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such as semiconductivity, luminescence, photothermal and thermochromic effects, which could be lever-
aged to build physical and chemical sensors, as well as novel multifunctional biomaterials. This review
summarizes the synthesis, structures and applications of Ag(I)-thiolate coordination polymers as sensory
ensembles towards physical parameters such as temperature and light and chemical analytes including

ig(';';'ords" ions, VOCs, amino acids and saccharides. Developments of functional hydrogels for chemosensing and
Thiolate in situ drug delivery are also discussed.
Argentophilicity © 2020 Elsevier B.V. All rights reserved.
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1. Introduction

Silver ion has long been recognized for its bactericidal activity
and low toxicity toward mammalian cells [1]. As a consequence,
metallic silver and silver compounds have been used as antimicro-
bial reagents in drinking water, food/water storage recipients, and
anti-infectives [1-3]. Ag(I), as a soft acid, has a flexible coordina-
tion geometry and rich coordination numbers ranging from 2 to
7 |4], tending to coordinate with soft bases and thus exhibiting a
high affinity to inorganic and organic sulfur. Upon coordinating
with sulfur, Ag-S bonding allows the formation of many types of
ensembles of structural diversity and flexibility [3,5], such as sup-
ported self-assembled monolayers on metallic silver (SAMs) [6],
thiolate functionalized silver nanoparticles, Ag(I)-thiolate clusters
[7-9], and Ag(I)-thiolate coordination polymers [10]. Ag(I)-
thiolate coordination polymers consist of Ag(I) containing nodes
and various thiolate containing organic linkers through various
supramolecular interactions such as metal-ligand interactions, -
T interactions, metal-metal interactions (argentophillic attrac-
tions), metal-nt interactions, coulombic interactions, and anion
bridging [11]. Particularly, the metal-metal interactions (metal-
lophilic interactions) are termed for the phenomena that d® or
d'° metal cations tend to exhibit attractive interactions rather than
repulsion when their distance is shorter than the sum of their van
der Waals radii, for example shorter than 3.44 A for silver cations
[12-14]. Structurally, the Ag(I)-thiolate coordination polymers
can mainly be divided into three groups [15], one dimensional
chain coordination polymers, two dimensional lamellar coordina-
tion polymers, and three dimensional metal organic frameworks
(MOFs) [16,17], the Ilatter are also termed as metal organic
chalcogenolates (MOCs). It is worth indicating that Ag(I)-thiolate
clusters and nanoparticles, other than just simple silver ions, could
serve as building blocks to build coordination polymers. An elegant
example is silver chalcogenide clusters based MOFs (SCC-MOFs)
that have been developed for sensing VOCs and gas [18]. For the
thiolate containing organic linkers, simple ligands including alkyl
thiolate, aromatic thiolate, mixed thiolate ligands containing N/P/
O atoms such as pyridine/phosphine thiolates [19], even more
complicated sulfhydryl amino acids have been utilized to form
the Ag(I)-thiolate based coordination polymers.

Ag(I)-thiolate coordination polymers have shown various phys-
ical properties [20] such as semiconductivity, luminescence, pho-
tothermal and thermochromic effects, which have been applied
for chemical sensing, catalysis, separation and functional biomate-
rials for in situ drug delivery [21-27]. Recently, Ag(I)-thiolate coor-
dination polymers have drawn great attention in the development
of sensory materials of high selectivity and sensitivity towards var-
ious species or external physical stimuli. Ag(I)-thiolate coordina-
tion polymers as emerging sensory ensembles feature unique
advantages in the following aspects. (i) The intrinsic flexibility
and various coordination geometry between Ag(I) and the ligands
ensure high sensitivity towards sensing species; (ii) the Ag(I)-
thiolate coordination polymers are assembled from building blocks
through cooperative weak interactions, that signal amplification
and selectivity enhancement are expected; (iii) the structural
diversity of 2D and 3D Ag(I)-thiolate coordination polymers offers
large surface areas and tunable porosity, beneficial to high effi-
ciency capture and concentration of the analytes; and (iv) particu-
larly, the in situ generated chromophores in the Ag(I)-thiolate
coordination polymeric backbone, relating to the argentophillic
attractions, provide a facile and unique sensing scheme of no spec-
tral background.

Demessence and co-workers summarized d'° coinage metal
chalcogenolates in terms of the structural dimensionality from
0D to 3D [28]. Yet we have not been able to find reviews describing
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recent developments of the Ag(I)-thiolate coordination polymers
focusing on their structure-property relationship and sensory
applications. We therefore consider it is of significance to review
the synthesis, structures and applications as sensory ensembles
of the Ag(I)-thiolate based coordination polymers, to provide
insights in rational designing of those novel sensing platforms
and functional materials. This review is thus constructed in four
parts. The first part presents the structure, synthesis and character-
izations of Ag(I)-thiolate based coordination polymers ([Ag(SR)],),
according to the types of the substituent (R) in the thiolate ligand
(RSH) and n is a defined number for the complexes or it is infinite
for the coordination polymers; in the second part, applications of
Ag(I)-thiolate coordination polymers as physical sensors, for ther-
mochromic and photothermal sensing are summarized; in the
third part, applications of Ag(I)-thiolate coordination polymers as
chemical sensors are reviewed, for sensing of ions, VOCs, amino
acids and saccharides; and finally in part four, Ag(I)-thiolate coor-
dination polymers as multifunctional hydrogels for chemosensing
and in situ drug delivery are discussed.

2. Synthesis and structures

In Ag(I) coordination polymers, S atom from the thiol ligand
mainly acts as p,, Uz or uy bridge when coordinating with Ag atom
[28]. According to the coordination environments, Ag atom adopts
diverse geometries, i.e. linear, zigzag, triangular, planar square,
tetrahedron, cone and even octahedron. XRD, Raman, UV absorp-
tion, FTIR, '*C NMR and °°Ag NMR have been employed to study
their structures. In this part, Ag(I)-thiolate coordination polymers
are classified according to the ligands, in terms of alkyl, aromatic,
pyridine/phosphine thiolate ligands, bis(thio)methane ligands,
and sulfhydryl amino acids (Scheme 1). The influence of alkyl chain
length and branching degree of the substituent (R), temperature,
solvents, counteranion will be discussed. More importantly, the
stacking modes of the Ag-core and Ag-S unit, lengths of the Ag-
Ag/Ag-S bond, and argentophilic interactions in those complexes/-
coordination polymers will be discussed, which largely determine
the chemical/physical properties of the supramolecular ensembles.
It is expected that the general rules summarized in this review
would inspire new efforts to rationally design the Ag(I)-thiolate
supramolecular architectures of diverse structures and new
functions.

2.1. Alkylthiolate ligands

Researches on silver-alkylthiolate complexes/coordination
polymers ([Ag(SR)],) started as early as 1960 s by Akerstrom
[29]. He determined the molecular weight of silver alkylthiolates
in benzene and found that the degree of polymerization (n) relates
to the branching degree of the alkyl substituent (R) at o-C atom.
When R is a tertiary alkyl group, the complex is octameric (n = 8)
with good solubility. With secondary alkyl substituents, the silver
thiolate is dodecameric (n = 12). However, when S atom is bound to
a primary alkyl chain, the solubility of [Ag(SR)], is poor that the
degree of polymerization could not be obtained. Early results from
Akerstrom established a relationship between the polymerization
degree n and alkyl chain branching. In the next few years, more
crystal structures of [Ag(SR)], were obtained that allowed the
arrangements of Ag and S atoms and the effect of the substituents
on structural dimensionality more clearly analyzed. In the follow-
ing sections, we will describe alkylthiolate-based silver alkylthio-
late coordination polymers in terms of the alkyl chain length,
conformation and branching degree of the alkyl substituents, to
go deep into their structural characteristics.
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Scheme 1. Chemical structures of substituents R in [Ag(SR)],, presented in the synthesis and structure part. (a) alkyl substituents, (b) cyclohexane substituent, (c) pyridyl
substituents, (d) aromatic substituents, (e) amino acid substituents and (f) bis(thio)methane ligands.

