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The classic spectral molecular sensor consists of a binding site linked to a chromophore via a conjugate or
nonconjugate spacer, thus a spectral background may exist. It is therefore demanded to have a spectral
sensing scheme with in situ formed chromophore when the sensing species is present with the sensory
molecule that the spectral sensing is in principle background free. Metal cations of d8 or d10 electronic
conﬁguration when brought into close proximity would facilitate the metallophilic interaction, exhibiting characteristic spectral signals from the chromophore in situ generated upon the occurrence of metal
… metal interaction. This Review discusses four spectral sensing platforms with chromophores in situ
generated, i.e., the homoatomic metallophilic complexes such as multinuclear Auþ complexes, cofacial
stacking of Pt2þ ensembles, Agþ-thiol coordination polymers, and heterometallic complexes. These
sensing platforms represent a new scheme that relies on the signalling chromophore in situ generated
only when the sensing species is present.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction
To achieve a higher sensitivity and selectivity for chemo/biosensor, sophisticated molecular design and synthetic procedures
are required to obtain a sensory molecule that affords multiple
binding sites at good relative spatial orientations to allow a highafﬁnity recognition with a given sensing species. Sensing strategy
employing supramolecular ensembles formed by single or multiple
building blocks provides a versatile and straightforward scheme for
such purpose, rendering an effective recognition as an overall result
of the cooperativity of multiple weak interactions [1e3] such as
hydrogen/halogen bonding, metallophilic interactions, electrostatic
and p-p interactions between the sensory molecule and the
sensing species. Supramolecular sensing based on metallophilic
interactions appears appealing since the emerging spectral
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properties as the sensing signals from the in situ generated chromophores relating to the metallophilic interactions [4], provides a
unique sensing scheme of no spectral background, adding a new
merit of the high sensitivity and allowing the ratiometric luminescent assay. The sensing scheme also differs from the classic
system using a sensory molecule that consists of a binding site and
a chromophore, linked by a spacer, conjugate or nonconjugate, in
which a spectral background may in principle be present. Chemical
reactive probes, such as chemodosimeters and latent ﬂuorephores
have also been investigated for background free detection, using
delicately designed sensing molecules with speciﬁc chemical
reactive groups towards the analytes [5,6]. In such cases the spectral signals are triggerd on through the chemical reactions specifically with the analyte, which could possibly increase the difﬁculty
in the design and syntheses of the chemically reactive probe molecules. The new sensing scheme through metallophilic interactions
based supramolecular assembly would therefore represent a facile
approach for spectral background-free detection and enhanced
sensing performance.
Metals of d8 or d10 electronic conﬁguration, such as Pt2þ and
Pd2þ, and Cuþ, Agþ and Auþ, tend to exhibit attractive interactions
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rather than repulsion when their distance is shorter than the sum of
their van der Waals radii. This attractive interaction is termed
metallophilic interaction or “metal$$$metal interaction” [7], which
can be indicated by the new absorption and luminescence signals.
As a class of weak non-covalent interaction, the metallophilic
interaction could drive the formation of dimers, oligomers and
even supramolecular polymers of the building blocks containing
those metal cations. Because of the interesting photophysical
properties, the metallophilic interactions of the transition metals of
d8 or d10 electronic conﬁguration such as Rhþ [8], Pt2þ [9], Pd2þ
[10], Cuþ [11], Agþ [12] and Auþ [13], have contributed a lot to the
coordination chemistry and have actually been extended to the
luminescent materials [14], biological cell imaging [15], biosensors
[16], hydrogels for drug delivery and release [17].
Exploration of the metallophilicity in chemosensing was pioneered in a series of tweezer-like organometallic dinuclear gold(I)
metalloligands [18]. Intramolecular metallophilic interactions were
veriﬁed through rich spectroscopic properties, which is generated
neither by the ligand nor by the metal cation itself, but by the in situ
generated new chromophore of the MMLCT (metalemetal-toligand charge transfer) or LMMCT (ligand-to-metal charge-transfer
transition modiﬁed by metallophilic interaction) nature. Upon
addition of guest molecules or by modiﬁcation of the surrounding
environment, assemblies may form along with the occurrence of
the metallophilic interactions, resulting in spectral response from
the in situ generated chromophores. By introduction of watersoluble substituents and functionalization with binding groups
onto the building block, normally the ligands, the metallophilic
interaction based chemo/bio-sensing systems could easily be
expanded for applications. Square-planar Pt(II) complexes exhibit
strong propensity to undergo cofacial stacking, facilitating their
rapid developments in biosensing, metallogels, and cell-imaging
[19]. The argentophilic interactions supported sensing platforms,
despite less attention received, may even be more advantageous in
terms of no spectral background, since the monomeric Agþ complexes are in general optical transparent [20,21]. In addition to
homoatomic metallophilicity, heteratomic metallophilicity has
been increasingly explored, offering new opportunity for sensing
applications based on metallophilicity.
