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capture metal cations in the gas phase and at solid—gas interfaces is also discussed.

1. Introduction

Detection of metal cations by means of molecular sensors has
become a very active research field, with important applications
in analytical chemistry," materials® and environmental
sciences,’® and biological chemistry,® among other scientific
areas. Very recently, this technique has emerged as a
promising tool in particle physics since luminescence
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sensing of cations is very well-suited for the detection of special
events such as neutrinoless double beta decay nuclear
processes.’

Different techniques developed so far for the detection
of metallic ions include atomic absorption spectroscopy,
voltammetry, electrochemical analysis, inductively coupled
plasma spectrometry, laser induced breakdown spectroscopy,
neutron activation analysis and UV-Vis spectroscopy, among
others.®” However, fluorescence® is perhaps the most frequently
used because of the relative simplicity of the associated devices,
its very high sensitivity and its excellent spatial and temporal
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resolution.”™®

Since in many samples different metal cations
can coexist, the corresponding sensors must exhibit high
selectivity. In this respect, fluorescence sensing arrays have been
developed as a useful alternative based on ensembles of different
less selective sensors that exhibit characteristic responses for
different analytes.'®

Many different types of fluorescent sensors able to detect
metal cations have been described, including nanoparticles,"”
carbon-based quantum dots,'®'® and dendrimers,>® as well
as metal-organic frameworks (MOFs),>' and biomolecules
such as DNA®* and proteins.>® These clustered and macro-
molecular sensors are not included in the present Perspective
Article, which is focused on discrete fluorescent molecular
Sensors.

The fluorescence emission®® spectrum of a given
fluorophore is produced after excitation at a certain wavelength
(normally in the UV region), followed by emission of photons at
larger wavelengths. The Stokes shift expresses the difference
between the maximum absorption wavelength Ajs’ and the
maximum emitted wavelength Agn™. If this difference is
expressed in wavenumbers, the corresponding Avgees 1S
given by
1 1

= Tmax jmax
“abs em

Ap Stokes

Since dem: > abss AUsiores > 0. The excitation process
generates a transition from the ground state S, of molecule A to
the first singlet excited state S;(A*). The decay from S;(A*) to
So(A) is determined by the radiative kinetic constant k{

kS
A x = A+ photon(dem)

Fernando P. Cossio received his
MSc degree in chemistry from the
University of Zaragoza and his
PhD in organic chemistry from
the University of the Basque
Country (UPV/EHU). Since 2002,
he has been a full professor in the
UPV/EHU, where he served as the
Dean of the Faculty of Chemistry
and the vice chancellor for
research  and  international
relations. Since 2009, he has
been the scientific director of

Fernando P. Cossio

Ikerbasque, the Basque
foundation for the advance of science. His research interests are
focused on experimental and computational aspects of

cycloaddition chemistry and C-C bond forming reactions, with
special emphasis in the design and chemical synthesis of new
molecules with useful biological and photophysical properties in
medicinal chemistry, molecular imaging and neutrinoless double
beta decay reactions leading to Ba®* cations.

Phys. Chem. Chem. Phys., 2021, 23,15440-15457 | 15441


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d1cp01203g

Open Access Article. Published on 02 July 2021. Downloaded on 6/29/2026 9:38:05 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

PCCP

and follows a usual first-order kinetics in the form

1A, = [lA*}oexp<fé>

In the latter equation, ['A*], is the concentration of excited
molecules at ¢ = 0, which corresponds to the instant of the pulse
light excitation, and tg is the lifetime of the excited state S;:

1

R

where &3, is the total kinetic constant associated with non-
radiative processes that do not result in fluorescence emission.

The time-dependent intensity of the fluorescence emission
ir (¢) after excitation at ¢ = 0 is proportional to the concentration
of molecule A in the singlet excited state and to the kinetic
constant associated with the fluorescence emission:

i (1) = KS[IAY], = kﬂ‘A*]oexp(—é)

It is important to note that the measured fluorescence
intensity Ir is obtained from the total decay at different wave-
lengths and is expressed in arbitrary units (a.u., not to be
confused with atomic units) that depend on the experimental
conditions.

The fluorescence quantum yield for a given A* — A transition
is the fraction of excited molecules S;(A*) that decay to the
ground state Sy(A) with emission of photons (vide supra):

S

bp = kits = 5
kS + k3.

Thus, the quantum yield gives the fraction of emitted
photons during the total decay with respect to the absorbed
photons. This magnitude gives crucial information to measure
the efficiency of fluorescence emission. Another relevant
parameter is the brightness®?® of the fluorescence emission
By, which is the product of the quantum yield and the molar
extinction coefficient ¢, at the excitation light wavelength.

Bp = ¢rabs

All these combined magnitudes characterize the photophysical
behaviour of a given fluorophore.

The key point in fluorescence sensing of different metallic
cations is the change of these magnitudes upon coordination
or binding of the sensor with the analyte. In a fluorescent
monocolour sensor the emitted photons are of identical wave-
lengths Ae, in the free state and upon coordination or binding
with the metal cation. This can occur via photoinduced electron
transfer’”*® (PET) phenomena via an electronic donation from
one heteroatom of the sensor that quenches the fluorescence
relaxation of the fluorophore in the free S; state. Upon coordination,
this donation is directed to the metal and the fluorescence decay
takes place efficiently thus resulting in an off-on transition
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(turn-on enhancement) on going from the free to the metal-
coordinated state. Another less frequently observed PET
consists of the reverse on-off process (turn-off quenching). In
most cases, the PET perturbations of the relaxation processes
result in preferential emission of photons with A, values
similar for free and bound states, the only difference being
the very low and very high intensities in the off and on states,
respectively. Therefore, the larger the difference between the
intensities of the off and on states, the higher the sensitivity of
the sensor. These monocolor probes require very high intensity-
based separation factors between their ‘off’ and ‘on’ states;
such separation factors are challenging to attain, given various
analyte-independent factors which affect the probe intensity
(e.g. fluctuations in the excitation source, the effect of the
microenvironment, variations in the probe concentration,
etc.).>**” In this Perspective Article we rather focus on bicolor
probes which rely on wavelength separation and are not
affected by such factors.