2.1.1. Primary alkylthiolate ligands

Conformation of primary alkyl chain in the thiolate ligand has
an important effect on the structure of [Ag(SR)],. Natan and co-
workers [30] prepared a layered solid AgS(CH;)sCHs (1) with three
different forms, the fully extended trans (T) form, gauche (G) iso-
mer and T/G mixture, depending on the conformation of the alkyl
chain (C1-C2 bond) (Fig. 1 (a, b)). All of those compounds consist of
alternative arrangement of Ag(I) and S atoms, with alkyl chains
extending on both sides of the Ag-S-Ag-S chains, further stacking
into layered structures. For all-trans 1, Ag atom is distorted and
coordinated by two or three S atoms with an interlayer spacing
of 15.56 A. In the gauche form, strictly planar geometry is adopted
for each Ag atom, linked by three S atoms with a 16.88 A interlayer
spacing. Both of the two interlayer spacings are present in the T/G
mixture. Compared to all-trans compound, the gauche form exhi-
bits an attractive character that there is 50% per layer vacancy, tak-
ing up more interlayer space. The trans-conform is unstable and is
able to translate to the gauche form, evidenced by the temperature-
dependent color change from white to bright yellow, arising from
the low-energy ligand-to-metal charge transfer (LMCT) bands.

Zhou's group [31] studied the structures of AgS(CH;),CHs (2)
with a longer alkyl chain of n ranging from 7 to 18 (Fig. 1 (c, d)).
The layered materials centered on Ag(l) and S atoms with alkyl
chains extending up and down, similar to that seen in the
Ag(I)-butanethiolate complexes reported by Natan et al. [30]. The
interlayer spacing increases with increasing length of the alkyl
chain and a linear relationship is established, with a slope
k = 2.48 + 0.02 A (per pair of CH, group), slightly lower than that
expected (2.54 A) for all-trans alkyl chain. This indicates that the
alkyl chains are tilted by 12 + 3° relative to the surface normal and
is confirmed by calculated of IR spectrum. Ag and S atoms in 2 are
arranged in a distorted hexagonal lattice, slightly different from that
in the silver-butanethiolate complexes 1. This is mainly because of
the thermostability and high order of alkyl chains, which afford
all-trans and close-packed form. In another way, Ag atom coordi-
nates with two S atoms in 2 in the S-Ag-S diagonal mode, other than
the previously reported trigonal geometry by Natan et al. [30].

Swanson and co-workers [32] reported Ag(I)-alkanethiolates
AgS(CH,),CHs complexes (3)of n=5,6,9, 11, 15 and 17. Structural
studies show that Ag and S atoms in the thiol ligands are coordi-
nated in a trigonal geometry, resulting in a quasi-hexagonal inor-
ganic core of about 1 A thickness (Fig. 1 (e, f)). The alkyl chains
in all-trans conformation are self-assembled into a sandwich-
shaped arrangement between Ag-S backbones, similar to that
reported by Zhou et al. [30]. The alkyl chains in each assembly
are vertical to the hexagonal Ag-S lattice. Regular one-
dimensional channels form between adjacent layers. Together with
previous models proposed by Natan et al. [29], a two-step, hierar-
chical self-assembly mechanism for [Ag(SR)], was proposed.
Firstly, Ag atoms are linked by alkanethiolate ligands into a sym-
metrically folded quasi-hexagon two-dimensional lattice, with
alkyl chain extending on each side. Then, the two-dimensional
building units form a sandwich bimolecular chain assembly in
the third dimension via a secondary complementary stacking of
the alkyl chains.

2.1.2. Secondary and tertiary alkylthiolate ligands

Dancer’s group [33] described in detailed on [Ag(SR)],
coordination polymers containing a tertiary alkyl thiol ligand,
3-methylpentane-3-thiol. One-dimensional chain structure con-
sisting of alternative Ag(I) and S atoms in the form of planar zigzag
-Ag-S-Ag-S- form is seen in 4 (Fig. 2 (a, b)). Two unconnected
(-Ag-SR-), strands are surrounded and separated by the alkyl
substituents, forming one polymer chain in two planes: the Ags
fragment of the chain in one plane that twists out of the plane
by coordinating with Ags or Ags atoms in the other plane. The
shortest distance of the Ag(I)-Ag(I) contacts between the two
strands is 2.889 A, suggesting the occurrence of Ag(l)- - -Ag(l) inter-
actions. Unlike that of the primary alkyl substituted [Ag(SR)],, Ag(I)
atoms adopt a linear geometry with the angles of S-Ag-S varying in
the range of 169° to 178°, meaning that the Ag(I) bonding is ful-
filled by two S atoms without secondary Ag-S bonding.

For silver thiolates with poor solubility and crystallinity, one
way to get the crystals suitable for structural characterization is
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Fig. 1. Proposed configuration and arrangements of S and Ag atoms of 1 with short alkyl chains in (a) gauche and (b) all-trans conformations depending on the orientation of
alkyl chain. Proposed arrangement of S and Ag atoms and layered structure of 2 reported by Zhou et al. (c, d) and 3 by Swanson et al. (e, f) with long alkyl chains. The ligands

are omitted for clarity. Reprinted with permission from Refs. [30], [31] and [32].

to increase the branching degree of the substituent R in the thiolate
SR [29], and the other way is to introduce bulky auxiliary ligands.
Benefiting from this strategy, crystal structures of (AgSCeH11)12
[34] and (AgSCMeEt,)g [33] containing respectively the secondary
and tertiary alkyl substituents have been obtained. Tertiary phos-
phine was introduced as an ideal structure-determining auxiliary
ligand. Dance et al. [35] prepared two silver thiolates

(AgSCMeEt,)g(PhsP), (5) and (AgS-Bu‘)i4(PhsP)4 (6) from reaction
of triphenylphosphine and silver tertiary alkanethiolates (Fig. 2
(cd)). 5 contains two different cyclic silver rings: (u-
SCMeEt),(Ag®), from four Ag® (dig refers to diagonal) atoms
(Ags, Age, Ags, Ags) and (u-SCMeEt,)s-(Ag"),(PhsPAg™®), that
consist of two Ag%® atoms (Ags, Ags) and two Ag'e (trig refers to
trigonal) atoms (Agi, Ag,). The two rings are further linked with
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Fig. 2. Proposed Ag and S atom arrangement of two uncontacted zigzag strands of 4 from two different views (a, b), and proposed Ag and S atoms arrangements of 5 (c), 6 (d).

The ligands are omitted for clarity. Reprinted with permission from Refs. [33] and [35].

each other by four long secondary Ag-S bonds (Ag;7-S13, Ags-Sz3,
Agi-Ss; and Ag,-Ssg). In this structure, there are 12 primary
Ag¥e-S bonds with an average length of 2.39 A, which is almost
0.5 A shorter than the secondary Ag-S bonds at Ag; and Ags. For
the trigonal silver atoms Ag; and Ag», the primary Ag™¢-S bond
length ranges from 2.50 to 2.66 A, which is ca. 0.4 A shorter than
the secondary connections of 2.90 and 2.97 A. 6 has a larger
28-membered ring structure that consists of alternative Ag(I) and
S atoms, of which Ag™® atoms are coordinated by phosphine
ligands. Four segments were identified in the structure of 6, (a)
eight zigzag linear segments in the opposite faces; (b) four linear
crossover segments; (c) four trigonal bending segments, and (d)
two linear end segments.

2.1.3. Cyclohexanethiol ligand

Hesse et al. [34] obtained crystal structure of Ag(I) cyclohex-
anethiolate [Ag(SCeH11)]n (7) (Fig. 3). Chains consisting of Ag(I)
and S atoms extend in c-direction and are separate from each other
by the surrounding cyclohexyl groups. Both two-coordinated and
three-coordinated Ag(I) atoms are formed in the structure of 7.
Degree of association is n = 25, which is larger than those of most
of the other complexes of secondary alkyl thiolates of Ag(I) (n =12),
determined by Akerstrém [29]. The Ag(l) atoms exist in two paral-
lel strands, which are related by a centre of symmetry and cross-
linked through four Ag atoms. The distances of the Ag(I)-Ag(l)
contacts range from 2.91 to 3.11 A in the chains and 3.03 to
3.29 A in the crosslinks, in both cases Ag(l)---Ag(l) interactions
occur. For the Ag(I) atoms in this complex, eight of them adopts
almost planar coordination with three other atoms, while four of
them have two-fold coordination with two S atoms in a nearly lin-
ear manner, similar to those reported in previous investigations
[36].