In this Review, we will focus on the metallophilicity based supramolecular ensembles for spectral sensing, in terms of the
homoatomic Auþ$$$Auþ, Pt2þ$$$Pt2þ, Agþ$$$Agþ interactions and
the heterometallic interactions. The general structural framework
of the sensory molecular ensemble is the incorporation of a binding
group into the ligand that coordinates to the metal cation, so that
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the sensing species when interacting with the binding group in the
ligand would lead to the onset of the metallophilicity and the
chromophores in situ generated with characteristic spectral signals,
ready for sensing.
2. Auþ···Auþ interactions
Au(I) complexes of typical closed-shell electronic conﬁguration
possess interesting spectral characters upon their assembling
promoted by the aurophilic interactions [22]. The LMMCT emission
is observed at longer wavelength, featuring zero spectral background [23]. Since the 1980s, the study of Auþ coordination
chemistry has promoted the understanding of the Auþ$$$Auþ interactions, termed the “aurophilicity” or “aurophilic interactions”
[24e26]. Relativistic effect is assumed to lead to the metallophilicity [27,28], that the increase of effective nuclear charge
induced by the high-speed movement of the nearby electrons,
stabilizes the inter s-/p-orbitals, disturbs or expands the outer d-/forbitals and therefore reduces the [d,p] orbital-energy gap. Au exhibits the highest relativistic effect among the neighboring coinage
metals in the periodic table, it therefore tends to show the strongest
attraction with bond energy of 29e46 kJ mol1 order of magnitude,
equivalent to that of the strongest hydrogen bond [26]. For
Auþ$$$Auþ interactions based sensing, the spectral changes are
typically achieved by modulating the Auþ$$$Auþ distances upon
host-guest interactions in structurally similar frameworks, which
could have limited the types of the analytes.
2.1. Crown ether as the binding group
Yam et al. [18] proposed a series of sensing strategies based on
switching on the aurophilic interaction by introducing benzocrown
ethers to dinuclear Auþ complexes 1 (Fig. 1A). Due to the speciﬁc
cavity size, benzo-15-crown-5 binds Kþ and Naþ in 2:1 and 1:1
ratio, respectively, indicating a 1:1 complexation stoichiometry of 1
and Kþ in a sandwich structure. This binding pattern within one
complex brings the separated Au(I) centers into close proximity,
while the emission changed from 520 nm, assigned to the monomeric Auþ-phosphane, to the 720 nm LMMCT emission from the in
situ generated chromophore as a result of the intramolecular
Auþ$$$Auþ interaction. Indicator for Kþ was formed via the hostguest interactions and suffered little disturbance from the spectral signal of the complex 1 itself or from other metal cations.
Extended studies on the similar structures of 2 and 3-Kþ, in which
the Auþ-Auþ distance was shortened to 3.0825 Å, conﬁrming the

Fig. 1. Structures of 1e6 and the proposed formation of Auþ$$$Auþ interaction upon the sandwich binding of metal ions.
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binding pattern and spectral assignment [29]. By replacing benzo15-crown-5 with benzo-16-crown-8, this strategy was applied for
sensing of Csþ [30].
Calixarenes have been employed to bridge dinuclear gold(I)
isocyanide complexes 4 and 5 that bears crown ethers of different
sizes [31]. The complexes themselves were demonstrated to
possess cone conformation without the Auþ-Auþ contacts. Benzo15-crown-5 and benzo-18-crown-6 pendants were respectively
introduced to bind Kþ and Csþ in a sandwich fashion, triggering the
Auþ$$$Auþ interaction and reducing the energy gap, which were
expected to lead to the low energy LMMCT emission at longer
wavelength from the chromophore in situ generated upon the onset
of the Auþ$$$Auþ interaction (Fig. 1B). Their analogue 6 that was
incorporated with a 2,6-dimethylphenyl group showed selective
binding towards Al3þ with switched-on aurophilicity seen in the
visual change of the luminescence from green to orange-red [32].
2.2. Clamp-like binding site
Calixarenes modiﬁed with dinuclear gold(I) isocyanide and
oligoether pendants 7 (structure shown in Fig. 2) were further
developed, showing high binding afﬁnity and selectivity towards
Al3þ ion [33]. The amide groups were shown to bind Al3þ, which
brings the two gold centres into close proximity and results in the
Auþ$$$Auþ interaction, providing unique absorption and emission
spectral signals.
