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This study presents a molecular surface modification approach to synthesizing a family of silver chalco-
genolate clusters (SCCs) containing the same [Ag;,Sg] core and different surface-bonded organic ligands
(DMAc or pyridines; DMAc = dimethylacetamide), with the aim of tuning the luminescence properties and
increasing the structural stability of the SCCs. The SCCs displayed strong and tuneable luminescence
emissions at 77 K (from green to orange to red) as influenced by the peripheral pyridine ligands. In
addition, SCC 5 protected by pyridine molecules was stable in ambient air, humid air and even liquid
water for a long time (up to 1 week), and it was more structurally stable than SCC 1 bonded with DMAc
molecules under the same conditions. The high structural stability of SCC 5 can be explained by the
ability of pyridine molecules to form strong coordination bonds with silver atoms. This study offers a new
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Introduction

Metal nanoclusters with atomically precise crystal structures
represent an important family of nanomaterials with links to a
wide range of fundamental research areas such as photocataly-
sis, luminescence, optoelectronics, and biomedicine.' ™ Silver
chalcogenolate clusters (SCCs) have been extensively studied
during recent decades because of their variant crystal struc-
tures and intriguing optical and catalytic properties."’™* SCCs
usually consist of a few to tens or hundreds of silver atoms
that are bridged by chalcogen ligands. The rich coordination
chemistry of silver and chalcogen elements allows the design
of SCCs using diverse synthetic routes. Fenske and co-workers
pioneered the synthetic chemistry of SCCs. They synthesized a
variety of high-nuclearity SCCs by reacting silver salts with
chalcogen reagents containing -SiMe; (e.g., E(SiMe;), and
RESiMe;; E = S, Se, and Te).'*'® For instance,
[Ag400S185(S'CsHi1)114], @ giant SCC consisting of 490 silver and
188 sulphur atoms, has been successfully isolated.'” It is by far
the largest structurally characterized metal nanocluster, with a
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way of designing structurally stable metal nanoclusters with tuneable physicochemical properties.

molecular size of ~4 nm. However, it is still challenging to
control the reactions and precisely regulate the structure of
SCCs by means of this method, probably because of the high
reactivity of chalcogen reagents and the associated fast kinetics
of nucleation and growth of the clusters. Recently, a family of
SCCs containing skeletons of [Ag:,],"® [Ag14]," [Ag0],>°
[Agso],*! [Ag34]?* or [Age,]*® has been synthesized by reacting
polymeric precursors (AgSR), with soluble silver salts in which
the R group, ratio of (AgSR),/soluble silver salt, and reaction
time play key roles in the formation of the clusters. The crystal
structures of these SCCs can be finely controlled by tuning
these parameters. Interestingly, these SCCs demonstrate size-
and composition-dependent physicochemical properties. For
instance, there is a clear trend of the red shift in the optical
absorption and emission spectra with an increase in the
number of silver atoms and in the molecular size of the clus-
ters.”* Obviously, the controllable synthesis and predictable
structure and properties of these SCCs greatly facilitate the
study of their structure-property relationships.

However, isolated SCCs are usually inherently unstable
under ambient conditions and the synthesis of stable SCCs
has been largely undeveloped. SCCs are composed of silver—
chalcogen cluster cores and terminally coordinated organic
ligands, such as solvent molecules, which act as protective and
stabilizing agents. Unfortunately, the relevant peripheral
solvent ligands can be easily eliminated or substituted in the
presence of air and/or moisture and the exposed cores are
prone to oxidation or decomposition, forming bulk silver
oxides or chalcogenides and thus losing the original physico-
chemical properties of SCCs. In this context, it would be
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highly desirable to develop structurally stable SCCs so as to
allow their properties to be studied and their practical appli-
cations explored.

