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A new tridimensional metal—-organic chalcogenolate, made of a 1,
3-benzenedithiolate bridging ligand and Ag(), [Ag,(1,3-BDT)],, is
reported. This coordination polymer has good thermal stability in
air and displays both photoluminescence properties and a second
harmonic generation response.

Metal-organic chalcogenolate (MOC) coordination polymers
(CPs), made of ligands bearing chalcogen atoms (S, Se, and
Te) as the coordinating functions, have received increasing
attention for the formation of new networks and their intri-
guing electrical transport and photoluminescence properties.
Currently, most of the MOCs are made of coinage metals and
thiolate ligands and the strong affinity between these soft acids
and bases results in highly stable compounds. First, 1D and 2D
MOCs have been reported with numerous functionalized
monothiolate ligands and have shown great photoluminescence
properties in the solid state,” such as the 1D [Ag(0-SPhCO,H)],*
that exhibits an intense orange emission or the 2D [Cu(p-SPhCO,
Me)],* that exhibits intrinsic triple emission bands associated
with temperature-dependence for efficient ratiometric thermome-
try. Second, currently, copper and silver networks with a multi-
thiolate ligand, benzenehexathiolate (BHT), exhibit the highest
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room temperature conductivity, among the CPs and metal-
organic frameworks (MOFs), with 250 S cm ™" for the 3D structure
of [Ags(BHT)],,”> and 1580 S cm ™" for the 2D [Cus(BHT)],..° Indeed,
the metal-sulphur (-M-S-), networks offer a good electrical
conductivity, mainly due to the high overlap between the sulphur
p-orbitals and the metal d-orbital and the electronic coupling
between the conjugated organic and inorganic subunits. The
recent chemical studies on [Cu,(BHT)], (x = 3, 4, and 5.5) and
[Ag,(BHT)], (x = 3, 5) phases have shown the ability of the ligand
to be oxidized with slightly different structures and electrical
properties.” Since the report of these record conductivities with
the BHT ligand, only two other d'® coinage MOC CPs have been
reported with monothiolate ligands: {{Cu,(6-Hmna)(6-mn)]-NH,}, (1,
6-Hmna = 6-mercaptonicotinic acid, 6-mn = 6-mercaptonicotinate)®
exhibiting a 2D structure and an electrical conductivity of 11 S cm ™
and [Ag(pyrine-2-thiolate)],, also 2D with 2 x 107> S cm™*
conductivity.” Thus, there is a tremendous need to develop new
d" coinage MOCs with other thiolate ligands in order to understand
their structure-property relationships and control their band gaps to
obtain either photoluminescent or conducting materials. Here we
report the first d'° coinage MOC made of silver and a ditopic thiolate
linker, the 1,3-benzenedithiolate (1,3-BDT) ligand, [Agx(1,3-BDT)],.
The compound crystallized in a chiral cubic structure that is
discussed and its thermal stability is reported. This new MOC
behaves as an insulator, but exhibits low temperature solid state
photoemission and a second harmonic generation (SHG) response.