Ag*

SH

Fig. 3. Proposed Ag and S atom arrangements of 7. The ligands are omitted for
clarity. Reprinted with permission from Ref. [34].

2.2. Pyridyl thiolate ligands

Typically, protonated and non-protonated N atoms in pyridine-
2-thiol both exist in the forms of pyridine-2-thiolate and 1H-
pyridine-thione. Pyridine-2-thiolate could take three coordination
modes (Fig. 4), while 1H-pyridine-thione acts only as a p, bridge
through S atom to coordinate with two Ag(l) atoms.

Reaction of AgBF, with pyridine-2-thiol in DMF/H,0 at 0 °C pro-
duces colorless thin sheet-liked crystal of [Ag(CsH4NS)],, (8), while
yellow crystal of [Ag(CsH4NS)(CsHsNS)BF,4], (9) when the reaction
is performed in CH3CN at room temperature [37]. 8 is a two-
dimensional lamella structure that consists of Ag(l) arranged in
graphite-like array thus showing excellent semiconductivity, sim-
ilar to that of Age(BTC),(APYZ)s-9H,0 by Sun et al. [38] and of
[Ago(HatrzS),Cly], by An et al. [39]. PyS™ ligand serves as a ps bridge
to link three Ag atoms through two S atoms and one N atom (Fig. 4
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(a)) in the structure of 8, in which Ag(I)- - -Ag(I) interactions exist
accounting for its conductivities. Unlike that in 8, the array in the
two-dimensional network of 9 is relatively irregular, with Ag-Ag
bond length varying from 2.995 to 3.810 A, therefore exhibiting
no conductivity property. Three coordination environments are
discovered in 9: AgNS, with distorted planar trigonal geometry
and AgNS3 and AgS, with distorted tetrahedral geometry. These
results show that the reaction conditions such as temperature
and solvent are important for the formed structures of the Ag(I)-
thiolate coordination polymers.

Two coordination polymers with distinct structures of [Ag4(Cs-
H4NS);(NOs), ], (10) and [Ags(CsH4NS ), ],-nCl0O4 (11) were obtained
from the in situ reaction of CsH4NS ligand with silver ion of coun-
teranions NO3 and ClOg, respectively [40] (Fig. 4 (b) and (c)). One N
atom of pyridine-2-thiol coordinates with one Ag(l), while S atom
acts as a 3 or iy bridge with silver. Both 10 and 11 have a binu-
clear Ag(I) cluster as the basic building block, strongly supported
by the Ag(l). --Ag(I) interactions (distance of Ag(I)-Ag(I), 2.899 A),
a fact not discovered in the connections of the neighboring binu-
clear clusters. The counteranions of NO3 and ClOz play different
roles in the formation of the coordination polymers 10 and 11. In
10, NO3 coordinates with metal ion generating two-dimensional
networks, while ClOz in 11 does not coordinate with any metals,
but only functions as a counteranion in the 2D architecture. This
report highlights the role of counteranion of Ag(I) on the structure
of the formed Ag(I)-thiolate coordination polymers.

" "G "G
o ~ N/’

N She S-.
P % Ag T A TN A
A : Ag | Ag : A
Ag Ag 9 Ag . Ag ?
Fig. 4. Coordination model of pyridine-2-thiolates.
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Jain and co-workers [41] obtained silver thiolates [Ag(S-4-
pYyHo5)2(PPhs),] (12) and [Ag,(p-S-4-py)2(PPhs)s] (13), by reacting
[Aga(1-Cl),(PPhs)4] complex with 4-pyridine-SH ligand in the pres-
ence of EtzsN and NaOH, respectively (Fig. 5). 12 is a hydrogen
bonded chain-like structure, in which Ag(I) atom adopts a distorted
tetrahedral configuration that coordinates with two PPh; mole-
cules and two S atoms of the 4-pyridine-SH ligands. In this case,
one N atom of pyridyl group is protonated with 0.5 proton to main-
tain a charge balance. Hydrogen bonding is indicated from the
short distance of 2.656 A between two neighboring protonated N
atoms of pyridyl group, which promotes the formation of an infi-
nite chain of coordination polymer 12. On the contrary, 13 is a bin-
uclear structure consisting of a distorted tetrahedral P,S, core and
a distorted rhombohedral Ag,S, core, with N atoms of pyridyl
group not included in the metal coordination. The distances of
Ag()-Ag(1) (3.981 and 4.071 A) are longer than the sum of van
der Waals radius in this complex, indicative of no argentophilic
interactions. When 13 is heated in methanol, a new two-
dimensional coordination polymer [Ag,(u-S-4-py).(PPhs),], (14)
forms, which consists of two PPhs, two S-4-py ligands, and two
Ag(I) atoms. Each S atom coordinates with two Ag(I) atoms to form
a rhombohedral cycle. Different from that in 12 and 13, N atom of
4-pyridine-SH in 14 is coordinated with Ag(I) atoms, forming two-
dimensional networks. Moreover Ag(1). - -Ag(l) interactions in Ag,S,
core (Ag(I)-Ag(l) bonds, 2.966 and 3.419 A) are shown in 14.

2.3. Aromatic thiolate ligands

The steric effect of the substituent at o-carbon of the thiolate
has an important impact on its coordination with Ag(I). As the
steric hindrance decreases, the structure of its Ag(I) coordination
polymer may varies from simple oligomer to polymer. For exam-
ple, [AgSC(SiPhMe,)3]s (15) with a bulky substituent -C
(SiPhMe,)s is reported to be in trinuclear structure consisting of
AgsS3 core with a 6-membered ring. For complex with a less bulky

Fig. 5. Proposed structure of 12 supported by hydrogen bond between protonated pyridyl groups, structure of 13, and part of the network of 14. Reprinted with permission

from Ref. [41].
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thiolate ligand of [AgSC(SiMe,)s]s (16) a 8-membered cyclic
tetranuclear structure is produced. By decreasing the substituent
steric hindrance to HSCH(SiMe3),, a dicyclic structure of [{AgSCH
(SiMes),} 4]> (17) forms, consisting of two tetranuclear {AgSCH
(SiMes),}4 rings that are connected by secondary Ag-S bonds
(Fig. 6) [42]. It is made clear that, by tuning steric hindrance of
the substituent, the degree of polymerization in the metal coordi-
nation complex/polymer can be controlled. In other coinage metal
such as copper, similar steric effect has also been reported to
directly correlate to the degree of polymerization in the coordina-
tion polymers, that the thiolate ligand of increasing size leads to
lower degree of polymerization [43].

Block and co-workers [44] obtained octamer structure of [{Ag
(SCeH4-0-SiMes)}4]> (18) by reacting HSCgH4-0-SiMes; with Ag(I).
Both similarities and differences are discovered in the structures
of 18 with respect to 17. In 17, a nonplanar “T” coordination geom-
etry is discovered in the Ag,S, core, with dihedral angle of 78.0°
between S(1)Ag(1)S(4)Ag(4)S(3) and S(3)Ag(3)S(2)Ag(2)S(1) planes,
compared to 139.6° in 18. For the orientation of the thiolate sub-
stituents, all four substituents are located on the same side of the
Ag,S, ring to give an AAAA configuration in 17. While in 18 three
substituents direct to one side while the fourth to the opposite side
to minimize the interactions with next Ag,S, ring, assuming an
AAAB configuration (Fig. 6). The orientation of the thiolate sub-
stituent is shown to define the steric hindrance of —-CH(SiMes)
and -CgH4-0-SiMes.