Molecular engineering is considered a useful approach for
tuning the properties of various nanomaterials.>” It could also
be used to modify and functionalize SCCs. For instance, con-
necting SCCs with multi-dentate organic linkers enables the
formation of SCC-based metal-organic frameworks (MOFs) or
coordination polymers.”*®* The confinement of individual
SCCs in a rigid extended network could lower their reactivity
and thus significantly enhance their stability. Zang et al
reported the assembly of a non-stable [Ag;,Se] cluster into a
MOF material with resultant long-term stability of up to one
year.”® In addition, the integration of the rich optical pro-
perties of SCCs with the porous nature of MOFs could enrich
the functionality of the obtained hybrid materials. In Zang’s
example, the porous and luminescent MOF displayed dual-
function luminescence switching behaviour. We have recently
developed a stepwise assembly approach to organize silver
(cadmium) chalcogenolate clusters with bipyridine linkers into
a range of coordination polymers with enhanced structural
stability and greater photocatalytic activity than the isolated
clusters.>** Alternatively, direct substitution of the terminally
coordinated solvent molecules in SCCs with certain protective
ligands that have strong coordination abilities could reinforce
the core structures. The shell-modulation strategy would be a
straightforward approach to increasing the stability of SCCs.**
Recent studies have shown that the modification of SCCs by
mono-dentate pyridine ligands not only modulates the emis-
sion spectra and increases the quantum yield but also
increases the thermal stability.'®?> However, the influence of
protective ligands on the structural stability of SCCs under
different circumstances (e.g:, air, water, and moisture) remains
unknown. Herein, we summarise a molecular surface modifi-
cation approach to synthesizing a series of SCCs consisting of
the same [Ag;,S¢] skeleton and surface-bonded organic ligands
(DMACc or pyridines). It offers the advantage that the core struc-
ture remains unchanged during the modification, which
allows the direct influence of protective ligands on the lumine-
scence properties and the structural stability of SCCs to be
studied by various spectroscopic techniques.

Results and discussion

Seven new SCCs were synthesized by reacting polymeric pre-
cursors (AgSR), (R = Et, 'Pr, 'Bu, and ‘Bu) with silver trifluoroa-
cetate (AgTFA) in the presence of the relevant ligands in a
mixed solvent of CH;0H/CH;CN (v:v = 1:1). The new SCCs
are: [Ag1,("PrS)(TFA)s(DMAC)s] (1), [Agio("PrS)s(TFA)s(2,3-
MePyl] (2, [Agu(PrS)(TFA)(Ey)]  (3)
[Ag12(EtS)s(TFA)s(2-EtPy)s] (4), [Ag12(EtS)s(TFA)q(2,4-Me,Py)q]
(5), [Ag12(‘BuS)s(TFA)s(Py)s] (6), and [Agi,(‘BusS)s(TFA)e(3,5-
Me,Py)s] (7) (TFA = trifluoroacetic acid, DMAc = dimethyl-
acetamide, 2,3-Me,Py = 2,3-dimethylpyridine, 2-EtPy = 2-ethyl-
pyridine, Py = pyridine, 2,4-Me,Py = 2,4-dimethylpyridine, and
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3,5-Me,Py = 3,5-dimethylpyridine). Although their precise
crystal structures remain unknown, these polymeric com-
pounds (AgSR),, have been used as precursors for synthesizing
many SCCs.>***?” The precursors are not soluble in common
organic solvents. However, upon adding AgTFA to a suspen-
sion of (AgSR), in CH3;OH/CH;CN, a clear solution was
formed, indicating the depolymerization of the precursor. A
plausible explanation for this reaction is that Ag" was released
from AgTFA and inserted into the polymeric chain via coordi-
nation with the bridging thiolate groups. As a result, the poly-
meric chain was broken and discrete, and highly soluble SCC
molecules were formed. Slow evaporation of the clear solution
in the presence of additional ligands (DMAc or pyridines)
eventually resulted in colourless or pale yellow single crystals
of SCCs 1-7, with high yields. It should be noted that an
excess amount of DMAc and pyridines were added in the syn-
thesis since they could act as both the solvent and ligand. The
crystals were soluble in common organic solvents such as
MeOH, CH;CN, THF, and acetone but were less soluble in
diethyl ether and hexane.

