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ABSTRACT: A new selective fluorogenic chemosensor for Hg2+,
which combines a calixarene derivative with a BODIPY core as a
fluorescent reporter, is described. The remarkable change in its
fluorogenic properties in DMSO and CHCI; has been analyzed. A
study of its spectral properties on dilution, along with molecular
modeling studies, allowed us to explain that this behavior involves
the formation of a J-dimer, as well as how the sensing mechanism
of Hg*" proceeds.

1. INTRODUCTION

Heavy metals play an essential role in our society. They are
present in almost any application developed since the
discovery of metallurgy. They are useful due to their intrinsic
properties such as malleability, ductility, and thermal and
electrical conductivity. Nevertheless, most of these metals can
cause serious diseases if their concentrations in our bodies
reach a certain level.' Such a situation has been occurring, for
example, due to the uncontrolled disposal of heavy metal-
containing wastes (e.g., from electronic devices or ore
extraction and processing) rich in lead, mercury, arsenic,
cadmium, chromium, copper, nickel, or zinc.”” These metals
can reach us by inhaling volatiles and dust, absorbing through
the skin, or eating food grown in contaminated soil or water. In
particular, mercury is extremely toxic and causes damage to the
nervous, digestive, and immunologic systems, as well as the
lungs, kidneys, skin, and eyes, among other organs.”> Upon
reaching the environment, mercury is transformed into its
divalent salts (e.g., mercury chloride, methylmercury), which
later bioaccumulate in fish and crustaceans, entering the food
chain. Therefore, it is of high interest to dispose of techniques
that allow the fast determination of Hg®" in potentially
polluted sources.

There exist several methods for the detection of these
contaminants in the environment based on analytical
techniques such as gas chromatography—mass spectroscopy,
atomic absorption spectroscopy, and X-ray or laser-induced
breakdown spectrometry.® Unfortunately, these methods are
generally expensive and not portable, requiring long measuring
times, significant amounts of samples, and qualified personnel.

© 2022 The Authors. Published by

American Chemical Society

819

7 ACS Publications

IIOFFII

Alternatively, absorbance- and emission-based methods are
becoming predominant because they are simpler to implement
and also offer high sensitivity and specificity. Chemosensors
have also been shown to be portable, easy to apply, and low-
cost devices that are able to detect dangerous gases.

In order to design suitable probes for metal detection, two
main features have to be combined. On one side is a sensing
unit, which can convert the recognition event of an analyte into
an optical signal due to the perturbation of its photophysical
properties.”” Among the heterogeneous library of chromo- and
fluorophores available in the literature, "’ 1,3,5,7-tetramethyl-
4,4-difluoroboradiazaindacene (BODIPY) dyes have been
gaining much attention since the late 1980s.'"'> This is
mainly due to their associated photophysical parameters, such
as high stability, versatile chemical modification, and tunable
emission and absorption properties,13 which render them very
attractive units for chemosensor development.'*”'® On the
other side, a suitable receptor has to be connected to the
fluorophore to form a supramolecular complex with the
targeted metal cations. Within the many possible complexing
ligands described,'”'® calix[n]arenes have been of much
interest in supramolecular chemistry, mainly because of their

‘®

Received: September 23, 2022
Accepted: December 5, 2022
Published: December 23, 2022

https://doi.org/10.1021/acsomega.2c06161
ACS Omega 2023, 8, 819—828


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Alejandro+Lorente"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Andres+Ochoa"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Julio+Rodriguez-Lavado"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Silvia+Rodriguez-Nue%CC%81valos"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Pablo+Jaque"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvador+Gil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Salvador+Gil"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose%CC%81+A.+Sa%CC%81ez"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ana+M.+Costero"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsomega.2c06161&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06161?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06161?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06161?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06161?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c06161?fig=abs1&ref=pdf
https://pubs.acs.org/toc/acsodf/8/1?ref=pdf
https://pubs.acs.org/toc/acsodf/8/1?ref=pdf
https://pubs.acs.org/toc/acsodf/8/1?ref=pdf
https://pubs.acs.org/toc/acsodf/8/1?ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsomega.2c06161?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://http://pubs.acs.org/journal/acsodf?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/