Similar proposals have been put forward based on the sandwich
binding mechanism by replacing reaction pattern with “triple
capture” 8 (structure shown in Fig. 2) [34]. Three oligoether pendants were introduced to selectively encapsulate target Mg2þ due
to its suitable size and charge density [35]. Therefore the rigid
scaffolds were brought to close proximity along with the emergency of three Auþ$$$Auþ interactions in one independent binding
unit, resulting in the associated spectral signals of low-energy absorption at 360 nm and emission at 675 nm from the reduced
HOMO-LUMO energy gap. Four “clamps”, consisting of tetranuclear
gold(I) complexes with isocyanide ligands, were further introduced
to the calixarene framework [36]. Complex 9 (structure shown in
Fig. 2) with four pendants demonstrated high sensitivity towards
the IIIA metal ions especially In3þ, accompanied by dramatic
changes in absorption and luminescence ascribed to the induced
aurophilicity.
“Closed clamp” conformation [10$Agþ] was constructed by
three-armed gold(I) complex 10 (structure shown in Fig. 2) binding
an Agþ ion in DMSO [37]. Complex 10 showed high selectivity and
large afﬁnity towards Agþ, with the 3(p, p*) emission at 472 nm
switched on. 1H NMR titrations revealed that the acetylide groups
and tripodal structures were responsible for the binding of Agþ, by
which the rigidity of the tripodal structure was strengthened
through intra- and/or inter-molecular aurophilic interactions.
Aurophilicity was further claimed to be promising for anionsensing with exquisite design in progress [38e40].
3. Pt2þ···Pt2þ interactions
Pt2þ complexes of d8 electronic conﬁguration have been proved
to possess square-planar space arrangement, as a result of the axial
overlap of the frontier orbitals [41e43]. A class of terpyridylplatinum(II) complexes have been extensively studied and
showed strong tendency to self-assemble into extended linear
chains through non-covalent metallophilic interaction and cofacial
p-p stacking, resulting in multiple spectroscopic and luminescent
properties [44]. The Pt2þ complexes have been utilized for developing nanosheets [45], nanowires [46], nanotubes [47] metallogels
[48] with cell imaging and chemo-/biosensing applications as well.

The terpyridylplatinum skeleton was decorated by watersoluble alkynyls and developed for bio-applications in aqueous
media [49], extending the research into bio-sensing of microenvironment change, biomolecules and enzymes activity. Pt2þ ensembles could be induced by solvent modulation or binding of analytes,
with appealing spectral characters of gradually enhanced nearinfrared (NIR) emission from the triplet metal-metal-to-ligand
charge transfer (3MMLCT) state attributed to the aggregates with
Pt2þ$$$Pt2þ interactions. Note that for Pt2þ$$$Pt2þ interactions
based sensing, the spectral background in some cases are not
completely free due to the luminescence feature of the Pt(II)
complex monomer, which could inﬂuence the MMLCT luminescence induced by the Pt2þ$$$Pt2þ interactions.
3.1. Self-assembly driven by oligomeric cations/anions
It has been proposed that counter anions of different size and
geometry could govern diverse behavior and extents of aggregation
of the Pt2þ complexes, leading to metallophilicity, p-p stacking and
new emission proﬁles [50]. Highly ordered anions, such as singlestranded nucleic acids, could serve as an attractive candidate for
polyanions to induce aggregation of the cationic Pt2þ complexes.
Yam and co-workers obtained self-assembly through electrostatic
interaction of the monomeric Pt2þ complex 11 (structure shown in
Fig. 2) with single-stranded DNA chains, which exhibits new absorption and emission bands assigned to the metallophilic interaction [51]. The spectroscopic properties of the 3MMLCT
absorption, emission and even CD signals were considered to be
relevant to the extents of the assembling of the Pt2þ complex
triggered by oligomeric nuclei acids, while the DNA sequences
control directly the CD signals. This example provided a strategy to
differentiate DNA sequences and their primary/secondary
structures.
Well-designed 12 (structure shown in Fig. 2) achieved effective
detection of unfractionated heparin (UFH) and low-molecularweight heparin (LMWH) under physiological conditions, via spectral changes led by the induced assembling of 12 [52]. Due to high
anionic charge density, only heparin, rather than the structurally
similar analogues, could trigger the self-assembly of complex 12
that leads to the low energy emission attributed to the Pt2þ$$$Pt2þ
interactions. The detection concentration range covers the clinical
dosage levels, making the protocol practical in heparin therapy.
The Pt2þ ensembles could also be deaggregated by introduction
of an analyte, exhibiting spectral changes from MMLCT to Pt2þ
monomers, which provides another sensing strategy in an opposite
structure transformation. Hexa-arginine, an arginine-rich short
peptide can bind water-soluble anionic alkynylplatinum(II) complex 13 through electrostatic interactions, forming highly ordered
aggregates driven additionally by Pt2þ$$$Pt2þ interactions (Fig. 3A)
[53]. The noncovalent metallophilicity and the supported selfassemblies were damaged upon hydrolysis of the arginine-rich
peptides by trypsin, producing small fragments attached with deaggregated complex 13 monomers, with a concomitant drop in
the 3MMLCT emission at 630 nm and absorption at 550 nm. This
label-free assay was considered to serve as an indicator for trypsin
with detection limit down to 21.2 ng mL1 and was applied in dilute
serum samples.