Besides using bulky groups nest to sulfur atom in the ligand to
modify the degree of aggregation of the [Ag(SR)], coordination
polymers, additional donor atoms such as P, O or N atoms in the
thiolate ligands and/or auxiliary or coligand are also applied to
tune the structure and degree of aggregation by blocking some of
the coordination sites. Ph,P-based complex [Ags{2-(Ph,P)-6-
(MesSi)CgH3S}4] (19) [45] is reported to be a highly distorted
tetranuclear complex showing an arrangement of alternative Ag
and S atoms. Each Ag atom of the [AgS,P] core is in distorted trian-
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Fig. 6. Proposed Ag and S atom arrangement of AgsS; core of 15, cyclic tetranuclear
of 16, tetranuclear ring of 17 and Ag,S, ring of 18.The ligands are omitted for clarity.
Reprinted with permission from Refs. [42] and [43].
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gle environment coordinated by one P atom and two S atoms, lay-
ing out of the plane of the phenyl ring. The distance of Ag(I)-Ag(I)
with in the range of 2.93-3.53 A, indicates the occurrence of pos-
sibly weak argentophilic interactions. Asymmetric sulfur bridges
in 19 are found from the difference in the Ag-S bond length.
[Ag4{2-(Ph,PO)-6-(MesSi)CsH3S}4] (20) [45] consisting of -Ph,PO
group, is a distorted parallelogram tetranuclear complex contain-
ing four silvers, which are symmetrically located around the inver-
sion center and linked to each other by ligands. The coordination
environments of Ag atoms in 20 are: four-fold coordinated Ag atom
in [Ag0,S,] and two-fold coordinated Ag in [AgS,]. Four S atoms
are coplanar, with two S atoms above the plane that consist of four
Ag atoms and the rest two S atoms below the Ag plane (Fig. 7). The
dihedral angle of the S atom-based planes and the Ag atoms-based
plane is 167.46°. For complex 20, the steric influence of the phos-
phorus groups on the structure is minimized because of the longer
Ag-0 distances. More significantly, the introduction of the O atom
expands the chelate ring {Ag-O-P-C-C-S-}.

2.4. R-S-CH,-S-R ligands

Brisse and co-workers [46] reported two one-dimensional coor-
dination polymers 21 and 22 using bis(methylthio)methane ligand
and Ag(CF3CO,) and Ag(CF5CF,CO,), respectively (Fig. 8). Both of
the two coordination polymers contain Ag;,Se¢ clusters, in which
12 Ag(I) atoms are placed in the corners of a distorted cuboctahe-
dron. Six S atoms of u4-SCH; are located 0.8 A above the center of
the polyhedron plane. The contact distances of Ag(I)-Ag(l) in 21
(2.9250(5) — 3.3615(6) A) and 22 (2.961(1) — 3.380(1) A) are
shorter than the sum of van der Waa radii 3.44 A [47], indicating
the operation of weak argentophilic interactions. S atoms in 21
adopt two distinct coordination modes, in the bis(methylthio)
methane ligand linked by one Ag atom, while one sulfur of -SCH3
shared by four silver ions. The Ag;,Sg clusters in 22 contact each
other through the ligand that binds with Ag(1) and Ag(5) atoms
of the adjacent clusters, generating thereby a 1D coordination
polymers that further stack into a hexagonal array. In the structure
of 22, two H,0 molecules coordinate with Ag(I) atoms, making the
cluster slightly different from 21. The water molecule connects to
0 atoms of two CF3CF,CO3 anions, one within the Ag;,Se cluster
and the other in adjacent chains by hydrogen bonding, forming a
two-dimensional network.

A series of Ag(I) coordination polymers were obtained from bis
(phenylthio)methane ligand and Ag(I) of various counteranion of
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Fig. 7. Proposed Ag and S atom arrangement in 19 and 20. The ligands are omitted
for clarity. Reprinted with permission from Ref. [44].
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Fig. 8. Structure and Ag and S atom arrangement of 21 (a) and 22 (b). Reprinted with permission from Ref. [45].

ClOz (23), BF; (24), CF;CO0~ (25), CF3S03 (26, 27), CF3CF,CF,CO0™
(28), and a diacid, "OOCCF,CF,COO~ (29) (Fig. 9), also by Brisse and
co-workers [48]. All compounds of 23-29 have an one-dimensional
structure consisting of alternatively arranged Ag(I) and S atoms in
the form of -Ag-S-Ag-S-, which further assembles into two-
dimensional-layer structures in different stacking modes via van
der Waals interactions. In coordination polymers 23-26, Ag coordi-
nated with S atoms are also coordinating with counteranions
through single O or F atom, which adopt two different conforma-
tions, gauche-trans-gauche for 23, 24 and 26 and guache-guache-
guache for 25. 26 can transform into 27 when solvent is changed
from diethyl ether to petroleum ether. 27 is a 16-membered
macrocyclic structure formed through the connection between
small cyclic dimeric unit (AgCF3SOs3),. Complex 28 is a double-
stranded ladder-like structure. Ag(I)---Ag(l) interactions, as well
as C(H)---F or C(Hyp)---F (2.998-3.203 A) interactions, are found
29, as also indicated by the FTIR band around 521 cm~'. For 23-
26, different stacking mode of neighboring phenyl groups of the
ligands arise from the counteranions, leading to different dihedral
angles, 77.4° for 23 and 87.1° for 24 with tetrahedral anions
ClOz and BFz, while 59.7(3)° for 26 with non-planar bulk anion
CF3S03. Compound 25, with near-plane anion CF3COO-, has a
dihedral angle of 0°. The importance of steric hindrance of the
counteranions in defining the stacking modes of the phenyl substi-
tute in ligand and the interactions between the constitutional
structural units are nicely shown.

2.5. Sulfhydryl amino acids

Jalilehvand and co-workers [49] reported structures of Ag(I)
with sulfhydryl amino acids, cysteine, penicillamine and glu-
tathione (Fig. 10). Crystal structure of (NH4)Ag,(HCys)Ag(Cys).
H,0 (30) reveals that it consists of Ag(I)-thiolate layers parallel
to ab plane. The neighboring layers link each other through hydro-
gen bonding between 05 atoms of water molecules and N3 atoms
of ammonium ions. According to the coordination environments,
Ag(I) atoms of each layer are classified into two types: one in the
form of pseudo tetrahedral AgSsN and the other in trigonal AgSs.

Ag(HPen)-H,O (31) is a double-helical chain with the two nearly
linear -S-Ag-S-Ag- strands intertwining, driven by weak interac-
tions with nearby carboxylate oxygen atoms. Both the structures
of 30 and 31 are supported by the Ag(I)- - -Ag(I) interactions. When
structures were obtained in alkaline aqueous solutions and Ag(I)-
glutathione at ligand/Ag(I) molar ratio of 2.0 to 10.0 (at Ag(I) con-
centration of 0.01 M), Ag atom is diagonally coordinated by two S
atoms with an average Ag-S bond length of 2.36 + 0.02 A. For Ag(1)-
cysteine at ligand/Ag(I) molar ratio of 2.0-10.1 (at Ag(I) concentra-
tion of 0.1 M), Ag(I) atom is three-fold coordinated by S atoms with
an average Ag-S bond length of 2.45 + 0.02 A. Unlike that in the two
above mentioned complexes, Ag-S bond length in Ag(I)-
penicillamine complex increases from 2.40 to 2.44 + 0.02 A with
increasing ligand/Ag(1) molar ratio from 2.0 to 10.0. This reflects
a change in the coordination environment of Ag atom, from AgSs
to AgS, form, which is evidenced by '°?Ag NMR resonance at
922 ppm and an average Ag-S length of 2.40 + 0.02 A in the AgS,
unit.