ACS Omega

http://pubs.acs.org/journal/acsodf

intrinsic selectivity and the possibility to modify their activated
positions by incorporating them as a part of specific
ﬂuorophores.lg_?~2 Chemosensors combining calix[4]arene at
the meso-position of the BODIPY core have been previously
described as pH sensors”> or for selective Ca** complexation.”*
Additionally, successful probes have been reported for
exploiting the functionalization of calix[4]arene in its lower
rim with triazoles' or thioureas,” which selectively coordinate
with Hg*".

In this work, we aim to report a new chemosensor (1) to
detect Hg** based on a BODIPY signaling unit and a
calix[4]arene binding moiety (Chart 1). In addition to the

Chart 1. Probe for Hg2+ Sensing

sensing properties, the probe shows interesting fluorogenic
properties compatible with dimer formation that are also
discussed. Despite the fact that BODIPY-based molecules are
well recognized as highly stable, mainly due to the nonpolar
nature of their core, they tend to form aggregates in highly
polar solvents (for instance, DMSO)*° and are stabilized by
7—7 stacking intermolecular interactions among others. These
interactions are known for strongly altering the luminescence
response mode and, consequently, the chemical sensing
mechanism.

2. RESULTS AND DISCUSSION

2.1. Materials Design and Synthesis. BODIPYs are
known to be easily functionalized structures either at their
meso, 2-, and 6-positions or through methylene substitution by
styryl bridge derivatives.'” We hypothesized that functionaliza-
tion at the styryl position can result in interesting calix[4]-
arene-based chemosensors, as it was previously described with
calix[4]pyrrole derivatives.””*® This strategy requires us to
functionalize the calix[4]arene scaffold with an aldehyde group.
This selective functionalization can be easily achieved by
controlling the electron-donating or -withdrawing character of

calixarene phenols, which strongly determine the active
positions toward electrophilic aromatic substitution.”’

Mono(calix[4]arene)-substituted BODIPY probe 1 was
prepared by Knoevenagel condensation of BODIPY 3 with
S-formyl-25,26,27,28-tetra-hydroxy-calix[4]arene 4 (Scheme
1).”® Furthermore, for comparison purposes, the same
condensation reaction was carried out with 4-hydroxybenzal-
dehyde S to synthesize dye 2. Two different experimental
conditions to perform this reaction were used. First, the
conventional use of the Dean—Stark apparatus is using toluene
as the solvent and p-toluenesulfonic acid/piperidine as
catalysts. In this procedure, to achieve high conversion rates,
temperature has to be rather harsh (reflux at 140—160 °C for
12 h), which generates many impurities and makes further
purification difficult. As an alternative, a recent protocol using
DMEF as the solvent allowed for easier purification, mainly
bec;)use of the use of milder conditions (reflux at 130 °C for 2
h).

2.2. Photophysical Properties. As is known, the
photophysical property changes of BODIPY derivatives are
highly dependent on the employed solvent. For this reason,
absorption and emission spectra of compounds 1 and 2 were
registered in CHCl; and DMSO (10 uM, 4., = 540 nm). The
corresponding normalized UV—vis spectra of 10 yM solutions
are shown in Figure 1 and summarized in Table 1.

In the case of chloroform, 1 and 2 exhibit similar absorption
spectra. Both molecules show a strong absorption band
centered at 577 nm with a shoulder at 540 and 539 nm,
respectively. As it has been previously discussed in the
literature, the band at 577 nm corresponds to a Sy—S;
transition, while the shoulder around 540 nm corresponds to
a vibrational band of the SI absorption.”’ The similarity
between these spectra and those reported in the literature for
some related compounds® suggests that the main absorption
feature of 1 is arising from the extension of the z-system
through the styryl linkage of BODIPY with a phenolic group.