[Ag»(1,3-BDT)], is synthesized by mixing silver nitrate and
1,3-benzenedithiol under hydrothermal conditions for 2 h at
120 °C. The pale-yellow powder was carefully washed with DMF
to remove all the unreacted reagents especially the disulphide
species formed as side products and that could remain in the
amorphous form. The C, H, and S elemental analysis and
thermogravimetric analysis (TGA) are in good accordance with
the formulation of one ligand for two metals, which respects
the charge balance (Fig. S1, ESIT). The infrared spectrum also
confirms the presence of the coordinated benzenethiolate and
the absence of thiol function usually observed at 2500 cm ™"
(Fig. S2, ESIt). The images of the scanning and transmission
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electron microscopies show that [Ag,(1,3-BDT)], forms particles
of around 100 nm with a cubic shape that can be observed with
high resolution (Fig. S3, ESIt). The powder X-ray diffraction
(PXRD) pattern collected at the CRISTAL beamline of the
SOLEIL synchrotron facility (Gif-Sur-Yvette, France) shows high
crystallinity of the compound and allows its ab initio structural
determination. The final Rietveld refinement (Fig. S4, ESIt)
leads to a satisfactory model indicator and profile factors (see
Table S1, ESIt). [Ag,(1,3-BDT)], crystallizes in the cubic chiral
P2,3 space group with a = 12.88562(3) A, V = 2139.52(1) A® and
Z = 12. The asymmetric unit contains four independent silver
atoms with one (Ag1) in general position, and the three others
(Ag2, Ag3, and Ag4) on the threefold axes, as well as one 1,
3-BDT ligand (C¢H,S,) in general position. Each silver atom is
coordinated to three sulphur atoms to form a near planar
triangular geometry (Fig. 1b) with the Ag-S interatomic
distances of 2.508(2) A and 2.509(2) A (Ag1-S1), 2.638(2) A
(Ag1-S2), 2.515(3) A (Ag2-S1), 2.563 A (Ag3-S2) and 2.618 A
(Ag4-S2). These distances are in total agreement with those
found in the literature for this family of compounds such as in
the case of the [Ag(o-SPhCO,H)], with Ag-S distances observed
in the 2.487-2.639 A range.® Simultaneously, each of the two
independent sulphur atoms of the ligand is also coordinated to
three silver atoms (Fig. 1a). The sulphur network is constructed
from two independent empty octahedra, Ag,S¢ (in blue on
Fig. 1) and Ag,Ss (in cyan on Fig. 1), centred on the threefold
axes and connected through sharing edges. Half of the faces of
the first one, Ag,Se (in blue), is occupied by three Agl and one
Ag4, which are connected through sharing of sulphur corners
and form a tetrahedron. Just two faces of the second octahe-
dron, Ag,Se¢ (in cyan), are occupied by one Ag2 and one Ag4,
connected through argentophilic interactions between them
(3.0047(9) A) (Fig. 1b). The empty capped Ag,Se octahedra are
then connected to three Ag,Ss ones by sharing edges and vice
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versa, to grow in the three directions and generate eight
membered ring channels in the [111] direction filled by the
organic moiety of the bridging 1,3-BDT ligands (Fig. 1e, f and
Fig. S5-S7, ESIt). On the other hand, the silver network can be
described from helical chains running along the a axis, in
which coinage metals are bridged by sulphur atoms of the
1,3-BDT ligands following the Agl-Ag4-Agl-Ag3 sequence
(Fig. 1g and Fig. S8, ESIt) and onto are grafted Ag2 by
argentophilic interactions. Each helix is connected to four
neighbouring ones through Ag1. Since this compound is cubic,
these helices run also along the b and c axes, and intersect each
other to generate this 3D chiral framework.

The TGA curve measured in air at a heating rate of 10 °C min~
shows that [Ag,(1,3-BDT)], is stable up to 400 °C (Fig. S1, ESIY).
Thus, to study its thermal behaviour ex situ PRXD experiments
have been first carried out. Five samples of [Ag,(1,3-BDT)],, have
been calcined in an oven under an air atmosphere for one hour
(ramp of 2 °C min ") at 200, 250, 300, 350 and 450 °C. Upon these
calcinations the pale yellow powder turns progressively to dark
brown up to 350 °C and becomes light grey at 450 °C (Fig. 2a). The
Rietveld refinements (Table S2, ESIT) of the corresponding PXRD
patterns show that [Ag,(1,3-BDT)], is present at 100 wt% after
calcination at 200 °C. Then, at 250 and 300 °C, the B-Ag,S phase
starts to be qualitatively observed, as it can be seen from the
formation of darker powder, but its low quantity and small
particle diameter prevent an accurate quantification. At 350 °C,
68 wt% of [Ag,(1,3-BDT)], remains with 27 wt% of B-Ag,S and
5 wt% of Ag. On the SEM images of these calcined samples, B-Ag,S
can be seen as around 1 um aggregates and Ag (FCC) as micro-
metric crystals (Fig. S9, ESIT). Finally at 450 °C, there is no more
[Ag,(1,3-BDT)], but a mixture of 58 wt% of Ag and 42 wt% of
Ag,S0,, probably because of the working conditions under the air
atmosphere. These ex situ experiments show that [Ag,(1,3-BDT)],
has a complex decomposition process, starting from the formation
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Fig. 1 Representations of the structure of [Ag,(1,3-BDT)],: (a) the ligand and its coordination to silver atoms; (b) the two sulphur-based octahedra: Ag4Se
(in blue) and Ag,Se (in cyan); (c) the Ag,Se octahedron (in cyan) connected to three Ag,Sg octahedra (in blue) with three bridging 1,3-benzenedithiolate
ligands; (d) the same as (c) with the addition of two Ag,Se octahedra connected to each Ag4Se (ligands are not represented); (e) the same as (d) with the
extension of the network and with the 1,3-benzenedithiolate ligands; (f) the network on the (ab) plane and without the ligand and (g) the chiral helix made

