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Nano-structured architectures, as a rapidly developing and
widely accepted new functional material, have potential appli-
cations, such as in bioelectronics, sensing and catalysis.*
Transition metal clusters with precise atomic composition are
a kind of nanoscale material. For example, coinage metal
(copper, silver, gold) clusters have widely attracted attention
from more and more chemists owing to their extremely fasci-
nating structures and rich physicochemical properties.> Among
these, high-nuclearity silver clusters have received researchers'
attention for a long time mainly due to the excellent coordina-
tion mode of silver for ligands and their promising applica-
tions.** Meanwhile inorganic synthesis technology is becoming
mature, the synthesis of large inorganic clusters and so-called
cluster compounds at the nanoscale has a wide variety of
novel structures. However, it involves a complicated process to
prepare high-nuclearity silver clusters.> Many factors can affect
the formation of clusters, so it is difficult to predict their final
structures and control their compositions. At present, most of
the studies are still at the structural level and there are only
a few further explorations of their properties.®

RC=C and S-, P-, N-R (R = alkyl) are important organic
ligands in silver cluster compounds. Silver acetylides, as one of
typical silver clusters, with structure diversity and charming
properties” have also been widely studied. A great many multi-
nuclear silver alkynyl compounds constructed by a basic
comonomer or aggregate [AgC=CR],, have been reported so far.
It is considerably untoward that [AgC=CR], is insoluble and the
solution can be dissolved by adding some soluble silver salts.?
Although a significant advantage of alkynyl ligands over other
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obtained in one pot. Compound 1 has been well-defined and characterized. The photocurrent
properties and the temperature-sensitive luminescent properties of 1 have been investigated.

organic ligands containing S, P or N atom is its C=C bond,
which can attach to a metal surface by forming both ¢ and =
bonds.? Therefore alkynyl ligands as electron acceptors tend to
build cluster compounds by pr-d conjugation with metal.® For
instance, spectroscopic and crystallographic data fully demon-
strate that the arsenic-based ligand RC=C terminal exhibits
a versatile coordination mode, good o-donor and weak acceptor
characteristics towards transition metals during the formation
of various compounds.*® Another common problem in the silver
alkynyl system is that the yield of silver clusters is generally not
high, which limits further research on their properties. Above
all, control synthesis of high-yield higher nuclearity clusters,
multinuclear aggregates and even extended solid-state archi-
tectures involving the ethynide moiety with diverse coordina-
tion modes and metal silver centers consolidated by
metallophilic interactions is our ultimate goal.™

Based on what we have discussed above, a continuous
investigation into the silver alkynyl compounds is going in our
group.” A high-yield alkynyl silver compound [Ags(C=C'Bu)s(-
CF;COO)3(CH3CN)] (1) was obtained by the assembly of
[AgC=C'Bu], and CF;COOAg in a molar ratio of 1:1 in the
acetonitrile. Compound 1 has been well-defined and charac-
terized. And the UV-vis solid-state optical diffuse reflectance
spectrum, the band gap and the photocurrent property of 1 have
been investigated. In addition, the temperature-sensitive lumi-
nescent property of 1 has also been studied, in which the
maximum emission intensity and the temperature present an
excellent linear relationship.

Firstly, [AgC=C'Bu],, and CF;COOAg in a molar ratio of 1 : 1
are dissolved in the acetonitrile, which is transferred into
a Teflon-lined stainless autoclave and kept at 70 °C for 24 h.
Then the suspension is naturally cooled to room temperature
and is filtered. Lastly, the colorless block crystals 1 (yield: ca.
53% based on Ag) are precipitated from the filtrate two days
later. The crystal structure of compound
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[Ags(C=C"Bu)s(CF5;C0OO0);(CH;CN)],, (1) was explicitly analyzed
by single crystal X-ray diffraction and the result reveals that the
space group of compound 1 crystallized in the triclinic P-1. The
whole configuration of this crystal can be described as a one-
dimensional infinite chain. In an asymmetric unit, it contains
eight silver atoms, five Bu‘C=C~ ligands, three CF;COO~
ligands and one CH;CN ligand, as shown in Fig. 1. It shows that
the eight silver atoms displayed in the center construct the
primary skeleton, while the Bu'C=C~, CF;COO ™~ as well as CN~
ligands in the periphery can commendably support the frame-
work of the Ags(C=C'Bu)s(CF;CO0);(CH;CN) unit. In detail,
the five Bu'C=C" ligands separately adopting the four different
geometric coordination modes, pn*n’mPn? (C1=C2,
C13=C14), us—n*n*n?® (C7=C8) and p;—m*n’m* (C19=C20,
C25=C26) are tied to the eight silver(i) ions to construct the
[Ags(C=C'Bu);]>" framework, which is further consolidated by
the three CF;COO™ ligands in the p,-O, O’ (01-02 and 03-04)
and p;-0, O/, O’ (07-08) modes as well as the one monodentate
CH;CN ligand. Such two asymmetric units can be fused into
a dimer through the Ag---Ag interactions in the range of
2.9232(6)-3.2117(5) A between the two components, as shown
in Fig. 2. Therefore, the integrated silver skeleton of 1 can be
seen in Fig. 2. It is clearly that the sixteen silver atoms can form
triangles and quadrangles through the Ag---Ag
interactions.®