In the case of DMSO, a different absorption profile is
observed between 1 and 2. The reference compound 2 exhibits
two bands centered at 578 and 542 nm, similar to those
observed in chloroform, whereas compound 1 shows the same
band at 580 nm and a new band at 620 nm, which overlaps
with the former. This strong difference in absorption also
enlightens the crucial role that calix[4]arene plays in the
absorption properties of 1 in DMSO. The appearance of the
band at 620 nm could be related to the formation of a J-dimer
that usually induces a strong bathochromic shift of the
absorption band.>*** The J-dimer formation hypothesis was
corroborated by the fluorescence behavior of both compounds

Scheme 1. Synthesis of Mono(calix[4]arene) Chemosensor 1 (25%) and Dye 2 (17%)
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Figure 1. Normalized (a) absorption and (b) emission spectra (4., = 540 nm) from 1 and 2 in CHCl; and DMSO solutions (10 uM).

Table 1. Absorption and Emission Bands of 1 and 2 in
CHCl; and DMSO (10 uM)

UV—vis emission”
Amax I Amay I Amax in CHCl; 4., in DMSO
compound CHCl; (nm) DMSO (nm) (nm)® (nm)?
1 S77; 540 580; 620 586 596
2 577; 539 578; 542 591 598

“Lexc = 540 nm. bﬂem of the monomeric species.

in the studied solvents. Thus, the fluorescence spectra of
compounds 1 and 2 in CHCI; show similar emission profiles
when excited at 540 nm, with a maximum emission band at
586 and 591 nm, respectively, and similar intensities for both
compounds (specifically, the quantum yield for compound 1
was 0.94). By contrast, a different behavior was observed when
the compounds were dissolved in DMSO. Both compounds
show a slight bathochromic shift of the emission bands that
appear at 596 and 598 nm for 1 and 2, respectively. This small
shift in the emission maximum upon solvent change might be
attributed to the different polarity of the solvent, which
increases wavelength emission due to the stabilization of the
excited state.”®> However, the stronger differences between
both compounds are related to the emission intensity. Thus,
although compound 2 shows in DMSO a similar emission
intensity to that in CHCI;, the fluorescence emission of the
solution of 1 in DMSO diminishes with time, and after 24 h, a
clear quenching of fluorescence is observed. The quantum
yield measured for the solution of 1 in DMSO was 0.03. These
results agree with a slow formation of J-aggregates.*

On the other hand, during characterization of the
spectroscopic properties of 1 in DMSO, an unexpected
behavior was observed. The relation within the absorption
bands at 580 and 620 nm changed when the solution was
prepared in volumetric glass and quartz cuvettes or stored in
conventional glass vials. Simultaneously, the fluorescence
emission was also affected, showing a remarkable decrease in
the latter case. We were able to reproduce and control these
changes by adding a small amount of SiO, (0.1 wt %) to the
solutions prepared in volumetric glass or quartz cuvettes
(Figure 2). The observed changes were the same as those
previously observed in this solvent, but they took place faster.
This anomalous behavior could also be related to aggregate
formation because it has been described that this process can
be promoted by the adsorption of monomers onto silica
surfaces.”’