The crystal structures of SCCs 1-7 were determined by
single crystal X-ray diffraction (XRD). The powder XRD patterns
agreed well with the simulated ones, thus confirming the high
purity of the synthesized crystals (Fig. S1t). All these SCCs con-
tained a similar core structure of [Ag;,Se] (Fig. S21). Taking
SCC 1 as an example, the core showed a highly symmetrical
icosidodecahedron geometry, which can be described as a
central [Ag,S,] octagon sandwiched between two [Ag,S] rec-
tangular pyramids (Fig. 1). The icosidodecahedron consisted
of 18 vertices (12 Ag and 6 S atoms), 48 lines (24 Ag-S bonds
and 24 Ag---Ag bonds), and 32 triangular faces (24 [Ag,S] and 8
[Ag;]). Each thiolate group adopted a p, bridging model coordi-
nating with four Ag atoms. The Ag-S bonds had an average
length of 2.484 A. The relatively short distances of Ag---Ag
(ranging from 3.191 to 3.404 A) indicated the presence of
strong argentophilic interactions in the cluster.*® The [Ag;,Se]
core was ligated to the organic groups, forming a protective
shell (Fig. 2). Six of the 12 Ag atoms were jointly capped by six
TFA groups and each of the remaining six Ag atoms was co-
ordinated with a DMAc molecule. The bond length of Ag-O
(TFA) (2.422 A) was slightly longer than that of Ag-O (DMAc)
(2.329 A). In contrast, the DMAc position was replaced by the

Fig.1 (a) structure of the core in

Polyhedron
[Ag12(PrS)s(TFA)s(DMAC)s] (1) and (b) molecular structure of 1 (the
hydrogen atoms are not shown for clarity).

[Ag12Sel
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[Ag12(EtS)g(TFA)g(2,4-Me,Py)q] (5)

[Ag1,(BuS)s(TFA)s(Py)s] (6)
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[Ag1o(‘BuS)s(TFA)e(3,5-Me,Py)] (7)

Fig. 2 Crystal structures of the silver chalcogenolate clusters 2—7. The surface-bonded pyridines are shown in a space-filling model. Hydrogen

atoms are not shown for clarity.

corresponding pyridine molecules in SCCs 2-7. The average
bond length of Ag-N in SCCs 2-7 ranged from 2.245 to
2.298 A, which was shorter than that of Ag-O (DMAc) in SCC 1,
suggesting a stronger coordination between Ag and pyridines
than the interaction between Ag and DMAc. In addition,
bonding SCCs with different pyridine molecules resulted in a
slight to significant distortion of the core structures in SCCs
2-7. This phenomenon was commonly observed in coordi-
nation chemistry; e.g. the Jahn-Teller distortion encountered
in several transition metal octahedral complexes.

The optical properties of the pyridine protected SCCs 4-7
were studied. The electronic absorption spectra showed that
the SCCs exhibited similarly strong UV absorption in both
solution and the solid state. The solution spectra showed main
absorption peaks at ~300 nm with a shoulder at ~350 nm
(Fig. S37). Interestingly, the absorption range of the sample
was broader in the solid state than in solution, with high
intensities in the region of 300-500 nm (Fig. 3a), probably
because aggregation of the molecular clusters in the solid crys-
talline state induced electronic coupling interactions.*® The
absorption at ~300 nm can be attributed to the n — n* tran-
sition of the thiolate groups and the = — =* transition of the
aromatic pyridine ligands, while the low-energy band at
350-500 nm can be assigned to the electronic transition from
S 3p to Ag 5s5.>**>%7 This phenomenon has also been observed
with other reported SCCs, such as [Ag14(C2B10H10S2)6
(pyridine)s]"® and Ag,o(BDT),,(TPP),.>" The bandgap values of
SCC 4-7 were determined to be in the range of 3.12-3.23 eV
(Fig. S41), which were comparable with those of SCCs contain-
ing the same [Ag;,S¢] core, but larger than those of SCCs with
higher nuclearity. It is noteworthy to point out that the poly-