In summary, the final structure of the Ag(I)-thiolate complex is
not only affected by experiment and crystalline conditions such as
solvents, pH, and temperature, under which they are prepared, but
also considerably influenced by the steric effect of the substituents
in the ligand, Ag(I)/ligand ratio, auxiliary or co-ligand, and counter
anion of Ag(I). The impact of the types of the thiolate ligands to the
structural characteristics of the Ag(I)-thiolate coordination poly-
mers could be addressed. For example, using secondary or tertiary
alkyl thiolate ligands, the silver ion is coordinated with two thio-
late ligand molecules, leading to one dimensional zig-zag or double
chain structure. Primary alkylthiolate ligands often lead to layered
two dimensional structures with trigonal geometry of Ag atom,
with side chains extending up and down on both sides of the lay-
ers. The involvement of N/P/O atoms thiolate ligand and co-ligand
could result in higher coordination number of the metal ions thus
more complexed polymer networks. Ag(I)- - -Ag(l) interactions rep-
resent a unique feature that lead to special structural characters
and physical properties. Thiolate ligandscould bring together and
strengthen the Ag(I)-Ag(I) contacts. Counteranions of Ag(I), coli-
gands and solvents also play important roles in modulating the
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Fig. 9. Proposed structures of single chains in 23-26, double-stranded chains of 27 and 28, and 2D network of 29. Reprinted with permission from Ref. [47].

Ag(1)-Ag(I) distances. Self-assembly of Ag(I)-thiolate complexes
into supramolecular structures of more structural complexity can
be promoted by the Ag(I)---Ag(I) interactions, mixed donor atom
coordination and inter-side chain interactions. In 2D and 3D Ag
(I)-thiolate coordination polymers with more structural rigidity
and diversity, flexible electronic states of the Ag(I)-ligand com-
plexes, Ag(I)---Ag(l) interactions and side chain interactions func-
tion together to generate unique physical properties. For
example, Ag(I)- - -Ag(I) interactions have been found to contribute
greatly to the thermal contraction and negative linear compress-
ibility in crystallized silver complexes [47]. Photothermal effect is
attributed to the intra-ligand or inter-ligand charge transfer and
electron-hole recombination within confined Ag-S networks.
Luminescent properties are determined by the LMCT processes
[50,51] and can be strongly altered by the Ag(I)- - -Ag(I) interactions
of the ligand-to-metal-metal charge transfer (LMMCT) nature
[52,53]. Those physical properties therefore afford great potentials
for sensing applications.

3. Ag(I)-thiolate coordination polymers as physical sensors

The conformational and coordination flexibility of the Ag(I)-
thiolate coordination polymers make them sensitive to external
physical stimuli such as temperature, electricity, and light. In addi-
tion, the Ag(I)---Ag(l) interactions related unique luminescence
properties from the LMCT or LMMCT state and the semiconductive
features are significant for designing multifunctional physical sen-
sors. By introducing mixed ligands or transition metal centers into
the coordination polymers, the sensitivity and selectivity of these
sensors can be further tuned. In this part, we will summarize sev-
eral recent examples of the Ag(I)-thiolate coordination polymers
for thermochromic and photothermal sensing. Despite the fact that
Ag(I)-thiolate coordination polymers have been reported for their
semiconductive properties, their applications as electrochromic
or electrochemical sensors remain limited. Zhu’s group reported
highly crystalline films of a silver-thiolate coordination polymers
[Ags(CsSe)]n with an electrical conductivity up to 250 S-cm™! at
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Fig. 10. (a) Layered structure of 30 with AgSsN (Ag1) and AgSs (Ag2) unit in the ab plane and the structure is supported via hydrogen bonds that are shown as dashes lines
between carboxylate oxygen 02 and 05 and N3, and (c) the crystal structure of 31. Bond lengths are given in A. Reprinted with permission from Ref. [49].

300 K [54]. Moreover, a much higher room-temperature conductiv-
ity of 7.3 x 1072 S.cm~! was discovered for LiBHEt; reduced
[Ags(CeSe)]n. Zang et al. [55] reported assembly of the Ag-S
nanoclusters and rigid perfluorinated aromatic carboxylic acid
(2,3,5,6-tetrafluorobenzene-1,4-dicarboxylate) into a silver-sulfur
nanowire array. They observed an electrical conductivity of
1.01 x 1078 S.em™! at room temperature. In that silver-sulfur
nanowire array, Ag(I)- - -Ag(l) interactions along (100) direction of
single crystal of nanowire are shown to play an important role
for the conductivity. Thus, there remains great space to explore
the Ag(I)-thiolate coordination polymers based electrochromic or
electrochemical sensors.

3.1. Thermochromic sensing

Thermochroism is the property of a material to change its color
due to changing in surrounding temperature. Traditional organic
thermochromic sensors include thermochromatic liquid crystals
and leuco dyes such as spirolactones, flurans, spiropyrans mixed
with proton donor chemicals. After absorbing heat, the crystallic
or molecular structure of the dyes undergo changes that leads to
emission of changed wavelength [56]. The flexibility of the coordi-
nation of the Ag(I) with ligands and the Ag(I)- - -Ag(I) interactions
open up new avenue for the Ag(I)-thiolate coordination polymers
to undergo structural change upon temperature stimuli, which
results for the charge transfer process in the ligands and between
the ligands and Ag(I), and thereby changes in the luminescence
properties. Temperature-induced conformational change of the
Ag(I)-thiolate coordination polymers has been shown to lead to
changes in the photophysical properties. Mak et al. [57] reported
reversible transformation of tetragonal ([(Agi2(SBu')s(CF3CO0),-
(bpy)a)ln (32) (bpy = 4,4-bipyridine) into trigonal ([(Ag;2(SBu®)s-
(CF5C00)s-(bpy)s)-(DMAcy-tolueney)], (33) using solvent at room
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temperature (Fig. 11). Singly emissive tetragonal 32 with discon-
nected D,gq 5-2-5 arrangement of the Ag,, cores transforms to trig-
onal dual emissive 33 with a Csz, cuboctahedron arrangement,
resulting in shrinking nearly half of the thickness along the c-
axis. 33 displays dual emission, at 463 nm assigned to the ,7t* tri-
plet state of bpy ligands with a lifetime of 10.1 ms at 83 K and
620 nm assigned to the triplet states in dodenuclear Ag-S cluster
of LMMCT mixed with metal-centered states with a lifetime of
85.5 us at the same temperature. The dual emission is highly sen-
sitive to excitation energy and temperature. For 32, dual possible
transitions of different energies were observed, with an excitation
maximum at 365 nm with a shoulder at 338 nm at 83 K. The low
energy excitation at 365 nm arises from the inter-ligand trans-
metallic charge-transfer (ITCT, S/Ag — bpy) and the high energy
excitation at 338 nm arises from the LMMCT (S — Ag) mixed with
metal center transition. Single emission at 507 nm with a lifetime
of 12.35 ps was observed. Silver core shrinkage from Ag(I)- - -Ag(I)
interactions in the 33 is associated with the energy level of LUMO
that is lower than that of bpy centers, rendering two emissive cen-
ters locating on the silver clusters and the bpy linkers, respectively.
Furthermore, bpy-NH, was introduced as a mixed-ligand resulting
in thermochromic 33/NH, to increase the blue emission compo-
nent and the dichromatic core-shell 33@33/NH,. Both of them
were applied for thermochromic sensing. Linear relationship of
temperature to the emission intensity ratio was established in
the range of 83-233 K, with a sensitivity of 0.347% K. A rational
design of Ag(I)-thiolate coordination polymers for dual-emissive
thermochromic sensing by creating highly temperature-
dependent cluster chromophores is shown operative.

