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The development of anion chemosensors is an area of recent interest. We make here a compre-
hensive review of new advances on anion chemosensing, reported in the literature during the year
2004. The review follows a classification of the sensing systems based on design principles. It
comprises: the binding site-signalling subunit approach, the displacement approach and the use of
fluoro-chemodosimeters. The first two approximations are based on the use of a suitable anion coordi-
nation site coupled with a signalling unit which signals the anion coordination process via changes in
its fluorescence behaviour. The two basic subunits are covalently linked in the binding site-signalling
subunit approach and not in the displacement approach. In both approaches the fluorescence variation
is reversible. The third way to the development of fluorogenic chemosensors is the use of chemod-
osimeters (also called reagents or reactands) that work usually through irreversible chemical reactions
coupled with drastic changes in the fluorescence emission behaviour.
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INTRODUCTION

Supramolecular chemistry of anions has been of
growing interest in the last few years and there are a
number of appealing reviews on the chemistry of anion
recognition and the development of host receptors for an-
ions [1–5]. In addition, in anion recognition chemistry,
when the coordination event is coupled to a suitable sig-
nal (optical, electrochemical, etc) a molecular chemosen-
sor is obtained [6–11]. A number of studies have been
done in which the anion–chemosensor interaction is trans-
duced in simple signals such as changes in colour, fluo-
rescence or oxidation potential shifts, thus opening the
door to the sensing/determination (qualitative or quantita-
tive) of target anions. We have published recently a com-
prehensive review of anion chromogenic and fluorogenic
chemosensors and reagents for anions [12]. The present
review highlights new advances in the area of fluorogenic
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Camino de Vera s/n, 46071-Valencia, Spain.

2 To whom correspondence should be addressed, E-mail: rmaez@qim.
upv.es and fsanceno@upvnet.upv.es

chemosensors for anions covering the papers published in
the last year.

A general approximation to the development of flu-
orogenic anion chemosensors is the coupling of two sub-
units exhibiting differentiable functions: the binding site
and the signalling subunit. The former does the role of co-
ordiantion to certain anion, whereas the task of the latter
consists of signal the coordination event via changes in its
fluorescence behaviour. The two subunits can be either co-
valently linked (binding site-signalling subunit approach)
or not (displacement approach). In the above approaches
the fluorescence alteration is reversible as the anion–host
interaction is based on coordination events. The alterna-
tive or the third way to develop fluorogenic chemosen-
sors for anions is the use of chemodosimeters (also called
reagents or reactands) that work through chemical reac-
tions (different to coordination) coupled with emission
changes.

The use of fluorescent-signalling-subunits in the de-
velopment of chemosensors for anions has been exten-
sively used and the mechanisms of signal transduction
are well known [13]. In the examples shown below there
are basically two kind of systems, (i) those in which the
signalling and coordination units are electronically not
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connected (for instance, using spacers with at least one
carbon in sp3 hybridation) that usually work via changes
in photoelectron transfer (PET) or energy transfer (EET)
processes induced by the coordination of the anion and (ii)
those in which the binding site is part of the fluorophore
(also called intrinsic chemosensors) that usually work via
changes in intramolecular charge transfer (CT) processes
induced by anion coordination to the binding site. In this
latter case, the modification of the fluorescence behaviour
is also usually coupled with a variation in colour.

FOLLOWING THE BINDING SITE-SIGNALLING
SUBUNIT APPROACH

This has been the most widely used approach in the
development of fluorogenic anion chemosensors and con-
sists of the attachment, through covalent bonds, of the
two binding and signalling subunits in such a way that the
fluorescent properties of the later are changed upon anion
coordination to the former.

Fluorescent Chemosensors Based on Polycyclic
Aromatic Hydrocarbons

Containing Anthracene

Anthracene is one of the most popular signalling sub-
units used in the development of fluorescent chemosen-
sors for anion signalling. This is probably so because the
photo-physics of anthacene derivatives are usually very
well-known and because the anthacene functionalisation
is relatively easy. Probably the main drawback in the use
of anthracene and other similar polycyclic aromatic hy-
drocarbons is that they usually show emission near the UV
region where serious matrix interferences can be found in
real samples. Nevertheless, its use is widely extended and
it still is an attractive group to test new sensing concepts.

Urea and thiourea groups are well-known anion bind-
ing sites and some examples of anion chemosensors based

on anthryl-urea and thiourea derivatives have been re-
cently reported. Those systems are usually fluorescent,
however upon anion binding (via hydrogen bonding inter-
actions with the urea or thiourea protons), the reduction
potential of the thiourea moiety increases resulting in a
quenching of the anthracene emission due to a photoin-
duced electron transfer (PET) process from the electron-
rich urea–anion ensemble to the photo-excited anthracene
subunit. This general effect was found in compounds 1–3
that showed typical structured anthracene emission bands
that were quenched upon addition of an excess of the
anions F−, AcO− and H2PO4

− [14]. For instance, for
receptor 2 the quenching observed upon addition of 32
equivalents of these anions were 90, 75 and 50%, respec-
tively. In contrast, Cl− and Br− did not induce any notice-
able change in the emission profiles of the three recep-
tors. Receptor 4 with a chiral center was designed for the
enantio-selective recognition of N-protected aminoacids
with no success because (S)- and (R)-N-acetylalanine gave
a similar response (60% quenching).

The two receptors 5 and 6 form 1:1 complexes
with dicarboxylates through hydrogen bonding inter-
actions with the amide/thiourea protons [15]. The as-
sociation constants, determined by fluorescence titra-
tions, showed the order adipate > suberate > sebacate >

glutarate > succinate > malonate. Upon addition of the
dicarboxylates malonate, succinate, glutarate, adipate,
suberate and sebacate to DMSO solutions of 6 a re-
markable emission quenching was observed (for instance
60% quenching upon addition of 2 equivalents of adipate
anion). This quenching process is related in 6 with the
presence of the electron-rich naphthalene subunit that in-
duced a PET process from the receptor–anion unit to the
photo-excited anthracene. In contrast the emission of 5
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was enhanced upon addition of the same dicarboxylates
cited above and attributed to an increase in rigidity upon
complexation.

Anthracene containing receptor 7 exhibited selec-
tivity towards F− and AcO− anions in acetonitrile-
DMF (98:2 v/v) solutions [16]. 7 shows a typical
structured anthracene emission centred at 420 nm (ex-
citation at 364 nm) that decreased and was red-shifted
to 445 nm as the concentration of F− and AcO− an-
ions increased. These anions form 1:1 complexes with
7 through hydrogen bonding anion–amide interactions.
The red-shifted emission was explained by the exis-
tence of hydrogen bonding interactions between the
anions and the aromatic hydrogen placed near of the
two amide groups. This Caromatic–H hydrogen bonding
was confirmed through NMR experiments. Addition of
H2PO4

− induced lower spectral changes and Cl−, Br−

and HSO4
− did not induce any remarkable emission

variation.