This journal is © The Royal Society of Chemistry 2022

meric precursor (AgSEt), had a broader UV-vis absorption
range and a narrower band gap than the [Ag;,Se]-based clus-
ters.”” Therefore, we speculate that (AgSEt), consisted of larger
cluster units than [Ag;,Se]-

All of the SCCs were almost silent with respect to lumine-
scence emissions at room temperature. However, the intensity
of the emissions increased significantly as the temperature
decreased from 298 to 77 K (Fig. S5 and S67). The temperature
dependent luminescence properties can be attributed to the
reduced non-radiative energy loss with decreasing tempera-
ture, as the cluster had enhanced rigidity with restricted
vibration and rotation of the peripheral ligands and shortened
metal-metal distance at low temperatures.>*° The thermo-
chromic luminescence properties of the SCCs are expected to
result in sensing applications; for instance, it could be used in
monitoring the temperature or detecting organic pollutants.
Specifically, SCCs 7, 6 and 4 displayed a typical orange to red
emission at 77 K with strong emission bands centered at 588,
593 and 644 nm, respectively, upon excitation at 350 nm.
These results were similar to those of the reported SCCs con-
taining to the same [Ag;,S¢] core, such as [(Ag;,(SBu)s
(CF5C00)6(CH;CN)6]*° and Ag;,(SCH,CgHs)s(CF;CO0)6(L)s (L
= pyridine; 4-phenylpyridine and 4-(1-naphthalenyl)-pyri-
dine).*> The nature of the orange and red emissions can be
ascribed to the excitation of the metal cluster such as the
ligand to metal charge transfer (S 3p to Ag 5s) and the argento-
philic interactions.?>*" Interestingly, SCC 5 exhibited a strong
green emission centered at 518 nm (dex = 360 nm), which was
blue-shifted in comparison to the emissions of SCCs 4, 6, and
7. The blue-shift can probably be associated with the weak
intermolecular n-n stacking between adjacent pyridine rings

Dalton Trans., 2022, 51, 3241-3247 | 3243
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Fig. 3 (a) Solid-state UV-vis diffuse-reflectance spectra of the silver

chalcogenolate clusters 4—7; (b) luminescence emission spectra of 4—7
in the solid state at 77 K (5: 1ex = 360 nm; 4, 6, and 7: Jo, = 350 nm). The
inset images show the luminescent crystals under UV light irradiation (1
=365 nm) at 77 K.

(Fig. S77). Such an interaction was not observed in the remain-
ing SCCs. It is noteworthy that the peripheral pyridines had
significant influence on the luminescence properties of the
SCCs, although the pyridines with small molecular sizes are
weakly emissive. It is anticipated that the luminescence emis-
sion of the metal clusters can be finely controlled by tuning
the substituent groups, geometry and electronic structure of
simple peripheral ligands.

Since the pyridine molecules formed stronger coordination
bonds with Ag atoms than DMAc, SCC 5, which was protected
by 2,4-Me,Py, was more thermally stable than SCC 1, which
was capped by DMAc. The thermogravimetric curves recorded
in an N, atmosphere indicated that both SCC 1 and SCC 5
started to decompose at ~100 °C (Fig. S8a-cf). The onset
decomposition temperature for SCC 1 was relatively low
(~140-170 °C). It appeared that the core structure collapsed
spontaneously during the release of the capped DMAc mole-
cules. In comparison, SCC 5 had a two-step decomposition
process and the core structure remained stable up to ~200 °C.
The weight loss in the temperature range of 100-200 °C rep-
resented the release of 2,4-Me,Py groups. The second step,

3244 | Dalton Trans., 2022, 51, 3241-3247
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with an onset decomposition temperature of ~262 °C, involved
the release of alkyl groups from thiolates and the TFA groups.
Obviously, the pyridine groups protected the core structure at
elevated temperatures and thus increased the thermal stability
of the SCCs. Powder XRD analysis indicated that the residuals
were composed of Ag,S and Ag (Fig. S8d}). The SCCs could
potentially be used as single-source precursors for the prepa-
ration of Ag,S or Ag,S@Ag nanocrystals with tuned compo-
sitions and morphologies via chemical vapour decomposition
or surfactant-assisted thermal decomposition techniques.*?
These nanocrystals could find important applications in the
field of photovoltaics.

