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Recognition of anions by synthetic receptors is an integral part of supramolecular chemistry continuing
to expand and find new application areas in our daily life. Many applications require visualization of
anion recognition events, and the generated analytical signal is used to quantify anions in solution.
Transferring a binding event to a measured signal is a challenging task. The design of a synthetic
receptor must involve not only the perfectly positioned binding sites with complementary noncovalent
interactions for a guest but should also realize the sensing mechanism that generates a strong analytical
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response upon guest binding. This feature article outlines the design concept for the construction of
“turn-on” fluorescent receptors for anions involving fluorescent pH probes. Applications of this concept
for the construction of synthetic fluorescent receptors for inorganic anions and nucleotides are
described. Features of the obtained receptors and possible competing binding and sensing processes in
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Introduction

The challenge of supramolecular recognition of anionic species
was postulated several decades ago.' However, the significance
of this area has only been realized during the last three
decades, mainly due to the identification of the critical role
of anion binding and transport in biological systems, catalysis
and analytical applications.> Moreover, nucleic acids are
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solution are analyzed to understand the scope and limitations of the approach.

polyanions, and similar recognition and sensing principles
could be applied.?

The design of synthetic receptors for anions is a difficult
task for several reasons. Being larger than the isoelectronic
cations, anions have a smaller charge-to-radius ratio, which
reduces the contribution of electrostatic interaction to their
binding. The high ability to form hydrogen bonds with proton-
donor solvents increases their solvation energies, so the recep-
tor must have a very high affinity for the anion to compete
effectively with solvent molecules in such environments. There-
fore, it is especially challenging to design those synthetic hosts
for anions that work in an aqueous solution. On the one hand,
good hydrogen bond donors like NH, CH or OH-binding sites
are ideal for binding anions, but on the other hand, these sites
are strongly solvated by water.>*** The approaches how to over-
ride this problem have been discussed recently in several review
articles.™”

Another problem in the anion recognition area is the
functionalization of a designed receptor with dyes to visualize
the binding event. This problem can be easily recognized by
comparison of the number of commercially available probes for
cations and anions. There are more probes available for cations
than for anions. In most cases, anionic species are detected by
enzymatic assays.® Fluorescent probes are highly attractive for
many applications due to the successful precedents in cellular
investigations” and online monitoring of anions in the
environment.® Thus, there is a cogent need to develop general
approaches to convert binding events into fluorescent signals.®”

Until now, several approaches have been proven to be
versatile in many instances, such as indicator displacement
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Fig. 1 PET fluorescent probes for anions based on the protonation of a
dye in an aqueous solution.

assay,’ aggregation/disaggregation’® induced emission or
quenching,’” monomer-excimer equilibrium,"* excited-state
intramolecular proton transfer-based probes,'* metal-based
molecular sensors'* and photoinduced electron transfer
(PET)-based probes.'®> Many fluorescent probes with receptor-
fluorophore design, show quenching upon anion addition.">**®