Polyamines have also been used as anion recep-
tors due to their ability to form complexes with an-
ions via both hydrogen bonding and electrostatic inter-
actions in aqueous environments. When polyamines are
anchored to anthracene via a spacer (usually a methy-
lene) a quenching of the anthracene fluorescence is ob-
served due to a favourable PET process from the lone
pair of the benzilic nitrogen to the photo-excited an-
thracene unit. When, the amines are protonated or in-
volved in hydrogen bonding interactions with anions the
PET process is not operative and a revival of the fluo-
rescence is observed. Several polyamines bearing anthra-
cenyl groups have been reported recently. Additionally,
8 contains a naphthalene subunit [17]. Fluorimetric titra-
tions of receptor 8 in aqueous solution in the presence
of ATP (3-fold excess) showed a quenching of the emis-
sion at acidic and at basic pH. The quenching at basic
pH was ascribed to photo-induced electron transfer pro-
cesses from the lone pairs of the amino groups as stated
above, whereas the observed quenching at acidic pH was
attributed to the existence of an electron-transfer pro-
cess from the photo-excited naphtalene or anthracene to
the protonated adenine moiety of ATP. Additional time-
correlated single-photon counting showed that, even in
the presence of ATP, there was a significant energy trans-
fer form naphtalene to anthracene in this bichromophoric
receptor.

The 1,3,5-tripodal receptor 9 contains amines and
pyridinium groups as anion binding sites [18]. The sig-
nalling product is not 9 but the highly fluorescent one
obtained by UV irradiation (254 nm) of 9 that induced the
formation of fluorescent species by a 4π + 4π cycload-
dition of two anthracene units. This cycloadditon could
occur in an intermolecular as well as intramolecular fash-
ion. Thus, acetonitrile solutions of 9 are poorly fluorescent
and addition of 20 equivalents of anions (Cl−, Br−, I− and
AcO−) did not induce any significant change in the emis-
sion intensity profile. On addition of the same anions to
acetonitrile solutions of the cycloadduct a quenching in
the emission intensity was observed. The most important
quenching was obtained in the presence of Cl− (30%) and
I− (50%).

Compounds 10 and 11 are first examples of
chemosensors containing positively charged imidazolium
units as binding sites [19,20]. In these systems the charged
nitrogen atom near the fluorophore was unable to induce
PET processes. However upon anion binding there is an
increase in electron density at the nitrogen resulting in an
opening of the PET path from the imidazolium–guest en-
semble to the photo-excited anthracene unit. Addition of
H2PO4

−, Cl−, Br− and I− anions to acetonitrile solutions
of 11 resulted in different degrees of quenching, the most
important being that observed in the presence of H2PO4

−.
The selectivity observed with 11 for H2PO4

− was around
200 times larger than that found for other anions tested.
This selectivity was assigned to the preorganized bind-
ing site presented by receptor 11 that induced the forma-
tion of strong hydrogen bonds with the H2PO4

− anion.
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A similar selective quenching in the presence of H2PO4
−

was observed in acetonitrile-DMSO 9:1 (v/v) solutions of
receptor 10.

Additionally to the imidazolium units, 12 also con-
tains two quaternary ammonium groups as anion coordi-
nation sites [21]. The chemosensing properties of 12 were
studied in water at pH 7.4 (50 mM HEPES) in the presence
of certain anions. The most remarkable effects were ob-
tained upon addition of GTP which induced an important
quenching of the emission intensity (11-fold with 200
equivalents of GTP), whereas ATP induced a relatively
small emission enhancement (1.5-fold with 300 equiva-
lents of ATP). In both cases 1:1 complexes were formed.
The presence of ADP, AMP, pyrophosphate, H2PO−

4 , F−

and Cl− did not induce any significant effect. Computed
geometries of the 12-GTP and 12-ATP showed the exis-
tence of anthracene–guanine or anthracene–adenine, π–H
interactions. These interactions coupled with the differ-
ent dipole moments of the guanine and adenine subunits
perpendicular to the anthracene ring would explain the
different fluorescent behaviour (quenching/enhancement)
experimentally observed.

Finally, the dipicolylamine zinc(II) receptors 13 and
14 were designed as probes for phosphorylated derivatives
and peptides in aqueous solutions (buffered at pH 7.2)
[22,23]. Addition of phosphorylated tyrosine to aqueous
solutions of 13 resulted in an increase in the emission in-
tensity of the anthracene moiety. Addition of phosphate,
phenyl phosphate, methyl phosphate, ATP and ADP in-
duced a similar enhancement; bicarbonate also enhanced
the emission but at larger concentrations and the azide an-
ion induced a more moderate quenching in the same con-
centration range than bicarbonate. Addition of tyrosine,
dimethyl phosphate, cAMP, sulfonate, nitrate, acetate and

chloride gave no response. The emission behaviour of re-
ceptor 14 upon addition of the anionic species was the
same than that observed with 13. One important feature
was that both receptors were able to distinguish phos-
phate and phosphate monoesters from phosphate diesters.
Both receptors form 1:1 complexes with phosphorylated
species with the two zinc–dipicolylamine sites contribut-
ing equally to the binding of the phosphate group. Emis-
sion enhancement was attributed to complexation-induced
conformational rigidification of the receptor. Finally, ad-
dition of negatively charged phosphorylated peptides in-
duced emission enhancements (4- or 5-fold magnitude),
whereas the addition of positively charged phosphory-
lated or nonphosphorylated peptides scarcely affected the
emission profile of the two receptors.

Containing Naphthalene and Naphthalene Derivatives

Naphthalene is another polycyclic aromatic hydro-
carbon extensively used as fluorescent signalling unit and
some examples containing naphthalene or naphthalene
derivatives have recently been reported. For instance com-
pounds 15–23 contain naphthalene units anchored to urea
or thiourea groups without spacer. In those receptors an
emission enhancement is usually observed upon anion
binding. This behaviour has been attributed to the sup-
pression of PET processes (from the electron-rich urea or
thiourea to the photo-excited naphthalene) upon anion co-
ordination via hydrogen bonding interaction of the anion
with protons of the urea or thiourea groups.

Fig. 1. Description of the different conformations presented by recep-
tors 15 and 18.

For instance, CO2−
3 selective sensing in methanol-

water 4:1 using 15 was achieved via 30.6-fold enhance-
ment of the naphthalene emission [24]. A lower en-
hancement (6.5-fold) was observed with HPO2−

4 or with
the anions HCO−

3 , AcO−, H2PO−
4 , NO3

− and HSO−
4
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(3.8–1.5-fold). The degree of the emission enhancement
was related with the basicity of the anion. This enhance-
ment of the emission upon anion binding was weaker
for 16, being negligible with receptors 17 and 18. PC-
MODEL calculations showed that receptors 15 and 16
displayed a trans–trans conformation (see Fig. 1) with an
ideal fitting distance between the two thiourea protons
for coordination, whereas 17 and 18 showed a trans–cis
conformation.

Calix[4]arenes containing thiourea and amide moi-
eties 19 and 20 were used for the recognition of dicar-
boxylates with the observed sensitivities depending on the
length chain [25]. Both 19 and 20 form 1:1 complexes with
the studied dicarboxylates via formation of multiple hy-
drogen bonds. For 20 the presence of malonate, succinate,
glutarate and adipate in DMSO induced an enhancement
of the naphthalene emission ascribed to a suppression of
a PET mechanism upon anion binding. 19 contains a p-
nitrophenyl group that additionally acts as chromogenic
signalling unit, and the addition of malonate, succinate,
glutarate and adipate to DMSO solutions of 19 resulted in
a colour change from yellow to red. 19 and 20 remained
silent in the presence of acetate, dihydrogen phosphate,
Cl−, Br− and I−.