We used ex situ XRD, infrared (IR) spectroscopy and X-ray
photon spectroscopy (XPS) to investigate the impact of the
organic shell on the structural stability of the SCCs in different
environments. [Ag1,("PrS)s(TFA)s(DMAC)q] 1) and
[Ag1,(EtS)s(TFA)6(2,4-Me,Py)¢] (5), which contained surface-co-
ordinated DMAc and 2,4-Me,Py, respectively, were selected as
model complexes for the stability studies. The XRD results
indicated that the crystal structure of SCC 1 remained intact in
ambient air for at least 20 min. It was more stable in air than
the analogous SCC [(Ag,(S'Bu)s(TFA)s(CH;CN)e],>° probably
because DMAc is less volatile than CH3;CN. When the exposure
time to air was increased, a new diffraction peak at 20 = 7.6°
appeared in the XRD patterns and the overall intensity gradu-
ally decreased. The intense diffraction peak at 26 = 6.8° for
SCC 1 almost disappeared after exposing the sample to air for
24 h. Meanwhile, the structure of SCC 1 significantly changed
when it was stored in humid air or liquid water for a few hours
(Fig. 4a and b). The sample gradually turned from colourless
to black during the experiments (Fig. S9at). These obser-
vations clearly indicated a phase transition for SCC 1 in the
presence of air and water. In addition, the IR spectra gave an
insight into the molecular structural changes of SCC 1 in these
environments. The as-synthesized SCC 1 showed a strong band
at ~1600 cm™', corresponding to the C=O stretching of
DMAc. However, the intensity of this band decreased signifi-
cantly after the sample was exposed to air for 24 h and the
band almost vanished after the sample was stored in humid
air or liquid water (Fig. S10at). The instability and structural
changes of SCC 1 can be explained by the substitution of
DMAc by oxygen and/or water molecules inducing the oxi-
dation and/or hydrolysis of the cluster.

In comparison, SCC 5 (protected by 2,4-Me,Py) was much
more structurally stable under the same conditions. No signifi-
cant changes were found in the XRD patterns and IR spectra
after exposing SCC 5 to ambient air (up to 1 week), humid air
or even liquid water (Fig. 4c and d, Fig. S10bt). The sample
consistently kept its pale yellow colour during the experiment,
indicating that no obvious oxidation occurred in the cluster
(Fig. S9bt). The coordination environment of Ag in SCC 5 was
studied further using XPS spectroscopy (Fig. 5 and S117). The
high-resolution Ag 3ds, XPS spectrum of the as-synthesized
SCC 5 was deconvoluted into three peaks. The peaks at 369.05,
368.64, and 368.15 eV were tentatively assigned to the Ag
atoms in the Ag-O, Ag-S and Ag-N bonds, respectively

This journal is © The Royal Society of Chemistry 2022
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(Fig. 5a). Meanwhile, the S 2ps, XPS spectrum was deconvo-
luted into two peaks at 163.06 and 161.74 eV, which can be
attributed to the S-C and S-Ag sulphur atoms, respectively
(Fig. 5b). After exposing SCC 5 to ambient air for 24 h, humid
air for 24 h, and water for 1 h, the Ag 3d and S 2pz, XPS
spectra showed neither significant peak shifts nor significant
changes in shape, which implied that the coordination
environments of the Ag and S atoms were not affected (Fig. 5¢
and d). The high stability of SCC 5 under these conditions can
be attributed to the strong coordination ability of the protec-
tive ligand 2,4-Me,Py. The structural stability of SCC 5 was also
demonstrated by the retention of its luminescence properties,
which remained similar to those of the as-synthesized SCC 5,
despite storage in ambient air, humid air or water (Fig. S127).
The treated samples were almost emission silent at 298 K but
displayed strong green emissions with A.,, in the range of
519-527 nm upon excitation at 360 nm and 77 K (Fig. 6).