However, the “turn-on response” would be preferable in
application to achieve high signal-to-noise ratio. PET was
among the first approaches used to construct ‘“turn-on” fluor-
escent probes for anions working in an aqueous solution. The
working principle of PET sensors was demonstrated by Czarnik
in 1989 with receptor 1.7 Further development of this
approach resulted in a pyrophosphate probe, which was pre-
pared by functionalization of anthracene at 1st and 8th posi-
tions with tetraamines."® The coordination of an anion to 1
resulted in the protonation of the benzylic amine leading to the
inhibition of PET and subsequent fluorescence enhancement
(Fig. 1)."° It is suggested that the OH-group of the phosphate
anion protonates the free benzylic amine. However, in the
original paper, it is also mentioned that other anions, such as
sulfate, citrate and ATP induce the similar effect. Although it
can be valid for phosphate, sulfate does not bear OH-group but
nevertheless induces a strong fluorescent enhancement. These
results indicate that supramolecular pK, shift could be the
reason for protonation. Since sulfate is a dianion at pH 6,
additional protons should come from water (Fig. 1). Several
research groups used this approach to detect anions and
nucleotides in solution.”® These fluorescent probes rest on
PET sensors and molecular logic gates developed by de Silva
and others.'®*1%%15¢21 pET principle is applicable for detection
of Zn(u) and other cations with the help of polyamine receptors.
Consequently, these complexes can also be used to detect
anions."®** Great contributions to the development of PET
probes for anions were made by Lehn,?® Gunnlaugsson!>5%24
and Yoon,>® who explored receptors in both organic and in
aqueous solutions. Pioneering examples of nucleotide detection
come from the work of Lehn (1997)*° and Garéia-Espana
(1999).”” In these two publications, the authors found that
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protonated polyammonium receptors are responsible for the
fluorescence enhancement with ATP. In 2006 Garcia-Espana
observed the fluorescence enhancement with macrocyclic recep-
tor 2 and citrate at pH 6.%® The macrocycle design is similar to
one reported by Czarnik. In both cases, the fluorescence of
receptors are pH- and anion-sensitive, which precludes the
supramolecular shift of the pK,s of amine groups in the presence
of anions. Based on observations of anion-induced pK, shifts, we
have designed and explored several new families of receptors for
anions in recent years and thus advanced the field of fluorescent
probes.

In this feature article, we describe the design concept of
fluorescent ““turn-on” probes for anions involving pH-sensitive
subunits in the framework of the receptor structure. We discuss
in detail possible photoinduced processes and methods to
determine optimal conditions for sensing in an aqueous buf-
fered solution. Analysis of the receptor behavior at different
conditions allows one to predict the response of receptors at
chosen conditions and modulate the fluorescence answer. The
application of the concept is demonstrated within three groups
of anionic species: inorganic anions, nucleotides, and oligonu-
cleotides. Finally, the scope and limitations of the systems are
discussed.

Host design and supramolecular pKj,
shift

During recent years we have investigated a design concept for
fluorescent receptors for anions with a “turn-on” response,
which is schematically depicted in Fig. 2a. The critical element
is a pH fluorescent probe attached to an anion-binding motif.
The resulting structure is a pH-sensitive molecule, which
switches on the fluorescence upon protonation. The presence
of an anion in the anion-binding motif is expected to stabilize a
positive charge of the amine group, similar to the mechanism
described in Fig. 1.

Consequently, the coordination of an anion should induce a
supramolecular pKj, shift. The conditions can be selected such
that the receptor remains unprotonated until the anion
is bound.

It was recently shown that supramolecular pK, shifts in the
synthetic host-guest complexes could range from 1 to 5 pH
units.?® Thus, the appropriate conditions for significant fluores-
cence changes upon anion recognition should be the pH region
between the pK, values of the uncomplexed and complexed
receptor. For instance, Nau and coworkers reported that Apk,
for the complexation of an amine in the curucbituril cavity
reaches 4.5 pH units (Fig. 2b).*® Encapsulation of the dye-
functionalized amine can be considered as an inverted analogy
of the sensing mechanism described in Fig. 2a. The amine is now
not in the receptor structure but in a confined space. However,
both systems are similar in terms of the supramolecular shift.

An important prerequisite to generate a strong ‘turn-on”
response is the significant difference in fluorescence intensity
of the dye in the non-protonated and protonated states. This

This journal is © The Royal Society of Chemistry 2023
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Fig. 2 (a) Design concept of a fluorescent receptor for anions with a
“turn-on” response. (b) Example of the supramolecular complexation of
the pH probe in the cavity of cucurbit[6]uril.

value can be assessed as a ratio I(protonated)/I,(nonproto-
nated). The higher this ratio, the stronger the response of
future receptors for anions. For instance, the Czarnik’s com-
pound generates nearly 2-fold enhancement upon protonation.
Therefore, we began exploring naphthalimide-based fluores-
cent probes to achieve higher I/I, ratios. Naphthalimides are
unique dyes that can be functionalized stepwise at different
positions and introduce different substituents. Such functiona-
lization is convenient for receptor design.>**!

