. Conse-
quently, these interactions induced aggregation of the Agsg clus-
ters in the solvent, leading to enhanced PL intensity. It can be in-
ferred that the C—H---7 intermolecular interactions between adja-
cent molecules effectively curtail intramolecular rotations and vi-
brations. This constraint significantly enhances the radiative transi-
tion of the aggregated state, ultimately culminating in the observed
AIE behavior. Overall, this AIE property emerges from the restricted
intramolecular rotation (RIR) mechanism [51].

In summary, we have successfully synthesized and character-
ized four novel silver thiolate nanoclusters, employing template-
assisted strategies. These strategies involve the utilization of
(NH4),MoS4 or (NH4),WS,4 as both templates and slow chalcogen-
release reagents. The resulting nanoclusters exhibit an eight-
electron superatom nature and possess a multishelled core archi-
tecture denoted as [MS;@Ag,@Ag46S24(dppb)i2] (M=Mo or W).
Our study demonstrates the achievement of the AIEE through in-
termolecular C—H---7r interactions present on the surfaces of nan-
oclusters 1—-4. This effect can be realized by reducing the polarity
of the solvent or introducing phenyl-containing compounds. Impor-
tantly, we highlight the significant role played by templates and
dppb ligands in directing the construction of silver thiolate clus-
ters with distinct optical properties. Furthermore, this work paves
the way for exploring the intricate relationship between cluster
structures and their associated properties, thereby opening new
avenues for future investigations in this field.
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