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One-pot reaction of AgSBu® and AgOAc in the methanol-ethanol-
DMF solvent system under room temperature gave a ball-shaped
Agsg cluster and a disc-like Agyq cluster. The formations of clusters
1 and 2 are templated by an in situ generated S>~ ion from the
cleavage of the S-C bond of SBuf and CO;%~ ion from the fixation
of atmospheric carbon dioxide, respectively. Interestingly, cluster
1 only emits bright-red light in the solid state at 77 K and is not
emissive at room temperature.

In recent years, increased attention has been focused on the
high-nuclearity metal clusters due to not only their fascinating
structures,’ but also their various potential applications.>
Among them, giant silver chalcogenide clusters are important
members and have been studied extensively due to their rich
photophysical properties and their role as intermediates
between mononuclear complexes and binary bulk phases.?
Employing the reaction of various silver salts with high-
reactive S(SiMe;), and analogues in the presence of phosphane
reagents, the Fenske group has made great advances in the
synthesis of a series of giant silver clusters, for example,
[AguaSas(SBut)so]y [AgzszS1oo(SBuszz(dppp)e], [Agazosmo(SBut)eo'
(dppp)12ls [Ag344S1z4(SBut)96], [Agaszsus(stcan)%] and
[Ag400S155(S'CsH11)114]* However, the difficulties in both syn-
thesis and structural determination of these huge clusters still
prevent researchers from deeply understanding them.** Thus,
much effort should be continuously devoted to the construction
of the silver chalcogenide clusters. Thanks to their good affinity
for silver atoms and the ability to stabilize silver clusters, thio-
lates including ¢-butylmercaptan (HSBu'), 4-t-butylthiophenol
(HSC¢H,Bu") and 3,4-difluoro-benzenethiol have been widely
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used to cap the exterior silver shell to form truly monodis-
persed clusters in size and shape, which enable one to deter-
mine the precise molecular structure of the clusters.’

As we know, only a few Ag-S clusters based on the small
HSBu’ ligand have been found in the literature. Moreover,
luminescent Ag-S nanoclusters are still sparse. Wang et al.
unmasked the first luminescent molecular Ag-S nanocluster,
[Ag62S13(SBU)3,](BF4)4, which could be defined as a core-shell
cluster with an interior ps-S>~ centered eight-capped octa-
hedral silver core and a [Ag,5(SBu®)3,] shell.” They and the Mak
group also pioneered the anion-templated silver clusters,
proving the powerful template approach for the synthesis of
high-nuclearity silver(1) clusters.®

As an ongoing investigation on structurally charming silver
clusters and their luminescent properties,” we have now suc-
ceeded in preparing two novel clusters, ball-shaped [(S*7)-
@Ag56512(SBu)»0] (1-100Ac-6DMF-CH;0H; main product) and
disc-like [(CO3>7)@AL,0(SBU”)19(OAC)s(DMF),] (2-DMF-CH;O0H;
by-product) clusters. The formations of them are templated by
an in situ generated S>~ ion from the cleavage of the S-C bond
of SBu‘ and a CO,*” ion from the fixation of atmospheric
carbon dioxide, respectively. Interestingly, cluster 1 only emits
bright-red light in the solid state at 77 K and is not emissive at
room temperature. In this communication, we report the syn-
thesis, crystal structure, and luminescent properties of 1 as
well as the crystal structure of the by-product 2.

Clusters 1 and 2 were synthesized by a one-pot reaction of
equimolar amounts of the AgSBu’ precursor'® and AgOAc in
methanol-ethanol-DMF (v:v:v = 2:4:3) under the ultrasonic
condition (160 W, 40 kHz, 40 min, room temperature, Scheme 1).
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Scheme 1 Schematic presentation of stepwise synthesis of 1 and 2.
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The red 1 and colourless 2 suitable for X-ray crystallography
were obtained by slow evaporation at room temperature (see
ESIf). The crystals of 1 are stable in the mother liquor and
become brittle once exposed to air. The composition of 1 was
further deduced from X-ray single crystal diffraction, elemental
analysis, and IR spectra. The phase purity of 1 is sustained by
its powder X-ray diffraction pattern, which is consistent with
that simulated on the basis of the single-crystal X-ray diffrac-
tion data. These results are well in agreement with the crystal
structure of 1 (Fig. S1, ESIf). Colorless crystals of 2 were picked
up from a large quantity of 1 with a very low yield (below 5%).
Due to extremely low yield, only structure determination was
carried out for this cluster.