We started our studies with compound 4, which demon-
strated 8-fold enhancement upon protonation in an aqueous
solution.®” The acylation with dipyrrolylmethane diacid yielded
5. Since one amino group is now blocked with the amide bond,
the pK, of the free amines shifted from 4.5 to 2.8. To adjust the
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condition for the anion detection, we used acetate buffer at pH
3.6. Under these conditions, a selective but small fluorescence
enhancement (1.25-fold) was observed in the presence of
sulfate. Most of the anions did not show any changes in
fluorescence. Only iodide and bromide quench the fluores-
cence of the receptor because they have a low reduction
potential and facilitate the PET from the dye to the anion.

The studies with 5 served as a starting point to explore
various naphthalimide derivatives in terms of their pH-
response and the ways to incorporate them into the receptor
structure. The structures of the explored systems 6-11 are
shown in Fig. 3 and discussed in detail below.

Receptors for anions

Systematic studies of anion-binding and sensing properties
were carried out with naphthalimide derivatives 6-11 bearing
amine groups. These compounds also work as fluorescent pH
probes in an aqueous solution. The PET from amine groups to
naphthalimide is responsible for pH sensitivity. First, we tested
how these dyes behave in the presence of highly charged
anions, such as pyrophosphate.*® Since pyrophosphate carries
multiple negative charges at neutral and basic pHs, the affinity
of fully protonated polyamine receptors for pyrophosphate
reaches high values, e.g., logK = 8.31 for receptor 8. Binding
constants with anions were determined with the help of poten-
tiometric titrations. Although the structures of the dyes in Fig. 3
are very similar, they indeed showed different fluorescent
properties and anion-binding behavior. For instance, 6 and 9
have very low I/I, values upon protonation, which hinders
further application in anion sensing. According to potentio-
metric titrations and fluorescence studies, 8 and 10 behave very
similarly; namely, pK, values of the primary amines are around
8-12, and they are responsible for the PET process with
naphthalimide. In the case of 11, tertiary nitrogen atoms with
pK, values less than 6 induce PET. Therefore, ‘turn-on”
responses e.g., for 10 and 11 are observed in different pH
regions, 8-10 and 4-7, respectively.

Fig. 3 Functionalization of 4 with dipyrrolylmethane subunits to form 5. Naphthalimide dyes with appended amines explored in our work.

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Structures and fluorescence response (I = lops/l11, Where I is Observed intensity and /1 is the intensity at pH 11) for anion complexes with (a) 8

and (b) 10. L - is the intensity of the corresponding receptor depending on pH. Green and red lines are the intensities in the presence of sulfate and
pyrophosphate, respectively. Adapted with permission from ref. 33. Copyright 2017 Wiley-VCH.

We found three different sensing mechanisms for anion
detection that are realized depending on the pH of the solution.
The first mechanism is represented by 8 and is based on the
supramolecular pK, shift described above. A simple way to
determine the pH range at which the receptor can detect anions
is to measure the fluorescence in the absence and the presence
of an excess (100 equiv.) of the anion to be detected. As can be
inferred from Fig. 4a, pyrophosphate induces a stronger supra-
molecular pK, shift than sulfate. For both anions, an enhancement
of fluorescence upon adding anions at pH 4.5-8 can be expected. A
different situation is observed for 10, where enhancement and
quenching are in different pH regions. Detailed studies revealed
that aggregation of the dyes with anions leads to self-quenching,
which we assigned to the second mechanism. Thus, 10 showed
fluorescence enhancement at pH 8, while already at pH 9, quench-
ing was detected (Fig. 4b). The third sensing mechanism was found
at low pH values with fully protonated dyes. Excess sulfate and
pyrophosphate were able to deprotonate the ammonium groups
leading to quenching. Overall, these three mechanisms can be
expected while designing new fluorescent receptors for anions. The
pH of the solution and the self-aggregation behavior of the receptor
have a dramatic effect on the resulting fluorescence response.