Conclusions

A family of SCCs was synthesized by reacting (AgSR), with
AgTFA in the presence of different organic ligands and the
crystal structures of the resultant SCCs were determined by
single crystal X-ray diffraction techniques. A range of ex situ
spectroscopic studies indicated that the luminescence pro-
perties and structural stability of the SCCs were largely depen-
dent on the surface-bonded organic shells. Using pyridine
molecules, with their strong coordination ability, as the protec-
tive ligand formed SCCs with high structural stability and high
luminescence stability in air and liquid water. Obviously,
improving the stability of SCCs would boost their practical
application in sensing, optics and catalysis fields. In addition
to coordination chemistry, the use of covalent chemistry could
further enrich the modification approach for functionalizing
metal nanoclusters. It is hoped that future studies will focus
on precise modifications of metal nanoclusters using stepwise
coordination and/or covalent reactions with the aim of design-
ing functional SCCs with tuned physicochemical properties
(e.g., stability, UV-vis absorption, appropriate bandgap, and
luminescence emission).

Experimental section
Synthesis

All the solvents and chemicals were purchased from Sigma-
Aldrich and used without further purification. (AgSR), (R = Et,
'Pr, 'Bu, and ‘Bu) were prepared by the literature method.>*>%?”

Synthesis of [Ag;,("PrS)s(TFA)s(DMAC)4] (1)

(‘PrsAg), (18.3 mg, 0.1 mmol) was added to a mixed solvent of
1 mL CH;CN and 1 mL MeOH. The mixture was treated by
ultrasonication for 5 min to form a homogeneous suspension.
Upon adding a solution of AgTFA (44.0 mg, 0.2 mmol) in
0.5 mL of CH3CN and 0.5 mL of MeOH to the above suspen-
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sion, a clear yellow solution formed immediately.
Subsequently, DMAc (87 mg, 1 mmol) was added and the solu-
tion was treated by ultrasonication for an additional 10 min.
After slow evaporation of the clear solution colourless crystals
of 1 were obtained in a few days.

[Ag1,('PrS)s(TFA)s(2,3-Me,Py)s]  (2),  [Ag1o(‘PrS)s(TFA)e(2-
EtPy)s] (3), [Ag12(EtS)s(TFA)s(2-EtPy)s] (4), [Ag12(EtS)s(TFA)6(2,4-
Me,Py)e] (5), [Agio(BuS)s(TFA)s(Py)s] (6), and [Agi,(‘BuS)s
(TFA)(3,5-Me,Py)s] (7) were synthesised by a similar method
to that of 1 instead of using different raw materials
(Table S1t). Elemental analysis for 5 (Ces Hgs O12 Ng Fig S
Agi,-C4HgO), calculated: C, 27.53%, H, 3.04%, N, 2.75%, S,
6.29%. Found: C, 27.17%, H, 3.02%, N 2.70%, S, 6.12%.
Elemental analysis for 7 (C;s Hyog O12 Ng Fig S Agy,), calcu-
lated: C, 29.73%, H, 3.45, N, 2.67, S, 6.10. Found: C: 29.41, H,
3.19, N, 2.79, S, 5.77.

Characterization

TGA data were recorded on a thermogravimetric analyzer
(Mettler Toledo TGA/SDTA851e) under an N, atmosphere at a
flow rate of 60 mL min~". Infrared spectra were recorded on a
Bruker Tensor 27 spectrometer and a Nicolet 6700 spectro-
meter. UV-vis absorption spectra were recorded on a Shimadzu
UV3600 UV/VIS/NIR spectrometer. Powder XRD patterns were
recorded on a Bruker Focus D8 diffractometer and an Ultima
IV diffractometer. Luminescence spectra were recorded on a
FLUOROMAX-4 spectrometer. XPS spectra were recorded on an
ESCA instrument (Physical Electronics, USA).
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