X-ray single-crystal diffraction analysisf reveals that 1 is a
ball-shaped cluster. It crystallizes in the cubic crystal system
with a space group of Pa3. As depicted in Fig. 1a, the Cz-sym-
metric cluster is comprised of 56 Ag(i) ions, 20 SBu‘ ligands,
and 13 S>” ions in situ generated from the cleavage of the S-C
bond of SBu‘. There is a 3-fold axis through the atoms
S1-Ag10-S5 and S5 also sits on the inversion center. Owing to
the size of the cluster, there is a significant interstitial space of
37.0% (calculated using the PLATON/VOID routine'") accom-
modating the counteranion OAc™ and solvents in a severely
disordered fashion.

Fig. 1 (a) Crystal structure of cluster 1, the Ag(1)---Ag()) interactions are high-
lighted with the purple dashed lines. (b) The hexacapped cube Ag4 core (the
pZ-Sz_ ion in its center is omitted). (c) The [Ag4x(SBU®),0] shell structure and the
Bu' groups are omitted for clarity, and the artificial large yellow sphere shows
the inner space occupied by the Agq4 core. Color legend: Ag, purple; S, yellow;
C, gray.
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Cluster 1 could be defined as a core-shell structure contain-
ing a hexacapped cube Ag;, (Fig. 1b) in the interior and a
[Ag42(SBu’),0] shell in the exterior (Fig. 1c). Eight Ag(i) ions
congregate to a cube, and six additional Ag(1) ions further cap
its six rectangular faces to give a fascinating polyhedron with a
hexacapped cube configuration through Ag(r)---Ag(1) contacts
of 2.978(3), 3.0044(12), 3.181(3), and 3.188(3) A. These dis-
tances are shorter than the sum of Ag(i) van der Waals radii
(3.44 A), indicating unambiguously the presence of metal---metal
contacts."> The central $>~ jon is in a perfectly linear
binding mode, with a long Ag-S bond length of 2.9476(17) A.
An alternative description for the hexacapped cube is that 14
Ag, quadrangles built up a rhombic dodecahedron. This
interior polyhedron geometrically resembles a previously
reported Ni-centered Nig(ji,-Ge)s cage in Nig(jis-GeEt)s(CO)g, >
a heterometallic Cl-centered AggCu, cage covered by an
FeC=C ligand,"*” and an X-centered (X = Cl and Br) Ag,, cage
covered by a C=CBu’ ligand,"** but obviously different from
the eight-capped octahedral Ag;, core in [Age,S13(SBu)s,])-
(BF,),.” Twelve in situ generated S>~ ions are embedded in the
lacuna between the interior hexacapped cube and the exterior
[Ag42(SBu),0] silver shell. The whole cluster is completed by
the linkage of S*~ ions (including ps, ps- and pg-modes) as
well as the Ag(1)---Ag(1) interactions between the core and the
shell. This ball-shaped cluster has a diameter of ca. 1.7 nm.
Disorder of the Ag(i) ions on the outermost shell made accu-
rate discussions about the Ag:--Ag separations and Ag-S bond
lengths distributed on the shell meaningless, although the
data were collected at 100 K. It is of note, however, that the
outermost shell of 20 SBu’ groups is ordered. The disordered
distributions of Ag(1) ions within the core or shell of the
high-nuclear cluster have usually occurred with the structural
determination of many other silver-rich clusters.*

It is noteworthy that the core structures in 1 and
[Ag62S15(SBUY)3,](BF4),” are completely different (Fig. S27),
despite both of them having fourteen Ag(i) ions and one
central S>~. During the self-assembly process, the Ag(i) ions
may firstly enclose the highly polarizable S~ ions to aggregate
into the low-nuclear silver cluster, which is highly reactive and
quickly grows with the organic ligand covered on the outer-
most shell. As described above, syntheses of 1 and
[Ag62S13(SBUY)3,](BF4), are performed in different solvents,
reaction conditions, and additives, which is responsible for
the formation of the different core structures, as a conse-
quence, the different clusters are obtained. These comparison
results give us a preliminary insight into the growth mechan-
ism of core-shell Ag-S clusters.

X-ray single-crystal diffraction analysist reveals that 2 is a
disc-like structure with the outer diameter and the thickness
of ca. 10 and 4 A, respectively. As depicted in Fig. 2a, the cen-
trosymmetric cluster is comprised of 20 Ag(i) ions, 10 SBu’
ligands, 8 OAc™, 4 DMF and one CO;>~ ion from the atmos-
phere lying on the inversion center. The ten SBu’ ligands
adopt ", 1, 1, n' binding mode and link four silver(i) ions
to form ten Ag,S square pyramids, each of which consists of a
silver rectangle base and four Ag,S triangle faces. The ten Ag,S
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Fig. 2 (a) Crystal structure of cluster 2. (b) and (c) The disc-like Ag,o cluster
viewed along the different directions. Color legend: Ag, purple; S, yellow;
C, gray; N, blue; O, red.