The attachment of a neutral anion-binding motif to the
amine-functionalized naphthalimides was found to be an effi-
cient approach for achieving better selectivity for sulfate.
Naphthalimide with an attached piperazine-ring was reported
previously as an excellent pH probe with I/I, > 50.>* This was
the reason to use 7 in the construction of new receptor 12 for
sulfate detection in water.”®> The design of 12 involves a
classical anion-binding motif, 2,5-pyridine-dicarboxamide, con-
nected to two arms containing 7. The pH-depended fluores-
cence measurements (Fig. 5a) showed that sulfate could be
detected between pH 3.5 and 4.5. The saturation with sulfate
results in a pK, shift of pipeprazine of one pH unit. To show
that the binding constant for sulfate and the fluorescence
enhancement strongly depends on the pH of the solution, we
conducted fluorescence titrations at seven different pH values
4.1-4.7 (Fig. 5b). With a difference of only 0.7 pH units, the
affinity for sulfate drops one order of magnitude from log K,
3.30 (4.1) to 2.19 (pH 4.7). A decrease of fluorescence

1720 | Chem. Commun., 2023, 59, 1717-1727

enhancement was also observed at saturation point: from
7-fold to 5-fold, respectively.

Several exciting features of receptor 12 were discovered
during the studies. For instance, ROESY NMR experiments
revealed a dramatic change in the receptor’s conformation
upon sulfate coordination. Sulfate binding forces naphthali-
mides to form n-7 interactions and contribute to the stability of
the host-guest complex. These stacking interactions probably
contribute to the host’s rigidity in the complex. In addition,
experiments with blocking hydrogen bond donating amide
NHs by methylation uncovered their essential role in the
selectivity and affinity of the host. Regarding the binding
constant, two amide hydrogen bonds contribute one order of
magnitude to the affinity for sulfate relative to the affinity
provided only by two electrostatic interactions from the proto-
nated piperazines.

As the previous example shows, preorganization is essential
for highly selective binding. Thus, we explored the use of amine
8 in the construction of macrocycle 13 bearing pyridine-2,5-
dicarboxamide binding site and rigid phenylene spacers. The
macrocycle was designed to bind halides within a suitable
cavity size. The pK, values of the free amine groups are close
to neutral pH. Therefore, anion-binding measurements were
carried out in a 10 mM MES buffer (pH 6.2). Binding studies
revealed that fluoride best fitted the cavity, showing 10> M~
affinity. The macrocycle can also bind chloride, however, with
less affinity. Interestingly, adding an excess chloride led to the
formation of receptor-anion aggregates that are held through
electrostatic interactions. In the case of fluoride recognition,
the receptor can perfectly accommodate one or two anions in
the cavity, which prevents aggregation and induces protona-
tion. The latter process resulted in a “turn-on” fluorescence
enhancement, which agrees with the expected behavior.

Azacryptands are highly efficient receptors for anions and
contain secondary amine groups.*® They are protonated in
water and function as binding sites for anions. Several
approaches how to visualize the binding events have already
been reported. For example, the preparation of metal com-
plexes, the use of indicator displacement assays,”” and the
introduction of fluorescent dyes in the receptor structure.

This journal is © The Royal Society of Chemistry 2023
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Fig. 5 (a) Fluorescence vs pH ralationship for 12 (ex. 380 nm); spectra

were recorded in a 1:1 water—-THF mixture, containing 50 mM of acetate
buffer; S2 — without any additives, S3 — in the presence of 10 mM NaH,PO,,
S1 - in the presence of 10 mM Na,SOy. (b) Binding isotherms obtained by
fluorescence titration of 12 in a 1: 1 buffer—THF (pH 4.1) with anions as their
sodium salts. Adapted with permission from ref. 35. Copyright 2018 Wiley-
VCH. Proposed structures of complexes 12 and 13 with anions.