By introducing a guanidinium moiety, the positively charged
Pt2þ complex 14 (structure shown in Fig. 2) was found to exhibit a
strong propensity to undergo self-assembly upon binding with
citrate through both electrostatic and hydrogen-bonding interactions [54]. Characteristic 3MMLCT emission in the NIR region,
brought on by the Pt2þ$$$Pt2þ interaction driven aggregation, was
further applied to detect citrate lyase, with good selectivity and
sensitivity. Based on a similar proof-of-principle detection assay,
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Fig. 2. Structures of 7e12, 14, 18, 20e22.
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Fig. 3. (A) De-aggregation of the assembly PtLn with poly-cation/anion upon enzyme-catalyzed decomposition, and structures of 13 and 15. (B) Crystal structures showing the
opening and closing of the molecular pivot-hinge by protonation and deprotonation of the 1-pyrazolyl-NH ligands in complex 17. (C) Reversible host-guest association of 19.

aggregation of cationic Pt2þ complex 15 was induced by polyanionic ATP, indicated by the metallophilicity characteristic spectral
signals (Fig. 3A) [55]. This protocol was successfully applied for
ATPase activity assay.
3.2. Self-assembly driven by G-quadruplex
The fact that Kþ acts as a template for G-quadruplex formation
provides a lable-free strategy for Kþ sensing [56]. Short G-rich oligonucleotides tend to form G-quadruplex in the presence of Kþ,
leading to a signiﬁcantly increased local negative charge density.
Cationic Pt2þ complex 11 self-assembled by electrostatic attractions
with the G-quadruplex, leading to the MMLCT related emission at
long wavelength. In addition to the detection of Kþ and primary/
secondary conﬁguration of oligonucleotides, this example provided
further insights into the evaluation of nuclease activity.
Cationic alkynylplatinum(II) complex 16 and mPPE-Ala form
ensembles under an overall modulation of the Pt2þ$$$Pt2þ and p-p
interactions, displaying FRET along with emission 3MMLCT state
from the in situ generated chromophore as the donor (Fig. 4) [57].
C-myc, consisting of G-quadruplex from the DNAs with intramolecular propeller in parallel folding topology, was detected by
these polymer-metal ensembles at high sensitivity (detection limit
16.7 nM) and selectivity, as a result of its speciﬁc binding with
planar Pt(II) complex 16. The detection operates, however, by the
de-aggregation of the Pt2þ ensembles, resulting in a drop in the
FRET efﬁciency and a corresponding increase of the emission from
16 monomer and allowing thereby a ratiometric ﬂuorescent assay.
The luminescence spectral changes of the mPPE-Ala-16 ensembles
offered further insights into the conformational and topological
conversion of c-myc from the intramolecular unimolecular topology to the highly ordered intermolecular multimeric parallel
folding topology.

3.3. Self-assembly regulated by pH/solvent
Pt2þ complexes have also been employed as attractive candidates for pH or temperature sensing via switching on or off the
Pt2þ$$$Pt2þ interactions. Wong et al. [58] reported a molecular
pivot-hinge 17, of which the structural opening-closing was regulated by deprotonation-protonation of 1-pyrazolyl-NH of the ligand
(L, Fig. 3B). Two cycloplatinated [Pt(L)] moieties were parallel to
each other in acidic environment, and the Pt2þ$$$Pt2þ interaction
was proved to give rise to the low-energy emission. At alkaline
condition, cyclometalating ligands were negatively charged
because of the deprotonation and the electrostatic repulsion between two ligands, forcing the [Pt(L)] units to swing away from
each other in the opposite directions and thereby cleavage of the
Pt2þ$$$Pt2þ interaction and the disappearance of the relevant
emission. This report provides a molecular machine in the mimicry
of pivot hinge, which is regulated by the cleavage or establishment
of the metallophilicity, via pH variation, expressed by the characteristic emission.
Yam et al. [59] reported an amphiphilic alkynylplatinum(II)containing aggregation unit 18 (structure shown in Fig. 2), which
exhibited solvent/pH-dependent micelle formation together with
dramatic changes in solution color and luminescence ascribed to
the MMLCT state relating to Pt2þ$$$Pt2þ and p-p interactions.
Protonation of the pyridine moiety produced hydrophilic building
block that led to the dissociation of the copolymer micelles. A
gradual drop in the low-energy NIR emission was observed as pH
decreased in aqueous solution.