of Agl, Ag3 and Ag4.
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(a) Normalized intensities of RT PXRD patterns (4 = 1.54056 A) of ex situ calcinations of [Ag,(1,3-BDT)], for one hour in air at 200, 250, 300, 350 and

450 °C. On the right, the photos of the sample after their calcinations. (b) 2D map of relative intensities of in situ PXRD (4 = 0.67122 A) of [Ag»(1,3-BDT)], with
temperature from RT to 500 °C at 10 °C min~! in air and (c) weight percentages of the different phases ([Ag,(1,3-BDT)],, (black), Ag (red), a-Ag,S (blue) and

B-Ag,S (pink)) present upon heating and cooling.

of B-Ag,S and followed by the formation of Ag and then, the
emergence of Ag,SO, (with no more B-Ag,S) that is known to
decompose at higher temperature into bulk Ag associated with the
release of SO,." In situ temperature-dependent synchrotron PXRD
experiments (on CRISTAL beamline, SOLEIL) have been carried
out in a revolving open capillary under air flow and heated up to
500 °C at 10 °C min '. Fig. 2a and b show that under these
dynamic conditions, [Ag,(1,3-BDT)], remains the only phase up to
374 °C. Then from 392 °C, bulk silver starts to form, it reaches a
maximum at 460 °C (66 wt%) and simultaneously with the CP
decomposition, it is converted to a-Ag,S (Fig. S10-S13, ESIf). At
500 °C, o-Ag,S is the only phase and upon cooling its phase
changes to B-Ag,S that is observed at 161 °C and is the only phase
at room temperature (Fig. S14, ESIT)."" The comparison between
these ex and in situ experiments shows that for the first one f-Ag,S
is a metastable phase and Ag,SO,/Ag is the residual mixture and
for the second one Ag is the transition phase and the final product
is B-Ag,S. This points out the importance of the heating rate
and time.

In order to measure the conductivity by the four-probe
method, pellets pressed at 700 MPa have been fabricated with
the as-synthesized [Ag,(1,3-BDT)], and with the calcined sam-
ples for 1 h from 200 to 450 °C. The densities of the pellets are
measured by the Archimedes’ principle method. The mean value
of the density of CP pressed at 700 MPa is 2.83 + 0.23 g cm °.
Knowing the density from the crystallographic data is 3.3 g cm ™,
the compactness of the pellets is around 86%. The PXRD patterns
measured on the 4 mm diameter pellets and their quantitative
analyses obtained from Rietveld refinements (Fig. S15 and
Table S2, ESIt) show that under a pressure of 700 MPa, [Ag,(1,
3-BDT)], calcined up to 300 °C remains unaltered. [Ag,(1,3-BDT)],
is stable under a mechanical pressure of 700 MPa. The sample
calcined at 350 °C, which has a mixture [Ag,(1,3-BDT)],./B-Ag,S/Ag,
is pressed at 700 MPa. The conductivity of the as-synthesized
[Ag,(1,3-BDT)], is about 107'° S em ™, a very low value character-
istic of insulators (Fig. S16, ESIt). The absence of conductivity can
be related to the absence of the dithiolene motif as in the
BHT linker, which permits better t-conjugation.” Then the con-
ductivity increases slightly upon calcination of [Ag,(1,3-BDT)], and