The ferrocene–naphtalene dyad 21 showed in DMF
a weak naphthalene emission [26]. Addition of 2 equiv-
alents of F− induced a 12-fold enhancement in the emis-
sion intensity whereas H2PO−

4 induced only a 1.7-fold
enhancement. The anions Cl−, Br− and HSO−

4 in large

excess induced negligible changes in the emission pro-
files. 1H-NMR titrations showed that the F− anion forms
a 1:2 (receptor–anion) complex whereas H2PO−

4 forms a
1:1 complex, both through hydrogen bonding interactions
with the urea protons. These hydrogen bonding interac-
tions inhibited the PET process as explained above with
the subsequent emission enhancement.

The receptor 22 was studied independently by two
different groups. Tarr et al. found a fluorescence enhance-
ment upon addition of fluoride to DMSO–acetonitrile 2:3
v/v solutions of the receptor, whereas the anions Cl−,
Br− and I− induced a really small quenching of 22 [27].
1H-NMR studies revealed the formation of 1:1 species
through hydrogen bonding interactions. Computing mod-
elling indicated that coordination of F− anion with the two
urea moieties induced an increase in the planarity of the
complex that the authors suggested might contribute to the
fluorescence enhancement. The other halides did not in-
duced in 22 the same degree of planarity and have weaker
binding constants. The same product 22 was also studied
by Lee et al in a somewhat different medium (acetonitrile–
DMSO 9:1 v/v) [28,29]. In this solvent mixture, the fluo-
rescence behaviour of 22 was somewhat different to that
observed by Tarr. Thus, additionally to the emission en-
hancement of the 379 nm band upon F− addition, a new
intense emission band at 445 nm was also observed. Also
here the anions Cl−, Br− and I− induced no significant
emission changes.

Fig. 2. Structure of the planar conformer formed upon coordination of
receptor 23 with an anionic guest.

Titrations experiments in acetonitrile solutions of
23 showed a bathochromic shift of the band centred at
314.5 nm passing through isosbestic points at 333 and
295 nm upon addition of AcO−, F− and H2PO−

4 [30]. 1:1
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(receptor–anion) complexes were formed with stability
constants following the order F− > AcO− > H2PO−

4 >

Cl−. Addition of Cl−, Br−, I−, HSO4
− and NO3

− induced
no change in the UV–visible profiles. In receptor 23 a rel-
atively low quenching of the emission, concomitant with
the apparition of a weak emission broad band at 650 nm,
was observed upon addition of F−, AcO− and H2PO4

−.
This thioureido–naphthalene derivative does not show an
enhancement of the fluorescence emission (but a quench-
ing) upon anion binding as it was found for instance in re-
ceptor such as 15–18 or 20 probably due to conformational
changes and the formation of planar species with restricted
rotation upon complexation (Fig. 2).

Receptor 24 contains two isothiouronium groups as
binding sites [31]. These groups are prepared from the
corresponding thiourea derivative by reaction with ben-
zyl bromide. 24 is almost no fluorescent in 6% water-
acetonitrile (v/v) mixtures due to a PET process from the
photo-excited naphthalene to the electron-deficient isoth-
iouronium moieties. Upon addition of HPO2−

4 (4 equiv.) a
remarkable emission enhancement (520%) was observed.
Moderate enhancements were obtained upon addition of
AcO− and no response was observed with H2PO−

4 and
Cl−. Emission development was attributed to suppres-
sion of the PET process upon coordination of HPO2−

4 and
AcO− through electrostatic and hydrogen bonding inter-
actions with 24. 1H NMR studies suggested the formation
of 2:1 (receptor–anion) complexes with HPO2−

4 and 1:2
(receptor–anion) complexes with AcO−.

The commercially available 3-hydroxyl-2-
naphthanilide 25 shows a fluorescence emission
centred at 392 nm with a very low quantum yield [32].
Upon addition of F− the intensity of the abpsortion
bands centered at 236 and 360 nm decreases with the

concomitant appearence of two new abpsortion peaks at
264 and 422 nm (the solution changed from colourless
to yellow). In the fluorescence spectra, the addition of
F− resulted in new red-shifted emission band centered
at 515 nm (upon excitation at 377 nm). AcO−, H2PO4

−

and Cl− induced similar variations in both abpsortion
and fluorescence spectra to extents that depend on the
anions basicity, whereas Br− and ClO4

− did not induce
any change. In the ground state receptor 25 binds anions
through hydrogen bonding interactions with the amide
and the phenolic protons. The new red-shifted emission
at 515 nm was assigned to an excited state proton transfer
between the phenol group and the anion.

The receptors 26 and 27 contain a highly fluorescent
dansyl groups as signalling units. Acetonitrile solutions
of receptor 26 shows typical dansyl emission at 518 nm
[33]. The addition of Cl−, Br− and I− (2 equiv.) did not
induce any noticeable spectral change whereas addition
of F− anion induced a blue shift of the emission band
(10 nm) and an enhancement of the emission intensity
(20%). 1H NMR measurements indicates the formation of
1:1 complexes in which the F− anion coordinates, through
hydrogen-bonding interactions, with the four protons of
the sulfonamide sites.
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Acetonitrile solutions of calix[4]arene functionalised
with four l-alanine and four dansyl groups, 27, showed
broad unstructured dansyl emission bands [34]. Upon
addition of anions three different behaviours were be
observed. A moderate enhancement (15%) and a blue
shift (6 nm) of the emission intensity with H2PO4

−, a
quenching of the emission intensity with both F− (30%)
and AcO− (15%) anions, and no variation with Cl−,
Br−, I− and HSO4

−. 1H NMR studies carried out with
receptor 27 and F−, AcO− and H2PO4

− revealed the
formation of 1:1 complexes through hydrogen bond-
ing interactions between the anions and the SO2NH
moieties.

The receptors 28 and 29, bearing the ICT naph-
thalimide chromophore, display emission at 525 nm in
DMSO upon excitation at 444 nm [35]. Addition of F−,
AcO− and H2PO−

4 resulted in a quenching of the emis-
sion, whereas addition of Cl− and Br− induced no change.
This quenching was assigned to a PET process from the
highly charged anion–receptor hydrogen-bonding com-
plex to the photo-excited fluorophore. The quenching ef-
fect was more severe for F− and, at high F− concentra-
tions, was accompanied by the apparition of a new band
centered at 536 nm that induced a colour change from light
yellow to deep purple that was assigned to deprotonation
of the 4-amino moiety (enhancement of the push–pull
character of the ICT chromophore). AcO− and H2PO−

4
formed 1:1 (anion:receptor) species, whereas F− gave
2:1 complexes.