Molecular bicolour sensors emit photons with different

em

wavelengths in the free (1.;,) and bound ()»’ ) states. They

can also be described as dual emission®® ratiometric probes
with signal changes associated with two independent or corre-

lated emitters.”” Depending on the magnitude of 7. with
respect to Aem, blue (hypsochromic) or red (bathochromic)
shifts will be observed. Thus, both free and bound bicolour
sensors can be active fluorescent emitters within an on-on’
scheme. In this case, the sensitivity will be determined by the
respective intensities and the corresponding photophysical

parameters. Two relevant parameters are the wavelength

difference AAr = iém —Aem and the peak discrimination
factor f;, defined as

where Ijv and I, are the intensities of the signals characterized
by a wavelength 4 at the bound and free states, respectively.
This factor is an indicator of the expected signal cleaning of the
metal-bound sensor with respect to its free unbound state,
especially when the concentration of the metallic cation is very
low (vide infra). Thus, the greater the separation dictated by f;,
the lesser the overlap between both signals. Aside the intrinsic
values of quantum yield, brightness and intensity, these last
two factors will determine the sensitivity of the molecular
sensor with respect to the background. This is particularly
important in cation-tagging experiments with extremely low
concentration of the metallic cation (eventually, only one!), in
which the concentration of the free molecular bicolour sensor
is therefore orders of magnitude more higher than that of the
bound sensor.

Another important aspect associated with the design of
molecular fluorescent bicolour sensors is the necessity of
developing sensors able to capture cations in the gas phase.
This in turn implies the exploration of supramolecular
chemistry on solid-gas interfaces, a research field much less

This journal is © the Owner Societies 2021
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developed than its in-solution analogues. The use of single
cation identification has been proposed as a way to dramatically
reduce the radioactive background®® in xenon detectors looking
for neutrinoless double beta decay. The ***Xe isotope decays into
barium, emitting two electrons (and two anti-neutrinos in the
standard process). Identification of a coincidence signal of the two
electrons with the appropriate energy with the appearance in the
active volume of a Ba®>" ion will be an unequivocal signature of the
neutrinoless process and, consequently, a demonstration that
neutrinos are their own anti-particles (Majorana® particles).
Demonstrating this hypothesis would have deep consequences
in particle physics and in cosmology.*"*> A promising “wet”
barium tagging experiment has been reported as a proof of
concept.®® In order to reproduce the required “dry” conditions
imposed by these experiments, several interesting barium-tagging
sensors have been reported so far,**?® all of them based on PET
off-on fluorescence emission. Our approach to barium-tagging is
instead based on the development of suitable on-on’ bicolour
fluorescent sensors, which benefit from a wavelength-shifting
mechanism.

The many contributions to the development of ratiometric
molecular fluorescent sensors for cations have been compre-
hensively described in leading reviews and book chapters in the
area.”¢*7*¢742 In this Perspective Article, we shall present and
discuss the main features and design criteria of molecular
bicolour fluorescent sensors for metallic cations, intended for
the detection of extremely low cation concentrations (eventually
only one) on a surface covered by unbounded sensor molecules,
in dry media. In the following sections, we will describe the
main modes of sensor-cation interactions and the electronic
phenomena responsible for the change in the fluorescence
spectra upon metal coordination or after interaction with the
cationic centre. We will also report on recent results obtained
in our laboratories on barium tagging in dry media involving
solid-gas phases.

Bicolour fluorescent probes can be considered a special type
of the so-called single-fluorophore ratiometric probes with two
analyte-sensitive emission signals, as they change the emission
intensity and wavelength upon interaction with the analyte.
They can also be described as dual emission materials
composed of two independent emitters (free and bound) in
equilibrium.”®*? In general, these molecules incorporate different
components that include a synthetic ionophore (the cation
recognition-binding domain), the fluorophore and, optionally, a
spacer and a linker to anchor the sensor with suitable surfaces
or biomolecules. The covalent connections among these
components can be different, thus giving rise to different
sensor architectures, the most usual ones being those shown in
Fig. 1A.

The binding groups (ionophores) are responsible for the
efficient and preferably highly selective capture of the metal
cation and can consist of chelating groups® such as poly-
carboxylic acids B1, podands B2, coronands such as crown
ethers**™*® B3 and cryptands B4. Other ionophores*”*® such as
calixarenes, cyclodextrins and pillararenes, not shown in
Fig. 1B, have been described.
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Fig. 1 General design patterns of fluorescent molecular sensors for
cations (A), showing their main components: binding groups (ionophores, B),
fluorophores (C) and linkers (D).

The structures of fluorophore components (Fig. 1C) are very
varied* and comprise aromatic hydrocarbons such as pyrenes
C1, and polyheterocyclic aromatic moieties such as naphthyli-
mides C2, tetracyclic structures based on imidazo[1,2(5)a]
pyridines*®*° C3, fluorescein derivatives C4 and BIODIPY-
based structures C5, among others.

When required, the spacers can consist of aliphatic linear
chains or polyethylene glycol (PEG) derivatives, which can inter-
calate with aromatic hydrocarbons or heterocycles. Finally, the
linkers can be trialkoxysilyl derivatives D1 (very useful for anchoring
the fluorescent molecular sensors to solid surfaces) or maleimides
D2, which can bind - with low selectivity - cysteine-containing
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A. Chelation-based bicolour sensors

A.1. Fluorophore + chelating group

Monomeric
.f-j M+
1 % T
mn*
Q_@ Q_@
-
Mn*
B. Reactivity-based bicolour sensors
Fig. 2 Main types of bicolour sensors classified according to their
structure and interaction with the metal. Different chelation modes
fluorophores) are shown. Bicolour sensors in which the change in the
fluorophore is generated by a chemical reaction with the metallic ion are

— Dimeric
l’—g__@
A.2. Chelating fluorophore
A mn P
\Z \Z.
(A, monomeric and dimeric chelating groups, as well as chelating
also shown (mode B). Optional spacer and linker components are omitted.

proteins or biothiols, thus giving rise to the corresponding
conjugated derivatives.>"