This journal is © The Royal Society of Chemistry 2022

reaches 107 S em™ "' for samples heated at 300 and 350 °C
(Fig. S17, ESIf). On the other hand, the sample heated at
450 °C, where there is only bulk silver and Ag,SO,, exhibits a
density of 8.34 g cm ™ and a conductivity of 7 x 10> S em ..
Thus, the increase of the conductivity of the samples calcined at
300 and 350 °C originates from the presence of the inorganic
silver content. The absence of electrical conductivity in [Ag,(1,
3-BDT)], is mostly due to its wide optical band gap of 2.7 eV (Fig.
S18, ESIf). Its reduction with a solution of lithium triethylborohy-
dride (LiEt;BH) was also attempted;> unfortunately, while
[Ag,(1,3-BDT)], turns green after 20 min with no apparent decom-
position from the PXRD pattern, it still remains an insulator
(Fig. S19, ESI}).

Due to the argentophilic interactions of 3.0 A between Ag2
and Ag4 (Fig. 1), photoluminescence experiments have been
carried out on the powder from room temperature to —180 °C
(Fig. 3a and Fig. S20, ESIt). At room temperature (RT) and for
Jex = 410 nm, it exhibits very low intensity emission at 525 and
650 nm, and then by lowering the temperature the red band
becomes more intense and shifts to 610 nm, while the band at
525 nm remains as a shoulder. The origin of these two bands is
most probably from a ligand-to-metal charge transfer (LMCT)
for the one at 610 nm and from an intra-ligand charge transfer
(ILCT) for the one at 525 nm, as can be observed from the
emission spectrum of the free 1,3-H,BDT ligand (Fig. S21,
ESIt).>"?

As [Ag,(1,3-BDT)], crystallizes in the chiral P2,3 space group,
it potentially exhibits non-linear optical properties.”* To con-
firm the acentric structure, second harmonic generation (SHG)
measurements were performed with potassium dihydrogen
phosphate (KDP) as the reference (Fig. 3b and Fig. S22, ESIf).
The measurements performed on the [Ag,(1,3-BDT)], powder
sample at RT with 4 = 800 nm show a response at 400 nm
confirming the non-centrosymmetry. Compared to KDP, this
SHG response is modest. Thus, [Ag,(1,3-BDT)], is the first
SHG-active MOC. In addition to this SHG signal, [Ag,(1,
3-BDT)], has an emission band centred at 525 nm when excited
at 800 nm. This band is also observed as a shoulder under
Jex = 410 nm and has been attributed to an ILCT (Fig. 3a). The

Chem. Commun., 2022, 58, 8081-8084 | 8083
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Fig. 3 Photophysical properties of [Ag,(1,3-BDT)l,: (a) temperature-dependent solid state emission spectra (lex = 410 nm) and (b) second harmonic

generation response with incident beam at 1o, = 800 nm and RT.

origin of the 525 nm emission band, when excited with low
energy, can be due to energy transfer from the SHG signal or
from an up-conversion mechanism. Further studies will be
conducted to fully attribute this emission.

To conclude, we report a new neutral MOC made of a
bidentate linker, 1,3-benzenedithiolate and Ag(i). Its 3D chiral
cubic structure is made of the assembly of sulfur-based Ag,Se
and Ag,Se octahedral motifs. More importantly, this CP has
high thermal stability, up to 400 °C under dynamic air heating,
and depending on the calcination conditions Ag,S or Ag/Ag,SO,
can be obtained. Additionally, [Ag,(1,3-BDT)], maintains its
crystallinity under a pressure of 1 GPa. In terms of physical
properties, while it is an insulating material, it exhibits a red-
orange emission at low temperature and it is the first MOC
exhibiting a SHG response associated with green emission at
RT. This study confirms the great potential of the emerging
MOGCs in terms of physical properties. Thus, new MOCs with
further thiolate-based ligands have to be discovered to rationa-
lize the effects of m-conjugated organic moieties and the struc-
ture—property relationships, contributing to the development of
highly stable functional materials on demand.

SH, AA and J-LR performed the synthetic experiments and
routine characterization. AF performed the SEM imaging. GL
carried out the photoluminescence experiments. RD and SP did
the pellet formation and electrical analyses. NG and AM carried
out the synchrotron experiments and PXRD analyses. FM and
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project, supervised and wrote the manuscript.
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