The [Zn2(30)]3+ complex showed an emission band
centered at 436 nm (aqueous solutions buffered at pH 7.4,
0.01 mol dm−3 HEPES, λex = 305 nm) [36]. Addition of
ATP induced a 12 nm red shift and a 2-fold increase in the
emission intensity (ADP, AMP and HPO4

2− induced no
variation). Also large changes were achieved upon addi-
tion of 1 equivalent of pyrophosphate (20 nm red shift and
9.5-fold emission intensity enhancement). The apparent
association constant for the formation of the 1:1 adduct
between [Zn2(30)]3+ and ATP was 40-fold lower than

that for pyrophosphate. The structure of the 1:1 adduct
formed between [Zn2(30)]3+ and pyrophosphate showed
that the two sets of oxygen anions on each P atom of
pyrophosphate bind to the two metal ions of the dinu-
clear complex giving rise to two haxacoordinated Zn(II)
ions in the final adduct. The complex formation induced
a weakening of the bond between the phenolate oxygen
atom and the Zn(II) that increases the negative charge on
the former leading to an emission enhancement. The au-
thors suggested that the selectivity for pyrophosphate over
ATP arises from the fact that the total anionic charge den-
sity of the four O–P oxygen atoms involved in the com-
plexation of ATP with the complex [Zn2(30)]3+ is rel-
atively smaller than that of the same oxygen atoms in
pyrophosphate.

Containing Pyrene

Pyrene is also a highly fluorescent polycyclic aro-
matic hydrocarbon widely used as signalling subunit. Ad-
ditionally, pyrene derivatives might form excimers and
display dual monomer–excimer emission, a sensing pro-
tocol that has also been widely used in the design of anion
chemosensors. For instance, excimer formation has been
used as sensing principle in the receptors 31, 33–37 and
39.

Thus, 31 and the polication 32 were used to selec-
tively detect ATP through fluorescence excimer emis-
sion [37]. Aqueous solutions of receptor 31 (pH 10.2,
Na2CO3/NaHCO3) containing 32 showed typical pyrene
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monomer emission bands. Upon addition of increasing
quantities of ATP a new broad band centred at 482 nm was
observed and attributed to excimer emission. The boronate
group of receptor 31 forms an ester with the diol groups
of ATP and the boronate ester formed was coordinated
by the polycation 32 through electrostatic interactions. In
this 31-ATP-32 aggregate form two pyrene moieties are
placed in near proximity and induced the apparition of the
broad excimer band. Monitoring the changes in the inten-
sity ratios at 482 nm to 377 nm (I482/I377) upon nucleotide
addition the larger spectral changes were obtained with
ATP and ADP, whereas low or no changes were found
with AMP and dATP. The observed selectivity correlates
nicely with the total charge of the nucleotides (ATP, ADP
and AMP are tetravalent, trivalent and divalent anions,
respectively).

The water soluble pyrenophanes 33–35 recognize
fluorimetrically anionic arenes (36, 37) and nucleotides
[38]. For instance aqueous solutions of receptor 34 showed
typical pyrene excimer emission due to intramolecular π -
stacking of the two pyrenyl groups. Upon addition of
37, excimer emission quenching was observed as conse-
quence of the formation of 1:1 aducts in which the an-
ion was inserted between the two sandwich-like pyrene
units. Similar results were observed with 33 and 37
whereas addition of 37 to water solutions of the neu-
tral receptor 35 induced no changes. A similar excimer
quenching in 35 was observed upon addition of the di-
anion 36. Again the formation of a 1:1 “sandwich-type”
species between 35 and 36 was the cause of the quench-
ing. For 34, built-up with two azoniacrown sites and the
pyrenophane moiety, the excimer emission band centred at
512 nm was quenched upon addition of increasing quan-
tities of ATP. This effect was attributed to coordination
of the phosphate group of the ATP with the azoniacrown
whereas the nucleobase was inserted between the two
flat pyrene subunits. The other triphosphate nucleotides

such as GTP, CTP and UTP showed comparable associ-
ation constants than that obtained with ATP, whereas di-
and monophosphate nucleotides (ADP, GDP, CDP, UDP,
AMP, GMP, CMP and UMP) gave weaker complexes. It
was suggested that the distance between the cavity of the
pyrenophane and the diazoniacrown in 34 may fit well
with triphosphate rather than with di- or monophosphate
nucleotides.

The ferrocene containing compounds 38 and 39 se-
lectively bind H2PO4

− over other anions via hydrogen
bonding interactions [39]. 38 froms 1:1 complexes with
H2PO4

−, whereas the two-arm receptor 39, can accom-
modate two H2PO4

− anions. THF solutions of recep-
tor 38 showed pyrene monomer bands but no excimer
emission. Upon addition of H2PO4

− the monomer emis-
sion intensity was somewhat enhanced. The addition of
AcO−, Br−, NO3

−, ClO4
− and HSO4

− induced negli-
gible changes. This complexation induced a conforma-
tional rigidification that was suggested to account for the
observed emission increase. The receptor 39 in THF solu-
tions showed dual monomer–excimer emission because of
favourable intermolecular interactions between pyrenes.
The addition of H2PO4

− induced a large emission en-
hancement in the monomer band.

The receptors 40 and 41 were designed with the
aim to increase the sensing ability of the 2,3-di(1H-2-
pyrrolyl)quinoxaline core which is know to display mod-
est fluorescence quenching in the presence of F− [40].
Pyrene moieties attached in receptor 40 induced a sig-
nal amplificaction by resonance energy transfer (RET)
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from the pyrene subunit to the pyrrolylquinoxaline frame-
work, whereas acetylene bridges on receptor 41 allowed
excited state delocalization. CH2Cl2 solutions of both
receptors showed increasing fluorescence emission in-
tensity, when compared with the parent 2,3-di(1H-2-
pyrrolyl)quinoxaline. Addition of F− and HP2O7

3− an-
ions induced significant quenching of the emission in-
tensity, whereas the presence of Cl−, CN− and H2PO4

−

did not induce any significant variation of the emission
profile.

Containing Other Aromatic Hydrocarbons

Receptors 42 and 43 based on perylene derivatives
linked through an urea moiety showed an emission band
centered at 605 nm upon excitation at 450 nm in THF
solutions [41]. The addition of 32 equivalents of F− in-
duced a near complete quenching. The parent perylene
derivatives 44 and 45 also showed fluorescence quench-
ing in the presence of fluoride anion in THF solutions
[42]. Addition of other anions did not induce any no-
ticeable change in the fluorescence behaviour. Fluoride
forms 1:1 complexes through hydrogen bonding interac-
tions with the urea moiety. As in other cases the F− se-
lectivity is attributed to the high charge density and small
size of this anion which makes it a strong hydrogen bond-
ing acceptor in non-aqueous solvents. The quenching of
the emission intensity was attributed to a PET process
between the electron-rich urea-bound F− and the electron
deficient perylene moiety without discharging posible in-
tramolecular energy transfer paths. This coordination en-
hances the reduction potential of the urea opening a PET

Fig. 3. Structure of the “endo” adduct formed between receptor 46 and
the F− anion.

channel that is the responsible of the emission quenchig
observed.

Bis(bora)calixarene 46 shows fluorescence of the
phenyl groups attached to boron atoms at 395 nm in CHCl3
solution [43]. Among certain anions tested only F− in-
duced a significant emission quenching. The F− anion
binds with receptor 46 in a bidentate “endo” binding mode
forming a 1:1 complex (Fig. 3).