Molecular fluorescent bicolour sensors can change the
intensity and emission wavelength of their fluorescence signals
in different ways after interacting with metal cations (Fig. 2).
When an ionophore is present, metal binding can modify the
photophysical properties of the sensor via formation of monomeric
and dimeric complexes (Fig. 2, mode A.1). In some cases, when the
fluorophore itself is able to bind directly the metallic cation, the
photophysical properties of the chelate can be different to those of
the free fluorophore (Fig. 2, mode A.2), thus yielding a bicolour
sensor. In many cases, a heteroatom X possessing a suitable lone-
pair present in the fluorophore can also bind the metallic centre
thus forming a complex in which both the synthetic ionophore and
the heteroatom are bound to the cationic analyte (Fig. 2, note the
dashed line in monomeric complex A.1). Finally, reactive functional
groups decorating the fluorophore can react selectively with the
metal to be transformed into a different fluorophore, thus giving
rise to an ionophore-free fluorescent bicolour sensor (Fig. 2B).
These considerations apply to not only single emitters from one
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excited electronic state, but also to dual emitters with a sole
fluorophore possessing two emitting states and dual emitters with
two independent or correlated emission centres.?®

2. Mechanisms of bicolour sensing

2.1. Intramolecular charge transfer (ICT)

If changes in the electronic structure of the fluorescent bicolour
sensor are considered, one possibility consists of modifying the
polarization patterns between substituents of the fluorophore
in the free and bound states. This process is named Photo-
induced Charge Transfer (PCT), which almost in all cases takes
place intramolecularly. Therefore, the latter process will be
referred to as Intramolecular Charge Transfer (ICT). In these
systems, an electron-releasing group (ERG), which acts as a
donating group, transfers a certain electron density to an
electron-withdrawing group (EWG), which is the acceptor of
this charge transfer. This process involves complex electronic
interactions. Within a simplified scheme involving delocalized
frontier molecular orbitals, two situations can be distinguished,
depending on the proximity of ERG and EWG moieties to the
metallic cation. Of course, specific electronic interactions can be
important, especially when there is a direct union between the
fluorophore and the metal ion. When the ERG is close to the M""
centre bound to the ionophore, the two-electron ERG — M"™"
interaction will compete with the ERG — EWG donation thus
increasing the v, frequency associated with the fluorescence
S; — S, transition (Fig. 3A). Therefore, a blue shift will be
observed, in many cases with a certain decrease in brightness.
Alternatively, when the EWG is closer to the cation, the ERG —
EWG donation will increase in magnitude and the EWG-M""
interaction will result in the lowering of the lowest unoccupied
molecular orbital (LUMO) energy of the fluorophore, thus
resulting in a lower z/ém frequency and the corresponding red
shift, usually associated with a brighter signal (Fig. 3B). In both
cases, the sensitivity of the ICT sensor correlates with the
respective differences in brightness, as well as with the peak
discrimination factors (vide supra).

2.2. Excimers

Another way to obtain radiometric bicolour sensors consists of
designing fluorophores that, upon binding the metallic cation
through the adequate ionophore, form dimers (homo- or
heterodimers) that are more stable in the S, excited state. Thus,
an excimer (excited dimer) originates from the interaction of an
excited fluorophore with a nearby congener in the ground state.
If the two interacting units are non-identical, the whole
chemical entity is named an exciplex (excited complex). The
two units can be connected by a spacer and incorporate their
respective incomplete ionophore components that, upon
coordination with the metallic cation, generate the optimal
binding group (Fig. 4A). An analysis of the frontier molecular
orbitals (FMOs) of the monomeric units of the sensor at the S,
and S, (Fig. 4B) states shows that the energy levels of the FMOs
of the excimer (or the exciplex) are modified upon dimerization

This journal is © the Owner Societies 2021
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processes (ICT) that modify the fluorescence emission of bicolour sensors
in the presence of cations M"*_ (A) Blue shift effect of an electron-releasing
group (ERC) close to the ionophore. (B) Red shift effect of an electron-
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Fig. 4 (A) Cartoon showing the formation of excimers/exciplexes in the
presence of a metallic cation. (B) Qualitative diagram showing the distortion
of the FMO energy levels in the S; state of the excimer with respect to those
of the monomer. (C) Red shift of the emission spectra of monomers and
excimers/exciplexes associated with the diagram shown in (B).

and usually result in a shorter HOMO-LUMO gap (HOMO
stands for the highest occupied molecular orbital).>> In turn,
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this shrinkage in energy levels generates a red shift that permits
to discriminate the free and bound states of the sensor. The
binding ability of the partial ionophores in the free monomeric
state and the stability of the excimer/exciplex can result in a
background signal that, depending upon the respective
intensities, permits to establish an accurate measurement of
the radiometric response (Fig. 4C). In other cases, the excimer/
exciplex is relevant in the absence of the metallic cation, whose
coordination results in the total or partial loss of fluorescent
response associated with excimer inhibition promoted by
cation coordination.

2.3. FRET

A related phenomenon in which the emission involves an
interaction between two fluorophores (Fig. 5A) is the Forster
resonance energy transfer (FRET).>*>° This process consists of
a non-radiative excitation transfer’® from the excited donating
(D*) group to the acceptor group (A) in its ground state (Fig. 5B).
The latter group relaxes via an A*(S;) — A(S,) process thus
emitting with a different wavelength (Fig. 5C).>” Any FRET
requires appropriate relative orbital energies associated with
the FMOs of D and A. In the case of ratiometric bicolour
sensors, the FRET is usually observed when the sensor is bound
to the cationic centre. It is noteworthy that the distance R
required for FRET is significantly larger than the average values
of the combined van der Waals radii of the D and A groups. The
Forster distance R, is defined as the distance at which the FRET
efficiency ¢prer = [1 + (R/Ro)®]"™ is 0.5. For instance, if D =
pyrene and A = coumarin, R, = 3.9 nm.>® The FRET efficiency
also depends on the relative orientation of D and A, as well as
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Fig. 5 (A) Schematic representation of a fluorescent sensor incorporating
donor and acceptor units. R is the Forster radius (see the text). (B) Forster-
resonance electron transfer (FRET) associated with the frontier molecular
orbitals of the donor and the acceptor. (C) A representation of the
fluorescence emission spectra of the FRET sensor in the free and bound
states.
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on the overlap between the emission spectrum of D and the
absorption spectrum of A.