Yam et al. described a molecular rectangle Pt2þ complex 19 as a
host, which better matched guest molecules under optimal spatial
environment, producing a more selective sensing strategy for drug
delivery (Fig. 3C) [60]. Square planar metal complexes, which are
usually applied for cancer treatment, could be released in acidic
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Fig. 4. Scheme of the selective label-free detection of c-myc with intramolecular propeller in parallel folding topology by the changes in the emission led by altered FRET of the twocomponent mPPE-Ala-16 ensemble, with Pt2þ$$$Pt2þ interactions.

environment exhibiting interesting spectral changes, making it
supportive for naked-eye detection. The reversible uptake and
release procedures were regulated by deprotonation/protonation of
pH-sensitive pyridine moieties incorporated on the rectangle
backbone, indicating its potential applications in drug delivery and
targeted release for cancer therapeutics. Metal$$$metal interactions
played a signiﬁcant role in selective encapsulation of metal complex guests, rendering new insights into the design of smart anticancer drug delivery probe following a lock and key mechanism.
Water-soluble alkynylplatinum(II) terpyridine complex 20
(Fig. 2) was derived as a NIR-emitting tracer for acid organelles [61].
Its NIR emission remained unchanged between pH 3.5e5.6, followed by an obvious drop as pH raised up until it was completely
quenched at physiological pH. The hydrophilicity of 20 was
increased when the phenolic protons were depronated at higher
pH, leading to de-aggregation of the ensembles and thereby the
destruction of the Pt2þ$$$Pt2þ contacts. These features enable 20 to
hold great potential in pH-responsive cell-imaging and acid organelles tracking.
3.4. Self-assembly regulated by temperature
By incorporation of thermo-sensitive nonionic polymeric surfactants PEO-PPO-PEO into alkynylplatinum(II) terpyridine complexes, aggregation-based NIR luminescent thermo-response
materials were developed [62]. At temperature higher than the
critical micelle temperature (CMT), hydrogen bonds between PPO
blocks in 21 (Fig. 2) were broken and compact micelles were
formed because of the hydrophobic interactions. The growing NIR
emission at 698 nm upon heating was therefore attributed to the
aggregation of complex 21 along with the on-set of the metallophilic interactions. The micelles collapsed readily as temperature
falled below CMT, leading to de-aggregation of the Pt2þ$$$Pt2þ
interactions and diminution of the MMLCT emission. Complex 22
(Fig. 2) was designed by judicious introduction of pH-responsive
eCH2N(CH3)2 groups to the main skeleton of 21 [63]. A growth in

NIR emission from the MMLCT state was observed due to an
enhanced extent of aggregation of 22 arising from deprotonation of
the positively charged CH2NH(CH3)þ
2 groups and decrease of the
hydrophilicity of the alkynyl ligands. This exquisite NIR-emitting
sensor for pH/temperature dual-monitoring is demonstrated to
be promising in cellular events.
The planar Pt(II) complexes tend to aggregate because of both
the Pt2þ$$$Pt2þ interaction and p-p stacking, disaggregation
strategy has therefore been more frequently employed, although
the merit of the sensing via the in situ generated chromophores
upon the occurrence of the Pt2þ$$$Pt2þ interaction holds. The other
concern is that the Pt(II) complex itself is often a chromophore or
luminophore, whose spectral signals may overlap with those from
the in situ generated chromphores relating to the Pt2þ$$$Pt2þ
interaction, weakening to some extent the advantages brought
about by the background-free spectral sensing.
4. Agþ···Agþ interactions
Compared to gold complexes, the Agþ complexes may also be
strongly photoluminescent, highly photostable, and of broad applications, yet at lower cost [64]. The other advantage is the easy
accessibility of Agþ, whereas the normally available gold cation is
Au(III) which needs to be reduced to Au(I). As the Agþ … Agþ
interaction is in general considered weaker than the Auþ … Auþ
interaction, it is less explored either. In this section, Agþ coordination polymers with thiol ligands (RSH), consisting of repeated
Agþ-SR units, will be discussed in terms of the in situ formed AgþSR organometallic building blocks and the Agþ$$$Agþ interaction
related chromophores that are in situ generated upon the formation
of the coordination polymers. Compared with the Auþ$$$Auþ or
Pt2þ$$$Pt2þ interaction based sensing, Agþ$$$Agþ based scheme is
still at its young age and many more efforts towards this direction
are appreciated.
Similar phenomena to those of the aurophilicity were discovered
in the silver chemistry and was coined “argentophilic interaction” or
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“argentophilicity”. Argentophilicity has now been categorized into
two types, the ligand-unsupported and the ligand-supported, according to the presence or not of the ligand-linking between target
silver ions [26]. The former usually exists between molecules while
the latter is often localized within the di-/polynuclear molecules.