The [Mg(47)]2+ and [Ca(47)]2+ complexes selec-
tively bind tetrahedral anions HSO4

− and H2PO4
− in

acetonitrile solutions giving 1:1 aducts through hydrogen
bonding interactions involving the anions, the metal cen-
ter and the carbonyl group in 47 [44]. Acetonitrile solu-
tions of complex [Mg(47)]2+ showed an absorbance band
centered at 402 nm (greenish yellow colour) that upon
addition of an excess of HSO4

− or H2PO4
− shifted to

502 nm changing the colour of the solutions to pink. In
contrast, in the presence of F−, Cl−, Br−, I−, HCO−

3 ,
AcO− and NO3

− the [Mg(47)]2+ and [Ca(47)]2+ com-
plexes remained silent. Identical selectivity was obtained
by fluorescence measurements; acetonitrile solutions of
the [Mg(47)]2+ or [Ca(47)]2+ complexes showed a broad
emission band at 500 nm that was quenched upon ad-
dition of HSO−

4 and H2PO−
4 anions, whereas other an-

ions did not induce any noticeable change in the emis-
sion profile. The observed changes in the electronic
transitions and the fluorescence quenching can be ex-
plained by the enhancement in the charge density in
the oxygen atom of the carbonyl group upon anion
coordination.
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Fluorescent Sensors Based on Aromatic Heterocycles

Receptor 48 containing a 1,3,5-trimethylbenzene
scaffold functionalised with three 6-methoxy-1-
methylquinolinium contains three symmetrically placed
positive charges in a cavity suitable for anion inclusion
to form 1:1 aducts [45]. Acetonitrile solutions of re-
ceptor 48 showed an emission band centered at 440 nm
(λexc = 330 nm). The addition of inorganic anions
induced different degrees of emission quenching in the
order Br− � I− > NCS− � Cl− > NO−

3 > HSO−
4 . The

quenching is due to an electron transfer process from
the anion bounded in the cavity to the photo-excited flu-
orophore. Emisión intensity versus anion concentrations
fitted to Stern–Volmer type equations.

The UV-visible spectra of receptor 49 in DMSO-
water (95:5 v/v) consists of an intense CT band cen-
tred at 415 nm that upon excitation gives emission at
551 nm with a low quantum yield (0.004) that was at-
tributed to the opening of radiationless deactivation chan-
nel upon formation of hydrogen bonding interactions be-
tween the hydrogen of the amido groups and both a solvent
molecule and the pyrido nitrogen atom [46]. Addition of
AcO− and H2PO4

− anions induced a 3.5- and 6.5-fold en-
hancement of the emission intensity respectively that was
due to the formation of strong hydrogen bonds between
the anions and the receptor thus replacing the solvent
molecule weakly bond to 49. This replacement induced

more planar conformations leading to the blocking of
the quenching channel. Both anions form 1:1 complexes
with 49.

The receptor 50 and the polymer 51 act as chro-
mogenic and fluorogenic fluoride chemosensors [47].
Upon addition of 100 equivalents of F− to DMSO solu-
tions of 50 a new band centered at 460 nm (colour change
from colourless to yellow) was observed. That change in
colour was ascribed to deprotonation of the phenol group
upon addition of the basic F− anion as could be observed
by 1H-RMN and by addition of OH− that induced the
same spectral changes than F−. Addition of H2PO4

−, Cl−

and Br− did not induce any variation. Upon excitation
of 50 at 460 nm an emission band centered at 590 nm
was observed. Addition of F− induced a 17-fold enhance-
ment of the emission intensity band centered at 590 nm,
whereas H2PO4

− induced a lower enhancement. The long
wavelength emission has an ICT nature. The analogous
polymer 51 enhances the response observed with fluoride.
Thus, DMSO solutions of 51 changed from colourless to
red (λmax = 500 nm) upon addition of 100 equivalents of
F−, with an emission enhancement of 147-fold (emis-
sion band centered at 620 nm upon excitation at 500 nm).
In this case no significant response was observed with
other anions. The higher selectivity presented by polymer
51 was adscribed to the chain conformation that diffi-
cult the access to the phenol group of larger anions such
as H2PO−

4 .
Self assembled monolayers (SAM) with different

anion complexing functionalities (amino, amide, sulfon-
amide, urea and thiourea) and fluorophores (TRITC and
lissamine) were fabricated and tested with certain anions
(HSO−

4 , NO−
3 , H2PO−

4 and AcO−) in acetonitrile solu-
tions [48]. The direccional preorganization as well as
random distribution brings the binding groups and the
fluorophores in close proximity resulting in a change in
the emission intensity upon anion complexation. As con-
clusions the SAM’s functionalised with TRICT (57–61)
presents a larger response than those functionalised with
lissamine (52–56). Within the lissamine series the most
remarkable response was found with 53 that sufers a 35%
quenching in the presence of AcO−, whereas the presence
of HSO4

− induced a moderate emission enhancement



New Advances in Fluorogenic Anion Chemosensors 277

(20%). The presence of HSO4
− induced a 72% enhance-

ment in the emission intensity of 57, AcO− induced a 34%
quenching while NO3

− and H2PO4
− gave no response. In

general TRITC-functionalised layers (58–60) presentes
intensity enhancements (24 to 87%) with the addition of
HSO4

− and quenching in the presence of H2PO4
− (35 to

56%).

Anion-induced aggregation–deaggregation pro-
cesses coupled with colour or fluorescence variation is
an interesting sensing protocol that allows target anion
detection in water media. This approach has been mainly
used with sapphyrin derivatives. In this new example,
the water-soluble sapphyrins 62–67 were characterised
by the presence of a broad band centerd around 410 nm
assigned to the presence of aggregates [49]. By addition
of increasing amounts of sodium dodecyl sulfate (SDS)
this band was substituted for an abpsortion centered at
420 nm as consequence of the rupture of the aggregates

and formation of dimers. Upon increasing amounts of
SDS the band at 420 nm was replaced by a strong, sharp
Soret-like band centered at 450 due to the monomeric
form of the sapphyrins which is higly fluorescent when
compared with the dimeric or the aggregate forms.
Addition of phosphate anion to water solutions buffered
at pH 7.0 induced the shift of the aggregation equilibrium
towards the monomeric form of the sapphyrins inducing
an enhancement in the emission intensity band centerd at
690 nm (excitation at 450 nm) due to the formation of the
highly fluorescent 1:1 complex between the monomeric
cationic form of the sapphyrins and the phosphate.
Additon of Cl− induced deaggregation but only to
the dimeric form (no emission response was observed).
The authors suggested that similar systems could open
the door towards a possible application for phosphate
sensing in biological milieus.