2.4. Two-component fluorophores

In the previous sections, we have presented bicolour sensors based
on fluorophores that act as indivisible photoactive ensembles.
Another possibility consists of splitting a given fluorophore into
two separate rotatable units connected by a single covalent bond
(Fig. 6). In turn, this two-unit fluorophore 1 is covalently attached to
an ionophore. When a metallic cation is captured by the latter
binding moiety, the nature of the interaction is reinforced by
additional coordination with a heteroatom of fluorophore 1, thus
yielding an ICT-complex (Fig. 2, A.1 pattern) that in addition
incorporates a m-cation interaction® between the metallic centre
M™ and the Ar, group gathered in Fig. 25. This Ar,-M"" complex
promotes a Ar, — M™" charge transfer, as well as a rotation of Ar,
with respect to the polyheterocyclic HetAr; unit. The outcome of
these metal-induced changes is the decoupling between the HetAr;
and Ar, groups. Therefore, the new HetAr; fluorophore 2 thus
formed (Fig. 25) is less conjugated than its predecessor fluorophore
1 in the unbound state and will emit photons with shorter
wavelength. If an optical filter is installed in the detection system
to hide the emission associated with fluorophore 1, this blue shift
should permit an essentially background-free signal upon cation
complexation if the peak discrimination factor f; is large enough.

3. Design and validation of bicolour
probes

All of the above discussed bicolour sensors have been
classified in terms of the chemical interactions involved

Fluorophore 1 Filter
max
(Free) e
1
>
2
>
& Moo
X g
>
12}
o
=
T M+ —> A
Fluorophore 2 - Filter
Bound) i
(1 ) Ao

em

Energy
o
» Intensity

Background-free
signal

> A
Fig. 6 Design criteria of two-component fluorescent bicolour indicators
(FBI) based on the decoupling of one component of the starting fluorophore
upon metal coordination. The metal-induced hypsochromic shift and the
recording of a background-free signal by means of an optical filter are also
highlighted. HetAr and Ar denote polyheterocyclic aromatic and aromatic
groups, respectively.
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(fluorophore-ionophore, direct chelation by the fluorophore
and a chemical reaction with the cation) or the electronic
effects that promote the change in the wavelength of the
emitted photons (ICT, excimer/exciplex, FRET and related
phenomena). In the following sections, an overview of selected
examples of these strategies for the construction of bicolour
fluorescent probes for cations is presented and discussed.

3.1. ICT-Based sensors

Many review articles and books describe the photo-induced ICT
phenomenon and the potential applications of ICT-based
compounds.>*®° In polar solvents, rearrangement of the solvation
shell around the ICT excited state produces its stabilization and
the concomitant destabilization of the landing ground state,
raising its energy level.*" Therefore, these compounds may show
dual emission: a peak in the most energetic region of the emission
spectra that originates at the locally excited state (LE), and a
red-shifted signal from the solvent-stabilized ICT excited state.
Additionally, if the donor and the acceptor are connected through
a rotating m-electron bridge, a relaxation of the ICT excited state
can occur through an intramolecular rotation, decoupling the
orbitals of the donor and acceptor, forming a highly polar excited
state. This phenomenon is referred to as “twisted intramolecular
charge transfer” (TICT), and it is characterized by extra-large
Stokes shifts in polar solvents.

Both ICT- and TICT-based fluorophores are suitable
scaffolds for the construction of bicolour probes for cations
by integrating a cation receptor either on the ERG or on the
EWG sites of the fluorophore (Fig. 3). The simplicity of the
design makes ICT-based sensors the most widely used ratio-
metric probes for cations. Among the earliest examples are
Indo-1 and Fura-2 (Fig. 7), developed in 1985 by Tsien and
collaborators.® Nowadays, Indo-1 and Fura-2 are the leading
compounds of a series of commercially available fluorescent
ratiometric probes for Ca®" and other cations.®® They combine a
stilbene skeletal fluorophore (reinforced by extra heterocyclic
bonds) with the well-established BAPTA fragment as an ion-
recognition site. These molecular probes are characterized by a
strong fluorescent ratiometric response to Ca>*. Because of the
inhibition of the ICT upon coordination of the Ca** to the

O,

o T

(o]
oY 8
o
7 "NH (e}

N= OH OH
X q
07 "OH o]
HO
Fura-2 Fura-2 + Ca?* Indo-1 Indo-1 + Ca®*
habs 362 nm 335nm habs 349 nm 331 nm
hem 512 nm 505 nm lem  485nm 410 nm

Fig. 7 Fura-2 and Indo-1 ICT-based sensors for Ca®*.
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aniline nitrogen of the BAPTA receptor, a blue-shifted
fluorescenc emission is observed (Fig. 3A). One of the main
limitations of these probes was the need for UV-light excitation.
It was circumvented using two-photon absorption (TPA)
microscopy, which permitted the study of cation distribution
in live tissues.®?

More recent ICT-based sensors are based on fluorophores
that can be excited in the visible region. In 2019 Woodruff and
O’Halloran synthesized a family of BODIPY-based fluorophores
containing an appended N,N,N’-tris(2-pyridylmethyl)-1,2-
ethanediamine (trispicen) chelator as a Zn** receptor site.**
Among them, ZincBY-4 (Fig. 8), containing a pending acetamide
on the 5-position of the BODIPY core outperformed other
derivatives due to intramolecular hydrogen bonding between
the amide hydrogen and the fluorine atoms of the BF, centre,
thus increasing the Zn" affinity. In polar solvents, the ICT-based
fluorescence of the free probe is strongly quenched, whereas a
blue-shifted emission is recovered upon Zn>" chelation due to
disruption of the ICT process.