Agþ has coordination number of up to 4, indicating the diversity of
ligand types. The most straightforward evidence for the argentophilicity is the distance between silver ions obtained from the crystal
structure [65]. These accurate data directly reﬂect the AgeAg bond
strength, that the smaller distance means a stronger interaction.
Characteristic spectral signals, such as absorption, ﬂuorescence, circular dichroism (CD), and Raman spectral signals, could probe the
occurrence of the argentophilicity [66e71]. For example,
(H3O)8[S@Ag60S14(iPrS)24(CF3SO3)14(CH3OH)4(DMF)2$2CH2Cl2],
a
silver nanocluster reported recently, emits temperature-dependent
luminescence between 298 and 98 K. As the temperature drops, its
emission is enhanced substantially by 11-fold, together with a
slightly bathochromic shift, attributed to the strengthened AgeAg
contacts [72].
We ﬁrst developed a case study in the Agþ-cysteine (Cys) coordination polymers for spectral sensing of cysteine [21]. The coordination of Agþ with Cys took place immediately upon mixing in
NaAceHAc buffer of pH 5.0 because of the strong afﬁnity of Agþ with
the organothiolate ligand. Two absorption bands at 280 and 360 nm
emerged (Fig. 5A), accompanied by the corresponding splitting CD
signals of the Agþ-L-Cys and Agþ-D-Cys in perfect mirror-imaged
manner. These signals originated from neither Cys nor Agþ because
they were optically transparent in those regions, indicating brand
new chromophores in situ generated upon the formation of the AgþCys coordination polymers. The chromophores were suggested to be
Agþ$$$Agþ interaction related, to which the chirality of cysteine
ligand was transferred that the corresponding CD signals were
observed. pH-dependent absorption and CD experiments conﬁrmed
this assumption by indicating there were two forms of polymeric
structures. Electrostatic repulsion among cysteine ligands at pH > 5.0

enlarged the AgeSeAg angle and weakened the argentophilic
interaction as well as the corresponding spectra proﬁles. Referring to
the argentophilicity-facilitated polymeric structures [73,74], absorptions at 280 nm and 360 nm were assigned to the LMMCT
transition by the in situ formed chromophores related to the
Agþ$$$Agþ interaction. The formation of the coordination polymers
offered a signal window in absorption and CD spectra beyond
230 nm, with in principle no spectral background.
Argentophilic interaction also plays a vital role in the Agþ-glutathione (GSH) coordination polymers by referring to their pHdependent spectra [75], suggesting a similar polymeric structure to
that of the Agþ-Cys coordination polymer. This supports our proposal
of the chain-like structure of the Agþ-SR polymers. Transparent, homogeneous, and stable Agþ-GSH supramolecular hydrogels were
created under acidic volatilizing condition and the hydrogels were
photoluminescent and CD active, both assigned to the LMMCT state
resulting from the argentophilicity (Fig. 5B). It is noteworthy that at
pH higher than the isoelectric point of GSH, neither LMMCT spectral
signals nor gelation could be observed, suggesting that the argentophilic attraction is an important driving force for the gelation. I was
able to trigger the transformation of this hydrogel into sol by forming
AgI of higher stability, whereas other halogen anions such as Br and
Cl could not. Collapse of the hydrogel would release the captured
water which is much more than the amount of I that triggers the
transformation of the gel to sol, implying a signal ampliﬁcation. AgþGSH hydrogels therefore showed a high selectivity and sensitivity as
well for sensing I, allowing nicely for naked-eye detection of I.
Although Agþ-Cys coordination polymer is non-emissive, AgþGSH coordination polymer luminesces weakly at the isoelectric
point of GSH, from the LMMCT state. Electrostatic interactions
among side-chains of the thiol ligands appear to be a factor to
stabilize the coordination polymers. We thus launched to replace
this electrostatic interaction, between the side chains of the thiol
ligands, by other interactions such as p-p stacking. A naphthalene
ﬂuorophore was attached to derivae cystenie into its 2-(1-

Fig. 5. (A) Proposed switching of the argentophilic attraction via pH modulation of the electrostatic interaction between the adjacent ligands along the Agþ-Cys polymeric
backbone. (B) Reversible gel-sol transition of the supramolecular hydrogel of Agþ-GSH coordination polymers triggered by alternately adding I into hydrogel and Agþ into the
resulting sol solution. (C) Scheme of formation of Agþ-MPBA coordination polymers and their application for glucose chiral sensing. (D) Scheme of formation of AgþeNCys coordination polymers and their applications for ratiometric sensing.