Veselska et al. [58] reported crystal structures of lamellar [Ag(p-
SPhCO,H)], (34) and [Ag(p-SPhCO,Me)], (35), synthesized with
distorted AgsS; honeycomb networks separated by non-
interpenetrating thiolate ligands and herringbone packing, and
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Fig. 11. (a, b) Perspective view of Ag;,S¢ node with six pendent bpy linkers and stacking of 2D network structure of 32; (c, d) Comparison of Ag;, core structures in 33 and 32.
(e, f) Emission spectra of 33 and 32, respectively. Reprinted with permission from Ref. [57].

applied them for thermochromic sensing. 34 and 35 both display
thermochromic luminescent response in the solid state, with
hex = 380 nm and Xem, = 700 nm at 273 K for 34 and Aex = 368 nm
and Aen = 580 nm at 243 K for 35. At lower temperature of 93 K,
excitation and emissions are shifted to higher energies, with
Aex = 352 nm and Ay = 484/528 nm for 34 and Aex = 364 nm and
Aem = 489/526 nm for 35 (Fig. 12). The blue-shifted excitation
and emission at lower temperature are attributed to the enhanced
rigidity of the network that reduces the energy loss from non-
radiation decay. For 34, excitation at 220-340 nm results in
emission at high energy while excitation at 360 nm, lower energy
emission was observed. For 35 excitation at 220-360 nm result in
both high energy emissions and low energy emission (650 nm)
while from A.x = 380 nm, low energy emission at 700 nm was
observed. The excitation wavelength dependent emission that is
opposite to classical photophysics is explained by the anti-
Kasha’s rule of a decrease in the number of excited-states at
decreased excitation energy. The emission in the high energy range
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originates from the ligand-centered 3nn* transition while in the
low energy range from the LMCT state.

3.2. Photothermal sensing

Photothermal effect is produced by the excitation of a material
that results in thermal energy, which is an emerging field in cancer
therapy, sustainable and efficient energy. Inorganic materials
including graphene, carbon nanotubes and transition metal
nanoparticles have been reported as classical photothermal mate-
rials for temperature sensing, water evaporation and solar steam
evaporation [59]. By employing small organic photosensitizers
such as porphyrin and indocyanine green in conjugation with poly-
mer nanoparticles, photothermal therapy agents of excellent bio-
compatibility for cancer therapy have been achieved [60].
Theoretically, photothermal effect originates from nonradiative
electron-hole recombination, which depends largely on the pho-
non dispersion and electron-phonon coupling in the material.
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Fig. 13. Structure and photothermal effect of lamellar silver thiolate coordination
polymer 36. Reprinted with permission from Ref. [61].
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Higher polarizability, higher electron effective mass and easier/
faster polaronic reconstruction of charge carriers lead to stronger

trend of polaronic reconstruction thus more nonradiative
electron-hole recombination [61]. Applications of Ag(I)-thiolate
coordination polymers in photothermal sensing represent a rela-
tively new subject of promising future potentials. Near-infrared
photothermal effect was achieved in 2-dimentional coordination
polymer 36 from Ag(l) and pyridine-4-dithiocarboxylate (Py-4-
CSS) (Fig. 13). Single crystal X-ray diffraction analysis reveals a
layered structure in which each Ag® coordinates to two sulfur
atoms and one nitrogen atom to generate a “T” shaped [AgS,N]
fragment [61]. Ag(I)- - -Ag(l) interactions of 3.04 A distance are dis-
covered in dimers which are bridged by four Py-4-CSS ligands in
the ab plane. The layers of 36 stack in an ABAB relation along c axis,
leading to one-dimensional cylindrical pores, in which pyridine
rings stack in head-to-tail fashion along the c axis. The proper
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orientation of the pyridine rings allows optimal -7 interactions
that contribute to the interlayer charge transport. Under 800 nm
radiation, the temperature of the coordination polymer raised up
with a maximum increase by 24.5 °C in 3 min at a photothermal
conversion efficiency of 22.1%, 2 times that of pure inorganic
Ag,S materials, which is among the inorganic materials of highest
efficiency. The coordinating nitrogen atoms in the pyridine
moieties are critical in promoting the charge transfer between
the dithiocarboxylate ligands. Large dielectric constant and flat
energy bands were obtained, indicating that the coordination poly-
mers have a high electron effective mass and are easy to conduct
nonradiative electron-hole recombination, giving off heat.

4. Ag(I)-thiolate coordination polymers as chemosensors

The prosperous developments of the silver-thiolate coordina-
tion chemistry have tremendously promoted the applications of
Ag(I)-thiolate coordination polymers as chemosensors for ions
[62-65], thiols [66-71], VOCs [18], saccharides [72] and explosives
[73]. Moreover, silver-thiolate coordination complexes are also
employed to creating hydrogels [74-80]. The designing strategies
of the Ag(I)-thiolate coordination polymers as chemosensors
mainly are: (i) rationally equipping the thiolate ligand with bind-
ing groups towards given analyte, which upon binding triggers
sensitive structural and/or spectral changes; (ii) changing the com-
position of ligand and metal ions that photophysical properties of
the formed coordination polymers could be altered; (iii) in situ gen-
erating chromophores relating to the argentophilic interactions
upon the formation of Ag(I)-thiolate coordination polymers, with
unique luminescent properties of no spectral background; (iv)
introducing multiple interaction motifs or co-polymerization with
other ligands, to allow multivalent interactions and thereby signal
amplification. As sensory ensembles, Ag(I)-thiolate coordination
polymers have shown detection limits of sub-puM to pM level,
together with high selectivity, and have therefore demonstrated
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excellent sensing performance among the recently reported
chemosensors [81-83]. Applications for three typical kinds of ana-
lytes are presented.

4.1. Metal ions sensing

It has been reported that Ag(I)-cysteine [66] or Ag(I)-GSH [75]
coordination polymers of LMMCT excited-state are weakly fluores-
cent. Jiang et al. [62] reported a facile method to enhance the
LMMCT fluorescence by the decorating the cysteine ligand with a
naphthalene moiety (NCys, 37) as an antenna to harvest light for
exciting the coordination polymers (Fig. 14). Inserting a naphthyl
fluorophore in the cysteine ligand creates both the m-m stacking
in the Ag(I)-NCys coordination polymers and an energy transfer
pathway for dual emission at 337 nm and 441 nm under the exci-
tation at 283 nm for naphthyl moiety. When Ag" was added into
the solution of 37, Ag(I)-37 coordination polymer formed with
the aid of the argentophilic interaction, leading to the quenching
of fluorescence at 337 nm while the developing of a new emission
at 441 nm, assigned to the LMMCT from the thiol ligand to the sil-
ver chain. This strategy is applicable for Ag* at sub-pM concentra-
tion level and, in particular, the response is specific to Ag" among
other highly interfering ions such as Hg?* and Ba®*, demonstrating
nicely the significant role of argentophilic interactions in promot-
ing the formation of the coordination polymers that afford signal
amplification and thereby highly specific recognition of Ag®. This
example demonstrates that by rationally designing the thiolate
ligand, the luminescence property could be modulated, adding
new merit of fluorescent sensing using the Ag(I)-thiolate coordina-
tion polymers.

Replacing Ag® in the Ag(I)-thiolate coordination polymers by
Hg?*, the resultant photophysical changes are taken for the sensing
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Fig. 14. Formation of Ag(I)-37 coordination polymer in 1:1 (v/v) EtOH-H,0O
containing 5 mM NaAc-HAc buffer of pH 5.0 and enhanced LMMCT fluorescence
for sensing Ag*. Reprinted with permission from Ref. [62].

COOH

‘ A _sH
E/ —
AgNO;

&

O:Agm:s

All

Self-assembly

Coordination Chemistry Reviews 432 (2021) 213717

of Hg?". Li et al. [64] devised a network of Ag" (38) with sulfhydryl-
functionalized carbon dots for Hg** sensing (Fig. 15). Fluorescence
of 38 is significantly quenched by Ag" and recovered upon the
addition of Hg?*. Fluorescence intensity varies linearly with Hg?*
concentration over 0.01-0.75 nM, exhibiting an extremely low
detection limit (LOD) of 4.2 pM. The formation of amalgam Ag,Hgs
effectively prevents the re-quenching of the fluorescence by free
Ag* and Hg?*, which also guarantees a credible evaluation of the
emission.