In 2017, Han, Zang and colleagues published ratiometric
probes for Cd*", also based on cation-induced ICT depletion,
characterized by a long wavelength fluorescence emission
(Me;BOPHY-BPA in Fig. 8).°° The sensor consisted of a tetra-
methylated BOPHY fluorophore conjugated to bis(pyridine-2-yl)
amine (BPA) podand acting as a Cd*" selective receptor. Cd>*~
Chelation caused a clear hypsochromic shift of the fluorescence
emission revealing the characteristic yellow emission of the
Me,BOPHY dye. In 2019, Zeng et al. pushed this concept further
developing a Hg*"-probe (L in Fig. 8) with NIR emission in both
the holo and the apo form.®® This sensor consists of a chrome-
nylium-cyanine dye containing a conjugated NS,0, Hg**~che-
lating unit. The strong ICT process between the N-atom of the
cation receptor and the fluorescent dye, together with the NIR
emission of the naked fluorophore, permitted the authors to
construct this ratiometric NIR sensor operative under visible-
light excitation.

The clear advantages of TPA microscopy compared to
conventional one-photon absorption (OPA) microscopy for the
analysis of cation distribution in live cells, tissues, and
organisms (i.e. improved penetration, reduced toxicity, reduced
autofluorescence, and minimal light scattering) drove the
development of molecular probes optimized for TPA.®”~°°
When considering ICT-based sensors, this has been pursued
by binding the cation recognition site to the acceptor domain of
an ICT-fluorophore. Therefore, upon metal binding, rather
than ICT depletion (as observed in the examples mentioned
above) the polarization of the ICT excited state will increase.
This probe configuration should not only produce a bathochromic
shift in the fluorescence emission of the cation-bound
probe (Fig. 3B), but also enhance the TPA cross-section, and the
brightness of the fluorescence emission.®

Based on this premise, in the last few years a series of
ratiometric TPA probes appeared in the literature. Several Zn>*-
selective sensors have been developed based on a BPA podand
bound to different fluorophores. Representative examples are
shown in Fig. 9.”°7° MPVQ-series, initially developed by Meng’s
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Woodruff & O'Halloran, 2019 %

ZincBY-4 Zn-ZincBY-4

Aabs 572nm
hem 585 nm

482 nm
537 nm

Han & Zang, 2017 %
MesBOPHY-BPA  MesBOPHY-BPA + Cd?*

475nm
570 nm

Aabs 550nm
hem 675 nm

L

557 nm
663 nm

habs 642nm
hem 728 nm

Fig. 8 Recent examples of metal-induced ICT depletion probes.

group,”® consisted of BPA-appended quinoline as the
fluorescent skeleton with a conjugated donor on the
6-position, whereas chromis-1 contains 2-arylthiazole as a
push-pull fluorophore. In all cases, a red-shifted fluorescence
was observed in the presence of Zn>*, which was accompanied
by an increased TPA cross-section.

More complex ratiometric sensors for cations, optimized for
TPA, have been constructed using centrosymmetric donor-n-
acceptor-n-donor quadrupolar configurations, in which the
cation recognition site is integrated into the central acceptor
unit, thus constituting a chelating fluorophore (Fig. 2, pattern
A.2). The GBC probe (Fig. 10), developed in 2014,”* was a
ground-breaking example of sensors based on this structural
motif and inspired further developments.”>’® The cation
recognition is achieved through a central bipyridine unit with
two appended carbazole donors linked through vinylic n-electron
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Jin & Tian, 2020 72

TEO-MPVQ TEO-MPVQ +Zn?*

habs 320 nm 360-430 nm
hem 455 nm 515 nm
820A (750 nm)115 GM 188 GM

Fig. 9 TPA ICT-based ratiometric probes using BPA as a selective Zn®*
receptor.

bridges. GBC also contains oxyethylene side chains to increase
its solubility in aqueous media and its cell permeability. The
emission red shift and the enhanced TPA observed upon metal
binding were initially attributed to ICT, because of the increased
electron-withdrawing character of the Zn-coordinated bipyridine
unit. The mechanism responsible for the large TPA characteristic
of these systems has been further analysed from a theoretical
perspective  aiming at establishing structure-property
relationships.”””° These studies revealed that fluorescence emis-
sion under two-photon excitation originates from the S, excited
state rather than from S;. Additionally, coordination of the Zn**
cation requires the rotation of the central bipyridine unit from
the ¢rans to the cis coplanar form. This conformational change
results in an increase of the dipole and quadrupole moments of
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Zhao & Ajayaghosh, 2014 74

GBC GBC +Zn?*
habs 403 nm 430 nm
Lem 530 nm 610 nm
32pA (820 nm) 107 GM 1433 GM

Fig. 10 GBC ratiometric probe for Zn?*.

the molecule by a loss of the centre of inversion present in the
most stable conformation of the unbound probe.””

3.1.1. Multi-target sensors. The electronic origin of the
shift in the emission observed in ICT-based sensors makes it
feasible to develop multi-target sensors, able to discriminate
between similar cations due to the different emission colours of
their corresponding complexes. The cation-dependent poly-
chromic emission observed in some ICT-based sensors has
been attributed to differences in electronic affinities,*® binding
modes,®" or ion sizes.®' Representative examples are shown in
Fig. 11. It is worth pointing out that sensor L2 showed an
extremely low detection limit for Cd** (0.24 nM), and that both L1
and L2 were tested on solid supports, as the active components of
indicator paper.®” In the case of HQZn, the cation-dependent
emission colour of this TPA sensor, together with the higher
affinity of the sensor for Cd>" compared to Zn>', permitted
the authors to use the Zn-chelated ligand as a Cd*" sensor,
eliminating the recurrent problem of Zn** interference during
Cd** detection in biological systems.*

3.1.2. Reactivity-based ICT bicolour sensors: chemo-
dosimeters. Highly efficient ratiometric probes for cations
based on ICT can also be constructed relying on cation-
induced irreversible bond-cleavage/bond-formation reactions
on the molecular probe (Fig. 2, pattern B). Such cation-
mediated chemical changes in the probe can produce an
enhancement or depletion of the charge-transfer process, which
eventually affects the colour of the fluorescence emission. The
examples range from probes based on the chemical reactivity of
the cation with specific functional groups to form a cation-
coordinated ICT fluorophore,**®> to those based on cation-
mediated umpolung reactions on the probe (usually protection/
deprotection of functional groups) releasing a cation-free ICT
fluorophore.®* ™ Selected examples are shown in Fig. 12. One of
the earliest examples was developed by Lin et al in 2009.%°
The probe was based on a phenanthroimidazole dye containing
an appended electron-rich 1,3-dithiane. Cu**-Promoted desulfur-
ization of the thioacetal rendered a formyl EWG, with the
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Fig. 11 Multi-target sensors based on ICT.