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naphthalene)acetamide (NCys) and established a ratiometric ﬂuorescence detection strategy for Agþ (Fig. 5D) [76]. Naphthalene
moiety in the thiol ligand molecule, affording p-p stacking, facilitated the formation of the luminescent AgþeNCys coordination
polymers. It also served as an antenna to harvest excitation light to
enhance the LMMCT emission resulting from the Agþ$$$Agþ interactions. Emission of the thiol ligand NCys at 340 nm from the
naphthalene ﬂuorophore, close to the absorption wavelength of the
LMMCT state of its coordination polymer with Agþ, was quenched
upon the addition of Agþ, accompanied by the appearance of a new
emission at longer wavelength of 440 nm attributed to the
AgþeNCys polymers. This protocol allowed thereby a ratiometric
ﬂuorescent assay for Agþ, with a high selectivity and sensitivity for
Agþ because of the cooperative interactions upon the formation of
the AgþeNCys polymers. Amazingly, other thiophilic metal cations
such as Hg2þ, Cu2þ, and Pb2þ did not interfere with the detection of
Agþ, presumably because of the cooperative interactions taking
place during the formation of the coordination polymer.
During the study on those Agþ-SR coordination polymers, it was
noted that the polymers display similar CD proﬁles when the
cysteine residue in the thiol ligand was of the same conﬁguration.
This implies that the chirality of the thiol ligand could be expressed
by the in situ generated chromophores relating to the Agþ$$$Agþ
interactions, since the cysteine residues are included within the
interaction network among the side chains of the ligand molecules.
We thus developed a chiral sensing platform using an achiral thiol
ligand bearing a binding site for the chiral species. 4Mercaptophenylboronic acid (MPBA) was chosen to test this proposal, by forming supramolecular coordination polymers with Agþ
that plenty of boronic acid groups were distributed along the coordination polymeric backbone, favorable for binding monosaccharides, especially those with two or more cis-1,2- and/or 1,3diol units (Fig. 5C) [77]. The introduction of a variety of saccharides such as glucose, galactose and fructose induced CD proﬁles
depending on the identity of the sugar molecule, conﬁrming that
the chirality of the monosaccharide has been transferred to the
otherwise CD-silent Agþ$$$Agþ interaction related chromophore
that is generated upon the formation of the coordination polymer.
The multivalent glucose with two cis-1,2-diols triggered much
stronger CD signals, while the monovalent fructose induces weaker
CD response. Moreover, this system exhibited chirality ampliﬁcation when enantiomeric mixtures of L- and D-glucose were
employed. The ﬁngerprint characteristic CD proﬁles can be used for
identifying monosaccharides. We expect that this chiral sensing
scheme could ﬁnd many other applications in the coming future.
Indeed, our preliminary explorations into short peptide based thiol
ligands show it indeed works to conﬁrm the long-distance chirality
transfer along the peptide backbones.
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A trinuclear Auþ pyrazolate complex 23, facily synthesized in
aqueous chitosan (CS) solution, has recently been shown to function as a phosphorescent chemosensor for Agþ (Fig. 6A) [83].
Complex 23 emitted strong red emission at 690 nm, assigned to the
aurophilic interactions between adjacent complexes 23 and the
promotion of the self-assembly of cyclic trinuclear 23 units. A
sandwich adduct 23/Agþ was formed upon the addition of Agþ into
the 23/CS aqueous solution, which emits bright-green phosphorescence with a 4-fold increase in the quantum yield compared
with that of 23. This new emission was attributed to the remarkably
strong [Au(I)]3$$$Ag(I)$$$[Au(I)]3 interactions. The spectral chemosensor achieved a brilliant selectivity for Agþ and showed a subppm/nM sensitivity for Agþ with a limit of detection of 6 ppb.
Moreover, this sensing strategy allows a convenient detection by
naked eyes under a UV lamp.
Green luminescent tricationic complex 25 was obtained by reaction of the blue luminescent 24 with liquid or volatile MeOH, and
the procedure could be reversed by employing solvent MeCN
(Fig. 6B) [84]. The solid-state luminescence probed the reactions
between the complexes and various organic vapors, visible to the
naked eyes. The process can be reversed by exposing to organic
vapors or under vacuum alternately, manifested by changes in the
luminescence originated from the Auþ$$$Cuþ metallophilic
interactions.
Yu and co-workers discovered a series of gold(I) supramolecular
oligomers 26e28 of multiple dimensions triggered by the
Auþ$$$Auþ interactions (Fig. 6C) [79]. These 3D neutral cage-like
luminescent supramolecular networks were shown to be sensitive to Agþ ions. Agþ binding led to up to 100 nm bathochromicshift in the emission, attributed to the arising Auþ$$$Auþ$$$Agþ
relevant LMMCT state as heterometallic Auþ$$$Agþ interactions
occurs that extends the original Auþ$$$Auþ interactions when Agþ
ions are inserted into the gold(I)-containing cages. 1H NMR titrations conﬁrmed the unique conﬁguration transformation from the
distorted dimeric cages to the more symmetrical structures via the
Auþ$$$Agþ interactions. This sensing performance can be repeated
for more than four times by the alternate addition of Agþ and I.