If azacryptands contain fluorescent dyes, they quench each
other via stacking interactions. The coordination of anions
(carboxylic acids) destroys these interactions and the fluores-
cence recovers.*® Amendola and coworkers utilized anthracene-

This journal is © The Royal Society of Chemistry 2023
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Fig. 6 Structures of azacryptands functionalized with dyes. (a) Relation-
ship between fluorescence and pH determined for 15. (b) Potentiometric
titration of 15 in the absence and the presence of sulfate. Fluorescence
titration of 15 with different anions at (c) pH 3.6 and d) pH 6.2. Reproduced
from ref. 40 with permission from the Royal Society of Chemistry.

containing azacryptands to detect TcO,  in an acidic aqueous
solution. In this work, the heavy-atom containing anion
quenches the fluorescence of azacryptands due to the selective
encapsulation.®®

In 2017, we adapted our approach to visualize anion binding
with the known azacryptands and also developed new systems
with new selectivities. Two strategies were investigated: (1)
attachment of a dye to available secondary nitrogen in cryp-
tands (as in 14-17) and (2) incorporation of a dye in the
receptor’s structure to be able to interact with a guest directly
(as in 18). Anthracene and naphthalimide derivatives were

Chem. Commun., 2023, 59,1717-1727 | 1721
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investigated as fluorescent dyes introduced in cryptands.
We proposed a simple approach to use halogen derivatives of
dyes to alkylate secondary amines of azacryptands (Fig. 6). 1,3-
Benzene and 2,5-pyridine azacryptands were converted to the
corresponding products 14-17."° Receptor 15 showed two pH
units of supramolecular pK, shift with sulfate (Fig. 6a). We
confirmed that it is also possible to detect the pH shift using
potentiometric titrations, as shown in Fig. 6b. A comparison of
the properties of anthracene and naphthalimide-containing
cryptands suggests that the rigidity of azacryptands improves
selectivity for some anions. Bulky anthracene connected to the
azacryptands via only one CH,-group creates a steric hindrance
and introduces rigidity in the receptor structure. Contrary,
naphthalimide is smaller in size and is connected via two
CH,-groups. Thus, it does not change the original selectivity of
azacryptands considerably. For instance, anthracene-containing
receptors 14 and 15, showed good selectivity towards sulfate and
pyrophosphate at pH 3.6 and 6.2, respectively. The binding is
strong enough to detect these anions in the presence of excess
other anions. We found that fluorescence enhancements and
selectivity for anions were changed upon shifting the pH of the
solution from pH 3.6 to 6.2. 15 has a preference to bind oxalate
and sulfate at pH 3.6 (Fig. 6¢), while it is selective for pyropho-
sphate in terms of binding strength and fluorescence enhance-
ment at pH 6.2 (Fig. 6d). This observation is consistent with
stronger electrostatic interactions at pH 6.2. While oxalate and
sulfate carry two positive charges over a broad range of pH,
pyrophosphate has three negative charges at close to neutral pH.
We achieved the best selectivity for oxalate over sulfate with
18 - an anthracene-bridged azacyclophane, in which anthra-
cene can directly interact with an anion.*’ While previous
receptors changed their selectivity at various pH values, 18
showed two orders of magnitude selectivity over other anions
in the pH range 3.6-6.2. The best fluorescence discrimination
was observed at pH 6.2 (50 mM MOPSO buffer), which is
accomplished with 10-fold fluorescence enhancement. The
effect was visible even by the naked eye. Strong fluorescence
enhancement rests on the double protonation of two secondary
NH-sites connected through CH,-groups to the anthracene
(Fig. 7). Since the anthracene ring is located in close proximity
to the coordinated anion, we observed that anions with a low
reduction potential efficiently quenched the anthracene emission.
As can be inferred from Fig. 7a, there is an almost linear correla-
tion between the Stern-Volmer quenching constants and the
reduction potential of anions. The structure of the oxalate complex
was determined by the X-ray analysis and revealed a perfect
geometry match between the receptor and the anion (Fig. 7b).
Further studies with cryptands bearing two and three
anthracene rings revealed a different sensing mechanism that
appeared to be characteristic for chaotropic anions - those
anions that in water solution disrupt the hydrogen bonding
network inside the cavity.*> Thus, receptors 19 and 20 in the
fully protonated state show higher fluorescence intensity in the
presence of such anions as NO; ,ClO, ", PFs~ and BF,  (Fig. 8).
The sensing mechanism, in this case, is different from that
discussed previously. We suggested that the coordination of
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Fig. 8 (a) Structures of receptors 19 and 20. (b) Fluorescence response of
19 measured in the presence of 200 equiv. of anions (50 mM acetate
buffer, 5% DMSO, pH 3.6. (c) Molecular structure of the nitrate complex
19H*(NO37)(CH3OH) according to the X-ray analysis. Adapted with
permission from ref. 42. Copyright 2019 American Chemical Society.
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water inside and outside the hydrophobic cavity of the azacryp-
tands quenches the anthracene fluorescence, while the coordi-
nation of nitrate and displacement of the water molecules leads
to the fluorescence recovery. Interestingly, even though sulfate
has a much higher affinity, it induces fluorescence quenching.
According to the crystal structure obtained with 19(HNO3)s and
20(HClO,)3, nitrate is encapsulated and forms n-n interactions
with anthracene, while perchlorates are located outside the
cavity. This encapsulation might contribute to the strongest
“turn-on” response of the receptor for nitrate.