concomitant bathochromic shift in the fluorescence emission due
to ICT between the phenanthroimidazole (ERG) and the formed
aldehyde (EWG). More recently, an acyclic thioacetal version of the
same probe has been published for Hg*"-sensing.®” This cation-
mediated deprotection strategy has been extended to the
construction of a large number of ICT-based chemodosimeters
using different fluorescent dyes (dansyl, coumarin or naphthalimide,
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among others) (see examples in Fig. 12).*%**°> Among these
probes, one can distinguish two types depending on the effect
(ICT enhancement or depletion) that the cation-induced
reactivity produces on the probe. The former (metal-induced
ICT enhancement) are a priori more appropriate for TPA
applications. In a very recent example, Kim and Yoon developed
NAP-PS (Fig. 12), a TPA probe for sensing intracellular Hg>" in
live cells and tissues.®® In this example, the presence of Hg**
triggers the cleavage of the thiophosphinate P-O bond, forming
the ICT fluorophore NAP-O™. Additionally, grinding solid
NAP-PS in the presence of Hg(ClO,), also produced a red-shift
in the fluorescence emission of the resulting powder, demon-
strating its response even in the solid state (Fig. 13).

All chemodosimeters described above are based on metal-
induced bond-cleavage reactions. Alternatively, they can also be
constructed using the so-called “covalent assembly principle”.
It refers to those probes in which the analyte triggers a cascade
reaction on the probe, thus furnishing the conjugated back-
bone of a push-pull fluorescent dye.”® A coumarin-based probe
(ATC-Hg), shown in Fig. 14, is a recent example of such a
strategy.”® Hg”" induced the deprotection of 1,3-dithiolane to a
formyl group that condensates intramolecularly with the
nearby amino group. This cascade reaction renders a hetero-
cyclic aromatic donor-rm-acceptor ICT fluorescent dye. This
probe showed high selectivity to Hg®" and MeHg", with sensi-
tivities of 27 nM and 5.8 uM, respectively.

Ratiometric sensors can also be constructed using metal-
induced cascade reactions that reduce the conjugation on the
probe. The group of Emrullahoglu employed this strategy for
the construction of BODIPY-based ratiometric probes for
sensing Au®* and Hg”" (Fig. 15).°>°° Although strictly speaking
these sensors cannot be considered ICT-based probes, it is
convenient to include them here under the chemical pattern B
shown in Fig. 2. In these examples, metal-mediated activation
of the triple bond and subsequent intramolecular cyclisation
and protonolysis generates the corresponding unconjugated
BODIPY-furan fluorophores, as evidenced by the characteristic
green emission after the cation-promoted reaction.

3.2. Excimer/exciplex-based sensors

An excimer was defined by Birks as “a dimer which is associated
in an excited electronic state and which is dissociative (i.e. would
dissociate in the absence of external restraints) in its ground
electronic state”®” (Fig. 4). Therefore, excimer formation is an
irradiation-induced phenomenon, strongly dependent on the
fluorophore-fluorophore distance. In general, in this kind of
bicolour sensor the fluorophore is a polyaromatic system, being
pyrene the one most frequently used. Since excimer emission is
often red-shifted compared to the fluorescence of the monomer,
excimer-based sensors can be used for the construction of
ratiometric probes. This type of molecular sensor is designed
in such a manner that the interaction of the analyte with the
recognition unit of the probe alters the fluorophore-fluorophore
distance. Based on this premise, one can distinguish between
two types of probes: (A) intermolecular excimers formed by
cation-assembled dimers, and (B) intramolecular excimers based
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Fig. 12 Representative examples of fluorescent chemodosimeters for cations.

Fig. 13 NAP-PS chemodosimeter before (A) and after grinding with
Hg(ClOy4), (B). Reproduced from ref. 86 with permission from The Royal
Society of Chemistry, copyright 2019.

on probes containing two fluorophores whose conformation is
altered by cation binding.®

Some recent examples of sensors of type A are shown in
Fig. 16.”°7'9 Within this configuration, the binding of two
sensors to the cation places the fluorophores close enough to
form an intramolecular excimer. Among the chosen examples,
it is worth highlighting the molecular sensor developed by
Misra et al. in 2015,°° which was modified and immobilized
onto silica supports showing a ratiometric response to Hg”" in
the solid-state. Additionally, the interaction can be reversed by

15450 | Phys. Chem. Chem. Phys., 2021, 23, 15440-15457
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Fig. 14 Chemodosimeter based on covalent assembly.

treatment of the silica-supported sensor with EDTA allowing
their use as Hg”" extractors.

An early example of intramolecular excimer-based sensors of
type B is the Ba®* and Sr*" probe developed by Ushakov and
Barigelletti in 1999 (Fig. 17).'°® The probe consists of a
bis(styryl) fluorophore containing two crown ether units.
It relies on the formation of intramolecular sandwich complexes
with the sensing ions (with radius larger than the cavity size of
the crown ether), which facilitates excimer emission from the
close-lying fluorophores (Fig. 17). Although in the example the
fluorescence of the Ba**-complexed probe presents a blue-shifted
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Fig. 15 Example of ratiometric probes based on metal-induced cascade
reactions.

band compared to that of the unbound probe, a strong fluores-
cence attributed to excimer formation was also observed at ca.
600 nm.

In 2017 Lee et al. developed a ratiometric sensor for Zn>*
based on an intramolecular excimer inhibition.'** It consists of
a symmetric pyrene-peptidyl probe. In this example, the
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Fig. 17 Intramolecular excimer-based probe for Ba2*

interaction of the probe with the cation modifies its conformation
inhibiting pyrene-pyrene excimer formation (Fig. 18).