4.2. VOCs and gas sensing

The sensing of small gaseous molecules is very important in
industry, medical and biological research, and environmental mon-
itoring. The stability and photophysical properties of metal clusters
have been considered largely dependent on their core, ligands and
environments. While the inherent instability and poor room-
temperature luminescence quantum yields of silver chalcogenide
clusters (SCC) has hampered extensive study of their potential
applications. Mak et al. [18] developed a luminescent dodecanu-
clear silver cluster based MOF 39 of enhanced stability via reaction
of AgS'Bu with CF3COOAg and rigid bidentate bridging ligand bpy
in a mixed solvent of CH3CN and C;HsOH (Fig. 16), remaining
stable from minutes to one year, with about a 60-fold increase in
the luminescence quantum yield. The luminescence of this MOF
originates from a metal Ag(I)-to-ligand (bpy) (MLCT) excited state
with mixing from the ligand (S,0)-to-ligand (bpy) (LLCT) character.
The long lifetime of 39 of 0.20 us at microsecond scale indicates the
triplet nature of the excited state. Photoluminescence of is
switched off by air/O, quickly in less than 1 sec, with a quenching
rate constant kq for O, of 3.2 x 10° kPa—' s~! and a LOD defined by
1% quenching of 32 Pa. This high performance of O, sensing in the
solid-state is attributed to (a) the interaction of O, with the
exposed bpy linkers that correlate with its LUMO, that the triplet
energy is transferred and its emission is quenched, and (b) the fully
openness of the MOF pores allow O, to freely permeate and diffuse
in the channels to effectively collide with the chromophores thus
quickly quench the emission. The quenched luminescence of 39
is instantly restored by the presence of various VOCs, exhibiting
different color emission from green to yellow-orange at room tem-
perature, 39 being therefore an ultrafast dual-functional
chemosensor for air/O, and VOCs.

Zang et al. [84] reported a flexible pillared-layered silver-
chalcogenolate cluster based metal-organic framework 40, from
reaction of CF3CO0Ag and AgS'Bu with 4,4'-bipyridine, and multi-
dentate phenylphosphonic acid (PhPOsH,) ligand as a functional
hydrogen-bond donor. 40 allows for an effective distinguishing of
chloromethanes, CH,Cl,, CHCIs, and CCly, by adsorption-induced
dynamic gate opening process, in a solvatochromism manner
(Fig. 17). Fluorescence emission of 40 at 518 nm remains
unchanged after adsorbing CH,Cl,, but shifted to red by 15 nm
and 52 nm when CCl; and CHCI; are respectively introduced. The

‘QA

Flourescence on Flourescence off

Fig. 15. Schematic illustration of the self-assembly of AgNPs 38 with AIE and the fluorescence quenching of AgNPs 38 in the presence of Hg?*. Reprinted with permission from

Ref. [64].

13



Q. Wang, Su-Li Dong, Dan-Dan Tao et al.

Coordination Chemistry Reviews 432 (2021) 213717

"?

NN
N §
\ / ‘\\, _;
7 _¥
t..
= 7~
Vacuum 55kPa
p
F -4
H 3
¢ :
o -
=
E :
<
£ E
$ owa f
400 450 500 S50 600 650 700
Wavelength (nm)

Fig. 16. (a) Synthesis and crystal structure of 39 viewed along the c-axis. (b, c) Emission spectra of 39 toward different partial pressures of O, and EtOH, respectively.

Reprinted with permission from Ref. [18].

Fig. 17. Schematic illustration of chloromethane-induced change of fluorescence of
40. Reprinted with permission from Ref. [84].

change of fluorescence from green to yellow is readily seen by
naked eyes. Surprisingly, this tendency of luminescence
response of these chloromethanes are deviated from the trend of
the dielectric constant and polarity order of the solvents,

'ooc\LNHJ'ooc\l/NH3+
*: )

Ag'-~----Ag'--~-~Ag

£ S

’Haw/l\coo'*mw/l\coo'
41

ull‘m

....-u—-—m

CH,Cl, > CHCl3 > CCly. The changes of fluorescence are ascribed
to the relative orientations of the dipole moment vector of the
chloromethane molecules towards bpy linkers, which influents
the intermolecular charge transfer transition.

4.3. Amino acids and saccharides sensing

Thiols are important for human lives. For example, the abnor-
mal glutathione level will increase the risks of certain cancers
and heart diseases. Benefiting from the metallophilicity related
characteristic absorption and photoluminescence properties of
the M(I)-thiolate coordination polymers, Jiang et al. [66] envisaged
that the in situ formed Ag(I)-thiolate coordination polymers could
act as a feasible sensing ensemble. Ag(I)-cysteine (Cys) coordina-
tion polymers were developed as sensing ensembles for detecting
and discriminating L- and D-cysteine (Fig. 18). In the presence of
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Fig. 18. In situ formation of Ag(I)-cysteine (Cys) coordination polymer 41 as sensing ensemble to detect and discriminate L- and D-cysteine. Reprinted with permission from

Ref. [66].
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Ag" and Cys, Ag(I)-Cys coordination polymers 41 are formed,
exhibiting characteristic absorption and mirror imaged CD signals
at 280 nm and 360 nm, relating to the LMMCT state. By employing
this method, cysteine was recognized over 14 other thiols, demon-
strating therefore the high selectivity of the sensing scheme. It is
worthy pointing out that, despite the chiral center in cysteine is
one -CH,- away from the coordinating S atom, strong splitting
CD signals were observed in the Ag(I)-Cys solution at wavelengths
corresponding to the LMMCT absorption. This also shows the syn-
ergetic interplay of the electrostatic interaction the thiolate ligand
side chains and the argentophilic attractions in the Ag(I1)-Cys poly-
meric backbone, explaining the observation of transferred chirality
from cysteine residue to the Ag(I)- - -Ag(I) polymeric backbone and
the related chromophores, and thereby the CD signals. Yan et al.
[85] reported sensing of L-cysteine based on self-assembly of chiral
complex nanoparticles from Ag(I) and L-cysteine. Upon addition of
50 uM Ag(I) to 50 uM L-cysteine solution, new CD signals of two
positive peaks at 210 and 300 nm, and three negative peaks at
250, 280 and 360 nm appeared, which turned into an S-shaped sig-
nal with a negative peak at 290 nm and a positive peak at 254 nm
after standing for 100 hr. As a CD probe for L-cysteine, this sensing
scheme demonstrated a high selectivity at Ag(I) concentration of
5 uM for 5 uM L-cysteine over other 19 amino acids and 6 struc-
turally related thiols at concentration of 500 pM, in that only L-
cysteine shows an S-shaped signal in the range of 230-350 nm.
The detection limit for L-cysteine is at the uM level. A possible
binding model for initial complexation of Ag(I) to L-cysteine
through S atom and weak bonding via O atoms was proposed
and supported by the FTIR observation of the absence of the
stretching vibrations at 2552 cm™! of S-H and O-H at 1425 cm ™,
C-0 at 1295 cm™! and C-O-H at 1348 cm~!. After standing for
extended self-assembling of the chiral complex, an oligomeric
structure was proposed to form with the help of the multiple N-
H and C = O bonds in the self-complementary hydrogen bonding,
N-H...0=C, which was supported by the simultaneous enhance-
ment of the 1677 and 1566 cm~' bands. The probe was applied
for quantitative analysis of L-cysteine in human urine samples.
Based on the fact that the molecular chirality of chiral thiolate
ligands is transferred and amplified upon the formation of coordi-
nation polymers, the potential of Ag(I)-thiolate coordination poly-
mers as chiral sensing platform was inspired. Jiang et al. [72]
further explored the chirality sensing of monosaccharides using a
boronic acid functionalized achiral thiol ligand to form coordina-
tion polymers with Ag(l) (42), p-mercaptophenylboronic acid

H‘.'J.r:‘.:'}:.’JH HO O |\LIH
4-f Olj
0 ~2 &
Ho Qb ¢ Y
Ag'
() + @ & Quiw ‘.Q/J\,,
L N /{
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(MPBA), affording multiple boronic acid groups for binding chiral
monosaccharides. The achiral coordination polymers were
expected to and indeed turn into CD active upon the addition of
chiral monosaccharide that binds to the boronic acid group(s) on
the polymeric backbone (Fig. 19), exhibiting monosaccharide iden-
tity dependent CD profile and thus allowing identification of the
chiral saccharide species. It was suggested that by introducing
additional interaction motifs such as the N — B interaction or via
co-polymerization of another thiol ligand, multivalent interactions
could be made possible for extended chiral sensing.