In an asymmetric unit of compound 1, the eight silver atoms
can be anatomically segmented into the three types, 0, n* and
n*. The Ag7 atom adopting the first n> mode was bonded to
a pair of opposite C19=C20 and C25=C26 alkynyl ligands in
the pz-n*n*n* with the Ag-C bond distance 2.072(4) and
2.098(4) A. The second n® mode covers five silver atoms (Ag2,
Ag3, Ag4, Ag5 and Ag8), which joint one oxygen atom, one or two
carbons, and another nitrogen atom separately from CF;COO™
ligands with the Ag-O bond distance 2.300(3)-2.517(3) A,
Bu‘C=C" ligands with Ag-C bond distance 2.134(4)-2.629(4) A
and CH;CN ligand with Ag-N bond distance 2.239(5) A. The
third kind contains two Ag1 and Ag6 atoms in the n* mode link
the oxygen atoms from CF;COO~ ligand (Ag-O 2.288(3)-
2.443(3) A) and the carbon atoms from Bu'C=C" ligands (Ag-C
2.368(4)-2.532(4) A).

silver

Fig. 1 The standard ball and stick model of the Agg(Bu'C=C)s(CF3-
COO)3(CH3CN) asymmetric unit of 1. For the sake of clarity, all
hydrogen atoms are omitted. Color code: Ag, pink; C, gray-50%; N,
blue; O, red; F, bright green.
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Fig.2 The standard ball and stick model of a dimer constructed by the
two Agg(Bu'C=C)s(CFsCO0)3(CH5CN) asymmetric unit of 1. For the
sake of clarity, all hydrogen atoms are omitted. Color code: Ag, pink
and green; C, gray-50%; N, blue; O, red; F, bright green.

And a one-dimensional infinite chain is constructed by the
adjacent Agg(C=C'Bu);(CF;CO0);(CH;CN) dimers depending
on the Ag1-O5#1, Ag1-C1#1, Ag1#1-05, Ag1#1-C1 bonds with
the Ag-O bond length 2.443(3) A and the Ag-C bond length
2.428(4) A together with the Agl---Agl#1, Agl---Ag2#1, Agl--
Ag3#1, Agl#1---Ag2, Agl#1---Ag3 interactions in the range of
2.9232(6)-3.1730(5) A (<3.44 A),™* as shown in Fig. 3.

By comparing the powder X-ray diffraction patterns (PXRDs)
under experimental and simulated conditions, it can be proved
whether the product is pure phase and can provide a basis for
other subsequent tests. As shown in Fig. S1,T we can see that the
experimental PXRD is consistent with the curves of the simu-
lated PXRD. Hence, the phase purity of 1 can be clearly
confirmed. Infrared spectrum (IR) can show the absorption of
characteristic functional groups, so the composition of
compound 1 was confirmed by IR data. As shown in Fig. S2, the
IR band at 3448 cm ™" is due to the O-H vibration, the band at

2968 cm ! is due to the C-H vibration, the band at 2220 cm ™' is

attributed to the C=N vibration, the band at 2017 cm™ " is
attributed to the C=C vibration. The stretching vibration of
C=0O0 at 1675 cm " and C-F at 1208 cm™* can prove the exis-
tence of CF;COO™. The thermogravimetric analysis (TGA)
shows that the weight loss of compound 1 can be mainly
divided into two parts, as depicted in Fig. S3.1 The first step of
weight loss before 85 °C may be caused by the loss of acetoni-
trile solvent attached to the crystal. The second step of weight
loss before 310 °C should be due to the shedding of the
peripheral CH;CN, CF;COO~ and Bu’‘C=C~ ligands. When
temperature is higher than 310 °C, the compound starts to
decompose. Until after 530 °C, the thermogravimetric ratio of 1
basically remains unchanged.