3.3. FRET-based sensors

Since the German scientist T. Forster described the FRET effect
in 1948,'°> many fluorescent sensors based on this effect have
been developed,**'° which have been widely applied in diverse
fields, such as biology, physiology, medicine, and pharmacology.
This type of sensor presents ideal radiometric sensing properties as
it benefits from a simple structural design. This section describes
some FRET-based fluorescent sensors and the combination of
these with other mechanisms. As described in Fig. 5, these sensors
are based on an energy donor/acceptor system. In many of them,

rhodamine appears as a fundamental part of the fluorescent sensor

Park & Lee, 2018 '®

monomer Cu*-excimer

343 nm
472 nm

Aabs 343 nm
Aem 396 nm

Ma, 20212

monomer  Cu?*-excimer

Jabs 356 nm 395 nm
Jem 409, 429 nm 470nm

Fig. 16 Excimer-based probes for cations based on 2:1 sensor/cation supramolecular complexes.
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Fig. 18 Intramolecular excimer inhibition-based probe for Zn?*.

(acceptor), and it is integrated in the sensor in the form of the non-
fluorescent rhodamine spirolactam. The analyte’s reaction
promotes spiro opening, revealing rhodamine fluorescent dye,
which results in a FRET-induced rhodamine-centered emission.
In this context, Meng described in 2018 a two-photon radio-
metric fluorescent probe (RN3) for Pd** based on coumarin
(donor) and rhodamine B (acceptor) connected by a diethylene-
triamine linker (Fig. 19)."”” The emission of a 7-substituted
coumarin was determined in the range of 370-650 nm, which
fully covered the rhodamine B’s absorption (450-590 nm). RN3
showed high sensitivity and selectivity towards Pd>" in aqueous
solutions, with a clear ratiometric fluorescent response in a

FRET-OFF

H
O N O

EtzN

EDTA-2Na|| pd?*

E Meng, 2018 %7
RN3 RN3 + Pd?*
2abs 365 nm 530-600 nm
hem 515 nm 575 nm
52pA (760 nm) 44 GM 165 GM

Fig. 19 RN3 based on the FRET-effect to detect Pd?* in aqueous media.
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one- and two-photon excitation regime. Additionally, inter-
actions with the cation boosted the TPA cross-section, which
was attributed to ICT enhancement on the coumarin upon
coordination to Pd*>". RN3 was tested for the detection of Pd**
in deep tissues and living cells under TPA, showing low
cytotoxicity.

Different rhodamine-based FRET-dyads have been used for
the construction of ratiometric sensors (i.e. using BODIPY or
quinoline-benzothiazole as a donor). They have been widely
used for sensing highly polluting cations such as Hg>*'%® or
Cd**. For the latter, in 2015 Goswami described RQBT, a
rhodamine/quinoline-benzothiazole-based sensor (Fig. 20)."*°
The interaction of Cd** with the probe results in the cleavage of
the spiro ring and formation of the Cd**-chelated structure, as
confirmed by single-crystal X-ray analysis. Probe RQTB also
showed ratiometric fluorescence in dry media (silica-gel TLC
plates), which was used for the construction of portable Cd**
sensing kits (Fig. 21).

Alternatively, FRET-probes for cations can be constructed by
introducing an ICT sensor as part of a FRET dyad. Interaction of
the cation with the ICT sensor will produce a shift in its
absorption and/or emission properties, modifying the efficiency

Sl FRET-ON

@_/ o=
& FRET-OFF O iz
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ELN g 0 ‘ NEt,

ELN
Goswami, 2015 '%9

RQBT RQBT + Cd?*

rabs 262, 300, 360 nm 565 nm

em 470 nm 585 nm

Fig. 20 Proposed FRET-based Cd?*-sensing mechanism of RQBT.

Fig. 21 Photographs of TLC plates after immersion in an RQBT-MeOH
solution (i) and after immersion in an RQBT-Cd?* methanol solution (ii)
taken in ambient light (a) and under hand-held UV light (b). Excitation
wavelength of the UV light is 365 nm. Adapted from ref. 109 with
permission from American Chemical Society, copyright 2015.
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of the FRET process. A recent example of such a strategy is the
CPBT probe for Zn®'developed by Chen, He, Guo and
colleagues.''® CPBT integrates a TPA donor coumarin derivative
with an ICT fluorophore 4-amine-7-sulfamoylbenzo[c][1,2,5]-
oxadiazole linked to the ionophore (Fig. 22). Within this type
of construction, the interaction of the cation with the ICT
fluorophore will cause a blue-shift in its emission, diminishing
the spectral overlap between the donor and acceptor and
weakening the FRET process. CPBT was tested for 2D and 3D
ratiometric mapping of Zn”>* in living cells and in the head of
zebrafish. Additionally, it showed TPA cross-section >40 GM,
which makes it a suitable candidate to be used in two-photon
excited fluorescence imaging.

CPBT can be described as an FRET-on — FRET-off ratio-
metric probe. The reverse mechanism (FRET-off — FRET-on)
can also be envisioned, and the QA sensor, developed by Mao
et al., serves as a representative example (Fig. 23).""" This probe
contains an anthracene unit as a donor and a quinoline ICT
sensor as an acceptor. In the absence of the analyte (Zn>*), the
probe shows the characteristic emission of anthracene.
Interactions of Zn>* with the quinolone sensor produce a red
shift in its absorption band, together with a concomitant
enhancement of the effective overlap with the anthracene
emission, thus triggering the FRET process.

Closely related to FRET sensors, one can encounter the
TBET-based probes (through bond energy transfer)."'> They
comprise sensors based on donor-acceptor dyads in which
the donor and acceptor are connected through a conjugated
bond. These probes can be used for the construction of sensors

FRET-ON
(0]
— ﬁ\N > S\\
N\J (0] | \N
0 0

Et,N

2+

EtN l 2
O,

O \
\

— //\N~S

N o

) I\
O N ~0
FRET-OFF

Chen, He & Guo, 2018 '1°

CPBT  CPBT +2Zn%*
Jabs 480 nm 410 nm
Jem 560 nm 480 nm
S2pa (730-930 nm)  >40 GM >40 GM

Fig. 22 FRET-ICT probe for Zn®', showing an FRET-ON/FRET-OFF
mechanism.
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Jem 400, 420, 445 nm 497 nm

Fig. 23 FRET-ICT probe for Zn?*, showing an FRET-OFF/FRET-ON
mechanism.

as long as the cation interaction alters the extent of the FRET
process. The simplest strategy consists of revealing a “dormant”
fluorophore (rhodamine), as described before for FRET probes.
A representative example is Np-Rh, a TPA ratiometric TBET-
based probe for Cu** shown in Fig. 24.'"