Aqueous solutions of receptor 68 buffered at pH
8.0 showed two emission bands centered at 330 and
389 nm upon excitation at 297 nm [50]. Upon addition
of model peptides with two phosphorylated serines the
emission intensity at 389 nm gradually decreases. Addi-
tion of mono-phosphorylated peptides induced less im-
portant emission intensity variation. Emission changes
were used to calculate binding constants (formation of
1:1 adducts). These constants showed that the selectivity
towards di-phosphorylated was more than 10-fold over
mono-phosphrylated peptides. The emission behaviour of
receptor 68 was also tested in the presence of natural
peptides such as IRK (insulin receptor kinase) containing
two (IRK-2P), one (IRK-1P) and none (IRK-0P) phos-
phorylated segment. IRK-2P induced a decrease of the
emission at 389 nm (formation of a 1:1 adduct) with a
binding constant 20-fold greater than that presented by
IRK-1P, whereas IRK-0P did not induce any remarkable
change in the emission spectrum profile.

Acetonitrile solutions of the anilinopyridine dye 69
showed a band centered at 338 nm in its UV–visible spec-
trum [51]. This band has a CT nature and was shifted to
longer wavelenghts (ca. 432 nm change of the colour so-
lution form colourless to yellow) by the addition of Fe3+,
Cu2+, Zn2+ and Pb2+ cations as consequence of metal
coordination to the 2,6-diphenylpyridine acceptor unit.
Upon addition of certain anions to solutions of the metal
complexes a progressive decoloration was observed due
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to the formation of the correspondent ternary complexes
69-M-X. The formation of this ternary complexes was
confirmed through fluorescence lifetime measurements,
thus 69 was highly emissive with a τf = 2.86 ns and, upon
formation of the Pb2+ complex the emission is strongly
quenched (τf = 32 ps). Measured lifetime in the presence
of AcO− anion was 2.66 ns a value which was significantly
different from that of the free 69. These 69-M ensembles
were used to identify certain anions by PCA (Principal
Component Analysis) analysis. In the case of 69-Pb(II) a
selective acetate recognition was achieved.

Fluorescent Chemosensors Based on Rhenium
and Lanthanide Complexes

Dichloromethane solutions of 70–74 showed typ-
ical 3MLCT emission bands in the range 524–544 nm
which were significantly quenched upon addition of F−

and CN−; moderately quenched in the presence of I−,
Br−, Cl− and AcO− and very weakly quenched with
H2PO4

−, NO3
− and ClO4

− [52]. All the receptors formed

1:1 complexes with the corresponding anion through
hydrogen bonding interactions with the amide hydro-
gens. Receptors 70 and 71 showed the stronger asso-
ciation constants. The authors suggested that the ob-
served quenching of the emission intensity was due to
a change of the lowest excited state from 4,4′-tBu2bpy-
based 3MLCT state to the amide–pyridine-based 3MLCT
state upon hydrogen-bonding anion coordination, that en-
hanced nonradiative decay. An alternative explanation of
the quenching was an anion-enhanced reductive quench-
ing of the MLCT excited state that might take place upon
complexation.

Eu and Tb complexes are smart examples of
chemosensors that allow fluorogenic anion sensing in
aqueous environments. Recent examples in the last year
involve the use of the receptors 75–89. In these complexes
the direct metal excitation is very inefficient and it is usual
the use of antennas for indirect excitation of the metal
centre. Two general mechanisms have been reported for
explaining emission variation upon anion interactions in
these complexes; (i) one involves the perturbation upon
anion coordination of the energy transfer from the excited
antenna to the metal centre that results in an emission
quenching; (ii) the other mechanism is related with the
displacement of water molecules from the coordination
sphere of the metal upon anion coordination that usually
results in an enhancement of the fluorescence emission
[53]. In some examples shown below the recognised an-
ion is used as antenna.



New Advances in Fluorogenic Anion Chemosensors 279

The europium cyclen complexes Eu(75)3+-Eu(86),
functionalised with acridone chromophores and several
amino acids moieties, were used to selectively detect the
hydrogencarbonate anion in aqueous solutions at physi-
ological pH [54,55]. The europium emission was sensi-
tized upon excitation at 410 nm (acridone chromophore)
in aqueous solutions (pH 7.4, MOPS buffer). Addition of
HCO3

− induced an enhancement of the europium lumi-
nescence that was assigned to the displacement of metal
bound water molecule by the carbonate anion. Changes
in the intensity ratios 618 nm/588 nm and 618 nm/702 nm
were used to obtain calibration curves for HCO3

− in the
presence of competing anions (Cl−, HPO4

2− and lactate)
with fine results. The larger stability constants for the
formation of 1:1 adducts with the HCO3

− anion were
obtained with the Eu(80)3+, Eu(77)3+and Eu(75)3+ com-
plexes. The affinity of the different complexes for hy-
drogencarbonate followed the trend cationic > neutral >

anionic. Preliminary studies revealed that the complexes
were non-toxic and opened possible uses in viable ratio-
metric imaging protocols.

The Tb(87)·2H2O complex was used for the recog-
nition of biologically significant anions lactate and sal-
icylate via enhancements in luminescence lifetime and
luminescence intensity [56]. Upon excitation in the range
270–350 nm (aqueous solutions buffered at pH 7.4) the
Tb(87)·2H2O complex was non-emissive. Salicylate ad-
dition induced the substitution of two water molecules
coordinated with the metal centre by one salicylate an-
ion forming a six-membered ring chelate. Salicylate acted
as a suitable antenna and promoted the enhancement of
the luminescence at 545 nm (5D4 →7 F5 transition) upon
excitation at the salicylate band. Additionally, the lumi-
nescence lifetime of complex Tb(87)·2H2O increased by
48% upon lactate addition in water. This increase in lu-
minescent lifetime was assigned to the substitution of two
water molecules in the coordiantion shell of the metal cen-
tre by one molecule of lactate. The addition of HCO3

−,
H2PO4

− and AcO− (14 equivalents) induced an 19%,
12% and 6% increase in the luminescence lifetime re-
spectively, whereas the anion Cl− did not lead to any
significant change.

Tetracycline (88) forms an europium complex that
was able to sense citrate in aqueous solutions buffered at
pH 8.0. Upon addition of citrate to aqueous solutions of
the Eu-88 complex, a 22-fold enhancement in the emis-
sion band centered at 615 nm (5D0 →7 F2 electronic tran-
sition) was observed (λex = 405 nm) [57]. Citrate forms a
1:1:2 Eu3+-88-citrate adduct in which citrate coordinates
the Eu3+ ion through the oxygen atoms of the carboxy
and hydroxy groups. The emission enhancement was as-
signed to coordination of the citrate and displacement of
water molecules that were quenching the Eu3+ lumines-
cence. This complex was used in the fluorescent imag-
ing of citrate and other intermediantes in the citric acid
cycle.

Addition of 3 equivalents of Cl− to acetonitrile so-
lutions of 89 induced an enhancement (2.0-fold) in the
europium luminescence at 611 nm (excitation at 294 nm)
[58]. Addition of Br−, I− and ClO4

− slightly enhanced
the luminescence intensity (<1.3-fold). As an opposite be-
haviour addition of F− anion induced remarkable changes
in the UV–visible spectrum of 89 and a suppression of
the luminescence intensity. This receptor forms 1:1 com-
plexes with the anions tested by coordination with Eu3+

vacant coordination site.