The UV-vis solid-state optical diffuse reflectance spectrum
was measured at room temperature, as shown in Fig. 4. It is
clearly that compound 1 exhibits a broad absorption peak at
268 nm in the ultraviolet region, which should be assigned to
the m-m* transition of the Bu‘'C=C" ligands in 1.** Further-
more, the band gap of 1 was estimated to be 2.56 eV. Thus
compound 1 is a potential semiconductor material.

In order to study the photoelectrochemical property of
compound 1, the photocurrent response curves (- curves) were

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 The one-dimensional chain of 1. For the sake of clarity, all hydrogen atoms are omitted. Color code: Ag, pink and green; C, gray-50%; N,

blue; O, red; F, bright green.

-
RO
B

(b) 2.5

2.04

e
%

1.54

e
By

(A"

1.0

Absorbance
e
+

0.5

g
o

Eg=2.56 ¢V

0.0 T T T T T 0.0
200 300 400 500 600 700 800
Wavelength (nm)

L5 20 25 30 35 40 45 50 55 60
Photon energy (eV)

Fig. 4 (a) The UV-vis solid-state optical diffuse reflectance spectrum
of 1. (b) The band gap of 1.
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Fig. 5 Photocurrent response of 1 under repeated irradiation in 0.2 M
NaySO,4 aqueous solution.
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Fig. 6 (a) Luminescent spectra of 1 recorded in the solid state from
298 to 77 K under the excitation of 396 nm. (b) Linear relationship
between maximum emission intensity and temperature of 1.

measured at a fixed bias potential of 1.23 V vs. RHE via on-off
cycles of irradiation. As shown in Fig. 5, the rise and fall of the
photocurrents corresponded well to the switching on and off of

This journal is © The Royal Society of Chemistry 2020

the irradiation. When the irradiation was interrupted, the
photocurrent exhibited a prominent decline, and the photo-
current reverted to the original value once light was switched on
again. At the bias of 1.23 V vs. RHE, the photocurrent density of
compound 1 is nearly 0.2 pA ecm 2. The photocurrent density
has no obvious decline after 14 on/off cycles, indicating the
photoelectrode possesses excellent photochemical stability.*
The mechanism of photocurrent generation is proposed as
follow. Upon illumination, the electrons in the valence band
(VB) (predominately 2p-C) of compound 1 are excited to its
conduction band (CB) (mainly 5s-Ag),>* then the opposite
transmission of photogenerated electron and hole produces
photocurrent. Thus compound 1 should have potential appli-
cations in photoelectrochemistry.

The photoluminescence properties of solid compound 1
have been studied."” According to Fig. 6a, compound 1 has
a good emission behavior at an excitation wavelength of 396 nm
at different temperature from 298 K, 255 K, 207 K, 173 K, 130 K
to 77 K. Obviously, its emission intensity is correspondingly
increased as the temperature is gradually reduced from 298 K to
77 K. It is because the rigidity of compound 1 is enhanced and
the system span of heavy metals is reduced as the temperature
decreases. In addition, transfer of ligand to metal transfer
(LMCT) is caused by energy loss from non-radiative decay and
enhancement of Ag---Ag interaction."® At 298 K, the maximum
emission wavelength of 1 is 545 nm. As the temperature
decreases from 298 to 77 K, the maximum emission wavelength
shifts slightly to 578 nm.* It has a good linear relationship
between the maximum emission intensity of 1 and the corre-
sponding temperature from 77 K to 298 K, as shown in Fig. 6b.
The linear equation is Iy, = —84.47T + 3.15 x 10" and the
correlation coefficient is 0.993.>* The results indicate that
compound 1 will be a potential temperature-sensitive probe.

Conclusions

In summary, it provides a simple method to prepare a high-yield
one-dimensional infinite silver alkynyl chain [Ags(C=C'Bu)s(-
CF;C00);(CH;CN)], (1) by the assembly of [AgC=C'Bu], ligand,
CF;COOAg and CH;CN auxiliary ligands through solvothermal
method. Through our research towards its synthesis, structure
and property, compound 1 has been proved to be a potential

RSC Adv, 2020, 10, 16045-16049 | 16047
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semiconductor material, photoelectrochemical material and
temperature-sensitive probe. Further studies on silver alkynyl

clusters are under way in our group.
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