Au6Cu2 luminophore exhibits a long-wavelength emission with
a high quantum yield, as an overall result of the Auþ$$$Auþ interactions and the heterometallic Auþ$$$Cuþ interactions, holding
therefore a great potential for signal transduction [80]. Chemosensors 29 and 30 were respectively built from the Au6Cu2 luminophore with binding sites, benzo-15-crown-5 and urea groups
(Fig. 6D). 29 showed a higher afﬁnity to Kþ with enhanced emission, while 30 exhibited selectivity for F because of the multiple
hydrogen bonding interactions of F with the urea group. It appears
that sensing following the heteroatomic metallophilicity is of
higher signiﬁcance that deserves more efforts.
6. Perspective and conclusion

5. Sensing based on heteroatomic metallophilicity
In addition to the aforementioned homoatomic metallophilic
contacts, heteroatomic metallophilicity also constitutes the metallorganic constructions [78]. Actually a huge number of heterometallic complexes have already been reported. Some of them have
been applied in analytical chemistry for chemosensing [79,80],
in vivo imaging [81] and in luminescent materials [13,82] as well,
partly because of the superior luminescent properties led by the
heteroatomic metallophilicity. However, due to the structural
complexity of the heterometallic complexes, the structural stability
is more difﬁcult to be controlled in the heterometallic systems
compared with that of the homometallic counterparts, which
somehow limited the applications of the heterometallic systems for
sensing.

This Review covers the homo- and hetero-metallophilic interactions based supramolecular ensembles for chemo-/biosensing,
in which chromophores are in situ generated upon the assembling,
therefore the sensing scheme is of no spectral background. This
creates a new avenue for the design and construction of highly
selective and sensitive sensors, resulting both from the signal
ampliﬁcation because of the assembling and the merit of spectral
background free. Despite the many advantages and potentials of
the metallophilic interactions based sensing scheme, the sensing
systems have some limitations, particularly in terms of potential
applications in bio-sensing and the stability of supramolecular
ensembles when applied for in-vivo sensing.
For gold(I) complexes, the sensing is mostly achieved by
modulating intramolecular Auþ$$$Auþ distance, which is triggered
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Fig. 6. (A) Sensing procedures and the possible Auþ$$$Auþ interactions between 23 units and the interactions of 23 with Agþ. (B) Changes in luminescence of complexes 24 and 25
upon exposion to different solvent vapors. (C) Structures of 26e28 and the proposed binding mode. (D) Chemical structures of 29 and 30.

by host-guest interactions, while the off-on switching of the metallophilic emission signals the binding events. The sensing strategies rely mainly on the sandwich structural framework of the
gold(I) complexes that the Auþ$$$Auþ interaction and its emission
are modiﬁed by the guest binding, the structural similarity therefore limits the types of guest analytes. Beneﬁting from the onedimension extended inﬁnite chain supported by the Pt2þ$$$Pt2þ
interactions, a library of functional platinum(II) complexes have
been developed in broader regions. Extensive applications in biolabeling, biomedical applications and chemosensing, have been
established. The Pt(II) complexes in many cases are chromophores,
whose spectral signals may interfere with those from the newly
generated chromophores due to Pt2þ$$$Pt2þ interaction switched
on by the analyte. Inspired by the Agþ-thiol coordination polymers,
functional detection protocols have been established by utilization
of the well-designed building blocks via Agþ$$$Agþ interactions. It
is notable that both the coordination units and the chromophores
are in situ generated upon the formation of the coordination
polymers, simplifying signiﬁcantly the molecular design while
allowing a highly sensitive background free spectral sensing. This
differs from the widely investigated platinum(II) complexes whose
monomers could be luminescent too. The Agþ$$$Agþ interactions
are much less investigated compared to the Auþ$$$Auþ counterparts, yet the former is advantageous in terms of sensing since the
Ag(I) species is directly available while the major available Auspecies is Au(III) thus requiring a reduction procedure for the
Auþ$$$Auþ interaction to be established. The Agþ$$$Agþ based
sensing is in its young age and many more explorations are expected. The employment of the heterometallic interactions opens
up new avenues for sensing, since much more diverse structural
and photophysical proﬁles can be achieved, thus representing a
highly promising systems for extended sensing applications.

For the future development of these homo- and heterometallophilic interactions based supramolecular sensing systems
for in vitro and in vivo sensing, diverse ligands with binding receptor(s) towards multiple categories of sensing species are expected to be developed. Precise controls over the morphology and
behaviors of the assemblies loaded into biological systems could
also be considered.
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