Fluorescent receptors for nucleotides

Nucleoside phosphates are also anions at neutral pH. However,
they have more complex structures than inorganic anions and
include variations in the sugar, phosphate, and nucleobase
fragments. For instance, triphosphates have a higher negative
charge than di- and monophosphates. Moreover, nucleobases
have their own acid-base equilibrium in an aqueous solution,
which should be considered when designing host-guest com-
plexes. For molecular recognition and sensing of nucleotides,
we utilized a simple approach in which we combined the anion
recognition by azamacrocycles and the nucleobase recognition
by n-n stacking with fluorescent dyes. Two possible designs
have been explored. The first design we named the phosphate
binding macrocycle-dye concept (PBM-dye), which relies on the

Phosphate binding
macrocycle
PBM-dye design

23H,2*, face-to-face
excimer emission 546 nm

23, edge-to-face

23H,4* o g e
3H,™" monomer emission excimer emission 509 nm

Fig. 9
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attachment of a dye to the macrocycle. A possible coordination
mode of a nucleotide is shown in Fig. 9. The second design
stems from the Lehn’s original cyclophanes, which were shown
to bind nucleotides in water.>* A nucleobase can be encapsulated
between two dyes, while positively charged amine-containing
spacers can coordinate phosphate. In both design approaches,
there is a possibility to realize the PET sensing mechanism
investigated by us for inorganic anions and discussed in the
previous section. However, more complex behavior is expected
because fluorescence can be affected by many other interactions,
such as n-m interactions between dyes in both ground and
excited states and dye-nucleobase interactions.*’
Anthracene-containing macrocycles were first studied in the
context of the cyclophane design. The spacers between dyes
were varied, namely the length and the number of amine
groups (receptors 21-23).** The PET process between anthra-
cenes and amines was detected by varying the pH of the
solution. However, more pronounced effects in fluorescence
spectra were observed in the monomer-excimer emission equi-
librium, which depended on the pH of the solution and the
presence of nucleotides. Interestingly, the excimer emission
peak shifted upon changing the pH. We proposed that this shift
depends on the orientation of the anthracene rings to each
other. For example, 23 shows different emission bands, which
we assigned to different orientations of two anthracenes to
each other (Fig. 9¢). Binding studies in 50 mM MES buffer (pH
6.2, 2% DMSO) revealed the preference of anthracene-based

NH HN
x A

24 X=0 26: X=0 28

25: X=NH 27: X=NH

660

(a) Design approaches for nucleotide receptors. (b) Structures of anthracene-based cyclophanes. (c) Proposed interaction of anthracene rings

depending on pH. (d) Structures of pyrene-based cylclophanes. (e) “Bellows-type” sensing mechanism of ATP by 27 and (f) the observed changes in the
emission spectrum. (g) Fluorescence changes of 28 upon the addition of ATP or CTP. Conditions: 10 mM TRIS buffer (2 vol% DMSO, 100 mM NaCl, pH
7.4, ex.: 350 nm). Adapted with permission from ref. 45. Copyright 2020 Wiley-VCH.
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