FOLLOWING THE DISPLACEMENT APPROACH

This approach, somehow inspired in displacement re-
actions in immunoassay protocols [59], is relatively new
in the field of anion chemosensing but despite its novelty
it has been used for the development of new elegant ex-
amples for the sensing of target anion. This approach also
involves, as in the above cases, the use of a binding site
and a signalling reporter although here both subunits are
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not covalently attached but forming a molecular ensem-
ble [60]. In these systems the addition of a certain guest
to solutions containing the sensing ensemble results in
a displacement reaction: the binding site coordinates to
the guest whereas the signalling subunit is released. This
approach has several advantages; for instance, the non-
covalent anchoring of binding sites and indicator groups
allows to test with a minimum effort a large number of
combinations in order to obtain tuned sensing systems.
Additionally, these sensing ensembles usually work in
pure water or water mixtures allowing the design of real-
istic sensing protocols. Despite these interesting features
the number of examples reported following this proto-
col is by far less abundant that those using the binding
site-signalling subunit approach. Only two examples have
been recently reported using the systems 90 and 91.

Fig. 4. The carboxy-rhodamine dye employed in a displacement assay
with receptor 90 for the sensing of different carboxylates.

The receptor 90 composed by two tren subunits
linked by three 4,4′-ditolyl spacers forms a dicopper com-
plex with a long ellipsoidal cavity (Cu–Cu separation of
11.305(6) Å) suitable for the inclusion of dicarboxylate
anions and the [Cu2(90)]4+ complex was used together
with carboxy–rhodamine (Fig. 4) as indicator (in a dis-
placement assay) for the fluorescence discrimination of
different carboxylates in aqueous solutions buffered at
pH 7.0 [61]. Titration of a solution of the indicator with
increasing quantities of [Cu2(90)]4+ induced the gradual
decrease of the rhodamine emission band due to indicator
inclusion in the long ellipsoidal cavity. In this situation
the metal centers could quench the emission of the fluo-
rophore through either an electron transfer or an electronic
energy transfer process. This non-fluorescent adduct was
tested against two families of dicarboxylates. For instance,
terephthalate induced full revival of the rhodamine emis-
sion due to the formation of a more stable adduct between
the [Cu2(90)]4+ complex and terephthalate with the con-
sequent release of the carboxy–rhodamine to the solution,
whereas the addition of phthalate and isophthalate gave
minor changes. A family of linear dicarboxylates was also
tested and only glutarate and adipate were capable of re-
lease the dye to the solution with the consequent restora-

tion of the emission intensity. The presence of succinate
and pimelate did not induce any retrieval of the emission
intensity. Oxalate dianion was able to induce certain re-
covery of the fluorescence emission due to the inclusion
of two oxalate molecules into the complex cavity.

Receptor 91 was developed to sense IP3 (a second
messenger in living cells) through a competition assay
using 5-carboxyfluorescein as indicator in methanol so-
lutions [62]. To overcome the fact that the affinity of
receptor 91 to IP3 was drastically reduced in water so-
lutions the authors suggested the use of surfactants. In
water solutions containing 2% of Triton X-100 (buffered
at pH 4) the 5-carboxyfluorescein was incorporated into
the interior of the micelles in its cyclised form (color-
less and non-fluorescent, see Fig. 5). Upon addition of
the receptor 91 the yellow colour and the fluorescence
was recovered due to the shift of the cyclised form of the
5-carboxyfluorescein equilibrium to the open one (yel-
low and fluorescent, see Fig. 5). This was because the
more anionic open form interacts better with the highly
charged cavity presented by 91. Addition of IP3 to the
carboxyfluorescein-91 ensemble displaced the dye into
the surfactant environment leading to remarkable changes
in absorbance/emission. The authors suggested that the
binding between 91 and IP3 occurs in the lower di-
electric environment of the micelles whereas the com-
plex between 91 and the dye would prefer the aqueous
environment.

Fig. 5. Open and closed form of 5-carboxyfluorescein employed in a
displacement assay with receptor 91.
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FOLLOWING THE CHEMODOSIMETER
APPROACH

The chemodosimeter approach involves the use of
specific and selective (very often irreversible) reactions
which are coupled with remarkable changes in the emis-
sion (or colour) behaviour. Following this approach it is
possible to design highly selective anion-induced reac-
tions that might work at room temperature and in aqueous
environments for feasible sensing protocols. Despite the
attractiveness of this approach there are still relatively few
examples when compared with the more common binding
site-signalling subunit approach.

Fig. 6. F− anion induced the cleavage of the Si----O bond presented in re-
ceptor 92 that suffers a cyclization process to give the highly fluorescent
coumarin.

Receptor 92 was used as a chemodosimeter for F−

anion [63]. Addition of F− anion to THF solutions of
receptor 92 induced the Si–O bond cleavage and cycliza-
tion to give the correspondent highly fluorescent coumarin
(Fig. 6). Addition of 10-fold excess of F− induced the sat-
uration of the emission intensity in two hours. In order to
enhance the sensitivity of the chemodosimeter the authors
synthesized the semiconducting organic polymer 93. In 93
a few cyclisation events induced by F− produces a local
minima in the band gap that trap mobile excitons to give a
new emission. Without F− anion 93 presents an emission
band centred at 482 nm (excitation at 378 nm) that was
red-shifted to 517 nm upon F− addition. Complete satu-
ration was again achieved in two hour but the quantity of
F− needed was 100 times lower.

Fig. 7. Reaction of fluorogenic receptor 94 and cysteine to afford the
highly fluorescent thiazolidine.

94 was used as chemodosimeter for the determina-
tion of cysteine in aqueous solutions buffered at pH 7
[64]. Among all the aminoacids tested (cysteine, methio-
nine, serine, lysine, proline, glycine and histidine) only
the presence of cysteine induced the formation of the
highly fluorescent thiazolidine derivative (λexc = 250 nm,
λem = 380 nm, see Fig. 7). Addition of glutation and glu-
cose did not induce the apparition of the emission band.
Concentrations of cysteine in the range of 100 µM–5 mM
were detected by using 94.

Difluorobora-s-diazaindacene dye 95 shows an ab-
sorption maximum at 599 nm in acetone solutions [65].
Upon excitation a CT emission band centered at 686 nm
was developed. Upon F− addition the blue colour of ace-
tone solutions turned colourless. The emission spectrum
also showed significant changes with the disappearance of
the emission peak at 686 nm with a concomitant growth of
two new emission peaks centered at 452 and 482 nm. The
authors suggested two possible explanations: (i) a nucle-
ophylic displacement by fluoride, breaking a B----N bond
and forming a B----F bond and (ii) fluoride abstraction of
acidic methyl protons at 7 position of the boradiazain-
dacene system that initiates a degradation reaction. In the
presence of Cl−, Br−, I−, SO4

2−, NO−
3 , H2PO−

4 and SCN−

the chemodosimeter 95 remained silent.
Boronic acid groups display chemical reactions

with nucleophiles such as cyanide to form the electron-
donating group R-B−-(CN)3 (Fig. 8). This particularity
was used to design the fluorogenic cyanide chemosen-
sors 96–99 [66]. Stilbene derivatives 96, 97 and the
chalcone 98 acts through a charge transfer (CT) mech-
anism, whereas anthracene derivative 99 acts through a
photoinduced electron transfer (PET) mechanism. Recep-
tor 96 present an emission band centred at 490 nm that,
upon addition of CN−, suffers a 40 nm hypsochromic
shift together with an increase in the emission inten-
sity. This changes were assigned by the loss of electron-
withdrawing character of the boronic acid group by for-
mation of the R-B−-(CN)3 group. Receptor 97 (with two
electro-withdrawing groups and λem = 388 nm) presented
a bathochromic shift of 35 nm accompanied by a decrease
in intensity upon reaction with cyanide. The chalcone 98
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Fig. 8. Equilibrium involved in the interaction between the boronic
acid group and nucleophiles (CN− and F−).

acts in a similar manner as 96 and addition of cyanide in-
duced a hypsochromic shift (from 580 to 570 nm) with an
enhancement in the emission intensity. The fluorescence
of the anthracene derivative 99 was quenched upon addi-
ton of an excess of cyanide. This quenching was assigned
to the formation of electron rich R-B−-(CN)3 group that
deactivated the emission via a PET path.