square pyramids share their corners to form the Ag,, cluster.
Furthermore, ten silver triangles are alternately inserted into
the interspace among every three Ag,S square pyramids. The
eight OAc™ ions show three kinds of coordination modes, four
are (k")-(k")-pa, two are (kK*)-(k')-p, and two are (k*)-(k")-ps,
which combine with p,-DMF to seam the Ag,,S;, cluster in the
periphery. The overall geometry of the Ag,,S;o cluster can be
described as a disc (Fig. 2b and 2c). In addition, the Ag---Ag
distances in 2 fall in the range of 2.9053(9) to 3.375(3) A, indi-
cating the important argentophilicity Ag---Ag interactions. The
CO;>” ion was encapsulated as a template in the center of 2
and ligated with the exterior Ag shell through the (k*)-(*)-
(*)-pe mode. The origination of enthetic CO;>~ is unambigu-
ously proved by the contrast experiments. The crystal of 2 is
exclusively formed in the atmosphere and only 1 could be
obtained when evaporating in an inert N, atmosphere without
CO, under darkness in the desiccator.

It is noteworthy that both 1 and 2 are formed by the direc-
tions of S~ and CO,;>~ templates, respectively, which are not
added into the reaction but originate from in situ C-S single
bond cleavage of SBu’ and the fixation of atmospheric carbon
dioxide,*>** respectively. In this one-pot reaction, two different
anion templates are generated from two different routes,
which has been rarely observed in the self-assembly process
previously. The present work opens up a new chapter for the
assembly of multiple anion-templated high-nuclearity silver
thiolate clusters in complicated reaction systems.

The electronic absorption spectrum of 1 exhibits one broad
peak covering the visible region from 400 to 800 nm (Fig. S37),
which contains a maximum absorption peak centered at
413 nm and two shoulders at ca. 481 and 626 nm, respectively.
The wide absorption in the visible region is consistent with
the dark-red color of its crystals. The low-energy band in the
visible region is assigned to the charge transfer from the S 3p
to Ag 5s orbits, as a similar assignment was made in
[Ag62513(SBut)32](BF4)4-7

The luminescent properties of 1 were investigated in the
solid state at room temperature and 77 K, respectively. There is
no detectable luminescence at room temperature for 1.
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Fig. 3 Emission spectra of 1 at 77 K under different excitation wavelengths.
Insert: Photograph of the luminescence taken at 77 K excited with a hand-held
UV lamp (365 nm).

However, the brilliant red luminescence was observed at 77 K
when 1 was illuminated with a hand-held UV lamp (lex =
365 nm). As shown in Fig. 3, complex 1 exhibits a low energy
emission band with A, at 623 nm at 77 K. Although when
the excitation wavelengths vary from 300 to 500 nm, the
maximum emission position is still kept. The red emission
from 1 is very probably associated with the ligand-to-metal
charge transfer (LMCT) excited state, that is charge transfer
from the S 3p to Ag 5s orbits, perturbed by Ag---Ag inter-
actions,'* which is characteristic of the polynuclear d'° com-
plexes with metallophilic interactions.'> Notably, disordered
silver atoms may provide channels for nonemissive vibrational
relaxation of the emissive excited state, which are attributed to
the nonemissive behavior of 1 at room temperature. At 77 K,
the degree of disorder of silver atoms was, to some extent,
inhibited, which reduced the nonradiative decay of the
emitting excited state, giving 1 the bright red emission.

In summary, two novel high-nuclear silver clusters have
been synthesized using a facile one-pot approach at room
temperature. The formations of clusters 1 and 2 are templated
by an in situ generated S>~ ion from the cleavage of the S-C
bond of SBu‘ and a CO;>~ ion from the fixation of atmospheric
carbon dioxide, respectively. Interestingly, cluster 1 only emits
bright-red light in the solid state at 77 K and is not emissive at
room temperature.
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Notes and references

FCrystal data for 1: CgoHig0Ags6S33, cubic, space group Pa3 (no. 205), M =
8240.94, a = 29.022(6) A, V = 24 444(8) A°, T = 100(2), Z = 4, (Mo Ka) = 4.666,
26 664 reflections measured, 7126 unique (Rinc = 0.0489) which were used in all
calculations. The final R, was 0.0829 (>20(I)) and wR, was 0.2648 (all data).
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Crystal data for 2: CgoH142A820N40,3510, monoclinic, space group P2,/n (no. 14),
M = 3873.97, a = 11.887(2) A, b = 19.864(4) A, ¢ = 25.881(5) A, /8 = 91.49(3)°, V =
6109(2) A*, T = 173(2) K, Z = 2, u(Mo Ka) = 3.347 mm™", 38879 reflections
measured, 10 716 unique (R, = 0.0577) which were used in all calculations. The
final R; was 0.0485 (>20(I)) and wR, was 0.1223 (all data).
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