5. Ag(I)-thiolate coordination polymers as multifunctional
hydrogels.

Thiol-containing molecules have been proved to form hydrogels
upon binding with coinage metal cations such as Au(I), Ag(I) and
Cu(I) via self-assembling into supramolecular metal-thiolate poly-
mers that are stabilized by metallophilic interactions [86-88]. GSH
was the first reported to form hydrogel upon interacting with gold
(I) that the aurophilic interactions are functioning [89]. It was later
reported to form the Ag(I)-glutathione hydrogels under acidic con-
ditions [75]. This supramolecular hydrogel releasing the captured

"o === R—SH + Agl
i1 Ag'
R
o
HO)H
R—SH = o OHN (o] Q = Ago
A e
HO H N

Glutathione (GSH)

Fig. 20. Reversible gel-sol transition of Ag*-GSH hydrogel triggered by the addition
of I into hydrogel and subsequent Ag" into sol solution. Reprinted with permission
from Ref. [75].

( Glucose )
ucose
<
( Glucose )1
ety ¢
OH 5FoH

CD active

Fig. 19. Chirality sensing of glucose by achiral Ag(I1)-MPBA coordination polymer 42. Reprinted with permission from Ref. [72].
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Fig. 21. Thermo-responsive transition of argentophilic hydrogel 44. Reprinted with
permission from Ref. [74].

water that is much more than the introduced I, capable of selec-
tively recognizing I~ by a pronounced gel-sol phase transition
(Fig. 20). It is highly selective that other halogen anion (F-, CI-,
and Br~) or H,PO; does not lead to such a phase transition and
therefore allows a facile and visual approach for recognition of I~
via naked eyes.

Odriozola et al. [74] reported an argentophilic hydrogel 44 that
exhibits temperature-sensitive properties (Fig. 21). The hydrogel
becomes clear when temperature is raised to its gel melting tem-
perature (Tge ), while the subsequent cooling of this sol solution
leads to a reversible sol-to-gel transition. The value of T closely
relates to the concentration of thiol ligand 43, which establishes
an efficient way of controlling the thermo-responsive property of
the hydrogel 44.

Many ultrashort peptide sequences as short as di- or tri-
peptides have shown to self-assemble into hydrogels with endo-
genic biocompatibility and biodegradability [90,91]. Grande et al.
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[78] developed neutral metallophilic hydrogels by tuning the iso-
electric point (pI) of the terminal amine protected di- and tri-
peptides containing cysteine (Cys, C), arginine (Arg, R) and glycine
(Gly, G) residues. The strong basicity of guanidinium group of Arg
residue (pKa = 12.5) increases the final pl of the peptides at around
physiological pH. All of the four terminal amine acetylated pep-
tides (CR, RC, RGC, RCG) form pH- and thermo-reversible hydrogels
with Ag(I) and Au(l) at 3 wt%. Odriozola et al. [76] investigated
structure-dependent morphologies and phase-transitions of
silver-thiol hydrogels by using thiol ligands 45-49 (Fig. 22). The
hydrogels built from neutral thiols 45-47 are opaque with fibril
microstructures. However, acidic thiols 48-49 give transparent
hydrogels in a sheet-like microstructures. Moreover, the hydrogels
from thiols 45, 47, 48, and 49 are thermo-reversible that undergo
temperature-driven phase transitions, while hydrogel from thiol
46 remains in gel phase even at the boiling point of water.
MALDI-TOF MS and size exclusion chromatography analysis indi-
cate that the neutral hydrogels are composed of tetrameric species,
whereas the acidic hydrogels are composed of slightly larger oligo-
mers (n = 8-14). These researches open up a new avenue towards
developing thiol containing new hydrogelators, spanning from the
first reported cysteine-containing peptides to thiol-modified syn-
thetic molecules.

Agomir874 is a type of miRNA from miRNA874 that regulates
expression of matrix metalloproteinases (MMPs) of the tissue
extracellular matrix (ECM) in nucleus pulpous (NP) that may relate
to the development of intervertebral disk degeneration (IVDD)
[92,93]. Chen et al. [80] investigated Ag-(PEGSH), hydrogels for
potential application as miRNA delivering materials by loading into
Agomir874 and in situ injection into the degenerative interverte-
bral disk (Fig. 23). The hydrogels are injectable, self-healing,
antimicrobial, degradable, and favorable for Agomir loading.
Mechanical characterizations show that the hydrogel is similar to
normal intervertebral disk and can match and compensate for
the elasticity of degenerated intervertebral disk. The reversible
bond breaking of Ag-SR under shear force turns hydrogel into
injectable fluid, which later reforms the hydrogel after injection.
Agomir874 is thereby shown to down-regulate the expression of

Fig. 22. Construction of neutral opaque and acidic transparent argentophilic hydrogels by coordination of Ag* with thiol ligands 45-49. Reprinted with permission from Ref.

[76].



Q. Wang, Su-Li Dong, Dan-Dan Tao et al.

Coordination Chemistry Reviews 432 (2021) 213717

a Methylation Phosphorothioate o = Cholesterol ) AG' e « & Agomir
@) ® Modification ~ Modification " Modification Gene-Hydrogel 7. PEG @Ag e g
Microenvironment
aenengrees
Ag' /é"\ i HSCH;CH;(OCH,CH,)0.
@ O(CH,CH;0),CH,CH,SH
<

" i HSCH,CH,(OCH,CH,)0
2 s % : 'O(CH;CH;0),CH,CH,SH

Shear deformation

Self-healing

Fig. 23. Schematic representation of gene-hydrogel microenvironment for regeneration of IVDD through Ag-(PEGSH), hydrogels. (a) Formation of gene-hydrogel. (b) The
Agomir loaded hydrogels were injected into the intervertebral space to build the gene-hydrogel microenvironment. Reprinted with permission from Ref. [80].

MMPs, regulating the metabolism balance of ECM in NP and slow-
ing the process of IVDD. The potential of Ag-(PEGSH), hydrogels as
biomaterials to deliver Agomirs is therefore confirmed

6. Conclusions

In this review, we summarized the synthesis, structures and
applications of Ag(I)-thiolate coordination polymers as sensory
ensembles. Synthesis and structures of Ag(I)-thiolate coordination
polymers of diverse structures from 1D to 3D are presented accord-
ing to the types of the substituents (R) in the thiolate ligand RSH.
Properties of the Ag(I)-thiolate based coordination polymers, semi-
conductivity, luminescence, photothermal and thermochromic
effects, are also discussed. Recent developments of physical and
chemical sensors using the Ag(I)-thiolate coordination polymers
and their hydrogels are reviewed. Particularly, as weak interactions
including the argentophilic interaction that hold the coordination
polymers are sensitive to the external stimuli and analyte binding,
they do have been successfully employed to establish unique sens-
ing schemes of good performance in terms of high sensitivity and
selectivity.

The advantages of Ag(I)-thiolate coordination polymers as sen-
sory ensembles include the ease of synthesis of both the ligand and
the polymers and the structural diversity of the supramolecular
assembly. The cooperative weak interaction network operating to
stabilize the coordination polymers affords signal amplification
that could lead to enhanced sensing performance. The in situ gen-
erated chromophores relating to the argentophillic attractions in
the polymeric backbone allows background free spectral sensing
while the spectral signal can be switched on and off subject to
external conditions. While the disadvantages of these polymers
mainly includes the limited types sensing species available up to
date and the possible instability of the polymers in sensing in com-
plicated biological systems. New thiol ligands need to be devel-
oped for more complicated sensing. Current applications for
sensing following the strategy remain in the early stage and their
sensing performance have not well related to the diverse struc-
tures of the available Ag(I)-thiolate coordination polymers. Those
vast structures deserve future attention for guiding the rational
designing of the sensory systems and we believe those efforts
would be rewarding.
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