Using a similar sensing principle, the compounds
96–98 and 100–102 were used to signalling the presence
of F− anions through changes in the emission intensity in
water–methanol (2:1, v/v) mixtures [67]. The probes are
based on the ability of the boronic acid to interact with
F− to form a trifluoroboronate anion (R-B−-F3). Again
the interpretation of the observed effect is related with the
perturbation of the CT state via formation of the R-B−-
F3 group. Probes 96 and 97 gave a similar response to
that shown in the presence of cyanide. 100 also showed
a similar response to that observed with 96. Probe 102
showed a 14-fold enhancement in the emission intensity
concomitant with a hypsochromic shift upon F− addi-
tion in accordance with the mechanism cited above. The
chalcones 98 and 101 display a CT between the dimethy-
lamino and the carbonyl group. Addition of F− anion in-
duced hypsochromic shift of the emission band and an en-
hancement in the emission intensity. These changes were

ascribed to the formation of the boronate anion than acts
as an electron donating group to the carbonyl moiety. This
increase in the electronic density of the carbonyl decreases
the importance of the CT.

The compounds 103–108 based on quinolinium
derivatives bearing a boronic acid funcitionality have also
been used for cyanide sensing in aqueous solutions [68].
The sensing mechanism was the same than that proposed
above for the probes 96–99. The anionic R-B−-(CN)3

group formed interacts with an electron deficient quater-
nary heterocyclic nitrogen centre providing the spectral
changes observed. Probes 103–105 showed a broad emis-
sion band centred at 450 nm that was quenched upon ad-
dition of increasing quantities of cyanide anion. The most
remarkable response was obtained with 104 with a 10-fold
intensity change upon the addition of 20 µM of cyanide.
The response of 106–108 upon cyanide addition was quite
similar being the most significant response obtained with
107 (12-fold intensity decrease with the addition of 30 µM
cyanide). The lifetimes of the cyanide bound probes were
shorter than the free forms also allowing cyanide sensing.

Fluorescent probes 109–111 are quite similar to
103–108 and were used to sense cyanide in aqueous so-
lutions through fluorescence and colorimetric measure-
ments [69]. For instance, UV–Visible spectra of 109
showed a band centred at 388 nm (yellow colour) that
decreases in intensity upon cyanide addition concomitant
with the apparition of a new band centred at 340 nm (col-
orless). This change in colour allows visual detection of
amounts of 10 µM cyanide. Upon excitation at 358 nm,
109 presented an unstrutured emission band centred at
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546 nm. Addition of increasing quantities of cyanide in-
duced a decrease in the emission centred at 546 nm with
the apparition of a new band at 450 nm which was at-
tributed to the emission of the cyanide-bound complex
form. 110 and 111 probes gave identical responses. Again
the changes in absorption and emission were assigned
to the formation of tricyanide anion R-B−-(CN)3 (donor
group) that interacts with the quaternary heterocyclic
nitrogen (acceptor group) presented in the quinolinium
backbone. Cyanide determinations in nearly physiologi-
cal conditions (presence of glucose, fructose and chloride)
were carried out with these probes with very fine results.

Fig. 9. Reaction between squarine derivatives 112 and 113 with thiol-
containing compounds.

Squaraine based receptors 112 and 113 acts as
chemodosimeters again thiols and has been used to chro-
mogenic and fluorogenic sensing of cysteine in aqueous
environments [70]. Acetonitrile-water 20:80 v/v (buffered
at pH 6.0) solutions of both receptors showed a very
intense typical-squaraine absorption band at 640 nm re-
sponsible of the blue colour observed. Cysteine addition
resulted in a remarkable bleaching due to the nucleophilic
attack of the thiol moiety in cysteine to the highly elec-
trophilic four membered ring presented in the structure
of the receptors (Fig. 9). Quenching of the emission band
centered at 670 nm was also observed. Those squaraine
derivatives were successfully applied to the determina-
tion of low-molecular mass amino thiols in a complex
multicomponent mixture such as human plasma.

The typical method for the detection of ATP is via
bioluminescence using the ATP-dependent luciferase–
luciferin reaction [71]. However this method shows the
disadvantage that, when used in solution, luciferase is un-
stable and cannot be reused. In order to minimize those
effects luciferase was immobilized in a sugar-modified
sol–gel silica. D-gluconolactone or D-maltonolactone
were covalently linked to (aminopropyl)triethoxysilane
to form N-(3-triethoxysilylpropyl)-gluconamide or N-(3-
triethoxysilylpropyl)-maltonamide. These two intermedi-
ates were hydrolized and condensed with diglycerylsilane
leading to a material with nonhydrolyzable sugar moieties
covalently bonded into the silica network. The entrapment

of luciferase in those solid produced an appreciable enzy-
matic activity and allows reusing the materials (the kinetic
parameters of the entrapped enzyme were highly stable
after five cyles of the catalytic reaction).
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and G. I. Kociok-Köhn (2004). Synthesis and structural character-
isation of the first bis(bora)calixarene: A selective, bidentate, fluo-
rescent fluoride sensor. Chem. Commun. 1640–1641.

44. L.-L. Zhou, H. Sun, H.-P. Li, H. Wang, X.-H. Zhang, S.-K. Wu,
and S.-T. Lee (2004). A novel colorimetric and fluorescent anion
chemosensor based on the flavone quasi-crown ether-metal complex.
Org. Lett. 6, 1071–1074.

45. V. Amendola, L. Fabbrizzi, and E. Monzani (2004). A concave fluo-
rescent sensor for anions based on 6-methoxy-1-methylquinolinium.
E. Chem. Eur. J. 10, 76–82.

46. A. Kovalchuk, J. L. Bricks, G. Reck, K. Rurack, B. Schulz, A.
Szumna, and H. Weißhoff (2004). A charge transfer-type fluores-
cent molecular sensor that “lights up” in the visible upon hydro-
gen bond-assisted complexation of anions. Chem. Commun. 1946–
1947.

47. H. Tong, L. Wang, X. Jing, and F. Wang (2003). “Turn-on” con-
jugated polymer fluorescent chemosensor for fluoride ion. Macro-
molecules 36, 2584–2586.

48. L. Basabe-Desmonts, J. Beld, R. S. Zimmerman, J. Hernando, P.
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