3.4. Two-component fluorescent bicolour indicators

We applied the concept outlined in Section 2. 4 to the issue
associated with the background-free detection of individual
barium cations in BPOv experiments (vide supra). Application
of indicators to this kind of problem requires a series of
developments to enable its use. Although several molecular
fluorescent sensors for Ba>* capture and detection have been
described in solution,'*™*2° the features of the Xe — Ba*' + 2e
experiment at a high pressure require the development of
fluorescent sensors able to operate efficiently in the interface
between a solid substrate and ultra-dry noble gas.

The Xenon Chamber must incorporate ‘“dry” molecular
sensors capable of capturing the Ba** ion in a pressurised
xenon environment. In addition, a very stable binding that
prevents release of the barium cation before optical interrogation
is required. As we have commented above, one possibility consists
of developing monocolour ICT turn-on sensors.”>>! Our
approach'" was based on the above-mentioned two-component
design. Benzo[a]imidazo[5,1,2-cd]indolizine was chosen as a
suitable fluorophore of type C3 (Fig. 1). To this HetAr; group a
para-phenylene group was added as an Ar, component. Finally,
a pentaoxa-16-azacyclooctadecane aza-crown ether unit was
included as a B3 type coronand ionophore. This compound was
named FBI, Fluorescent Bicolour Indicator (Fig. 25A). DFT
calculations showed that the HetAr;-Ar, group gives rise to the
fluorophore 1 ensemble, in which the dihedral angle formed by
both components was close to coplanarity.

Capture of Ba®>" by adding barium perchlorate in acetonitrile
solution or in the gas phase led to a complex in which the
Ba”*...Ph interaction disconnects both components of fluoro-
phore 1 (Fig. 25B). This coordination pattern in which the
barium cation, aside the cation-n interaction, complexes the
five oxygen atoms of the aza-crown ether and one nitrogen atom
of fluorophore 2 was elucidated by DFT calculations and NMR
experiments.’®* As expected, the FBI-Ba>* complex shows a
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S2pa (780 nm) 115 GM 115 GM

Fig. 24 TBET-based probe for sensing Cu?*.

noticeable blue shift (Fig. 25C), with a peak discrimination
factor f; = 179.74 and a brightness value of B; =8.06 M ' cm ™.
The fluorescence spectra in solution and in the gas phase show
intense emission signals for FBI and FBI-Ba®* (Fig. 25D)
compatible with the FMO scheme shown in Fig. 25. Application
of an optical filter for 4 > 450 nm to both compounds shows a
no signal pattern in the case of FBI. This separation of the
chelated/unchelated photophysical properties results fundamental
for B0V experiments. In order to detect the Ba*>* cations produced
by the decay, they will be driven by electric fields to the cathode
where a region of a few centimetres will need to be scanned to look
for a positive signal of the complexed molecule. This region will
be fully covered, with a density of 10°~10° molecules pm™2, by
the bicolour indicator to guarantee a high efficiency to capture the
cation. The discrimination factor between the response of the
complexed indicator and the response of the residual background
molecules on the surface must be large to allow separation of the
single chelated molecule from the background emission produced
by the surrounding molecules that will also be illuminated during
the scan.

4. Conclusions and outlook

In this paper, we have highlighted significant advances in the
design and experimental validation of fluorescent bicolour
sensors. Most of these photo-indicators are based on binding
ionophores and fluorophores connected by covalent bonds. If
required, suitable spacer units and linkers are incorporated.
In addition, some fluorescent bicolour sensors merge the
ionophore and the fluorophore components, thus yielding
chelating fluorophores whose photophysical properties change
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) = 400-425 nm

100

Intensty (3. u.)
g

0
Bl FBIBa™
20 Aw4004250m | 20 ) = 400-425 nm
~ 40 .. 40
Se Se0
~N 80 Nw
50 100 150 200 25C 0 50 100 150 200 250
X (sm) X (um)
FBI FBIBa®
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Fig. 25 (A) Structure of the FBI molecule showing the approximate

coplanarity of the two components of fluorophore 1. (B) DFT optimized
structure of complex FBI-Ba?*. Bond angles and distances are given in deg
and A, respectively. (C) 3D tomography of FBI and FBI-Ba%* obtained by
means of a two-photon absorption (TPA) microscopy device. (D) Solid—
gas phase emission spectra of FBI and FBI-Ba2* adsorbed on silica. (E) Z-X
profiles showing emission profiles (after TPA excitation) from both
complexes with and without a 4 > 450 nm filter. Adapted from ref. 121
with permission from Springer Nature, copyright 2020.

significantly upon cation binding. In other cases, the ionophore
(most frequently a coronand) and the fluorophore work together
upon cation coordination and induce a bathochromic or hypso-
chromic shift in their emission spectra. Finally, several
fluorescent sensors generate their bicolour response by means
of a chemical reaction promoted by the metallic cation that
induces a change in the chemical structure of the fluorophore.

These structural and chemical features result in a bicolour
response as an attractive alternative to on-off or off-on changes
via photoinduced electron transfer (PET) phenomena upon
cation coordination. Instead, the bicolour response requires
changes in the photophysical properties of the sensor, which is
fluorescent in both the free and coordinated states within an
on-on’ conceptual scheme. These dual patterns include intra-
molecular charge transfer processes (ICT), excimer/exciplex
inter- or intramolecular complexes and Forster resonance
energy transfer (FRET). As an additional design feature, the
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fluorophore can incorporate different rotatable units that can
be decoupled in the presence of a suitable metal cation thus
resulting in different fluorophores in the free and coordinated
states.

It is expected that in the years to come these designs will
permit the development of more sensitive and selective
fluorescent bicolour sensors able to detect specifically metal
cations in very low concentrations. This situation will permit
further advances in fields ranging from cell biology to particle
physics. In addition, the development of fluorescent sensors
able to detect metallic cations in the gas phase and at solid-gas
interfaces would permit the exploration of supramolecular
chemistry in the absence of solvents, thus expanding the field
from “wet” to “dry” chemistry.
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