2.3. NMR Studies. To understand the significant
solvatochromic effect observed in compound 1 when the
solvent changes from CHCIl; to DMSO, NMR studies were
carried out in both solvents. The spectra registered indicate
that the calixarene moiety presents a symmetrical geometry
due to the set of aromatic signals that appear in both spectra.
This fact suggests a cone or a 1,3-alternated conformation.
Additionally, a strong downfield shift of the signals
corresponding to the hydrogens of the BODIPY moiety (see
Table 2 and Figure 3) was observed in DMSO. Since this effect
was observed not only in compound 1 but also in 2, it means
that it is not due to the presence of the calixarene moiety but
the BODIPY core. Following the hypothesis about the
formation of a dimer in DMSOQO, the influence of the
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Figure 2. (a) Changes in UV—vis and (b) fluorescence spectra upon addition of SiO, (0.1 wt %) to a solution (10 uM) of 1 in DMSO.
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Table 2. Comparison of the Chemical Shifts of the Protons of 1 in CDCIl; and in DMSO-d;

5 (ppm) H, H, H, H, H, H; H, H, H, H H, H,
CDCl, 6.99 6.59 6.07 4.26 3.58 7.36 7.08 7.27 6.77 7.04 6.72 7.13
DMSO 7.58 6.89 6.21 3.93 3.89 7.16 7.36 7.35 6.65 7.10 6.63 7.10

Hy
H;
H,
H, H; Hy Hc r2
H¢
H,
F1
H
a Hb Hc
T T T T T T T T T T T T T T T T T T
7.7 7.6 7.5 7.4 7.3 7.2 7.1 7.0 6.9 6.8 6.7 6.6 6.5 6.4 6.3 6.2 6.1 6.0
f1 (ppm)

Figure 3. '"H NMR (aromatic zone) comparison of 1 in CDCl; (top) and in DMSO-dy (bottom).

concentration on the chemical shifts of the BODIPY hydrogen
signals was evaluated. Thus, "H NMR spectra at 1072, 1073,
and 107" M concentrations were registered. As the
concentration decreased, the signal corresponding to H, was
up-field shifted from 7.58 to 7.49 ppm, and proton H, was also
up-shifted from 6.21 to 6.16 ppm, whereas Hj remained
unaffected (see Figure S12 in the Supporting Information).
These modifications are in line with the hypothesis of a
decrease in dimer concentration and a concomitant increase in
the monomer concentration at low calixarene derivative
concentrations.

Finally, a NOESY experiment was carried out in CDCl; and
in DMSO-ds. In CDCl;, no unexpected NOE peaks were
observed. However, in DMSO-dy, strong NOEs between H,
and H¢ and between H, and Hj appeared in the spectrum.

822

These signals can only be understood if some aggregation
places two BODIPY moieties close to each other. Such a
proposal is depicted in Figures 4 and S11.

The proposed dimer structure does not only justify the
observed NOEs but also the substantial downfield shift of Hy
as it is placed in the zone of influence of the field generated by
the styrene double bond.

2.4. Cation Detection. The spectroscopic properties of
SiO,-treated DMSO solution (10P) encouraged us to
consider its application as a colorimetric and “OFF—ON”
fluorescent probe for the detection of metal cations. The
proposed mechanism was that the formation of a strong
complex between the monomer and the cation could induce a
disaggregation process with the corresponding color change
and fluorescence enhancement. The spectroscopic changes of

https://doi.org/10.1021/acsomega.2c06161
ACS Omega 2023, 8, 819-828
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Figure 4. Proposed dimer structure.

10P were studied upon addition of alkaline, alkaline-earth, and
transition metals (Ag®, K*, Cs*, Ca®*, Ba®*, Mg’*, Zn®*, Pb*,
Fe’*, Cu’*, Hg?", AI**, Cr’*, and Fe™") as nitrate or perchlorate
salts. The screening experiments were carried out by adding S
equiv of each cation (Figures S and S13 left).

The colorimetric changes of 10P upon adding the cations
consist of a decrease in the band intensity at 620 nm and an
increase in a new band at 580 nm. This behavior allowed us to
evaluate ratiometrically the response of 10P, revealing that
Hg** was the cation that gave rise to a significant colorimetric
response (Figure Sa), allowing its “naked-eye” detection (see
Figure S15).

Similarly, when studying the fluorescent response of 10P at
an excitation wavelength of 540 nm, only Hg**, AI**, and Fe®*
gave a significant response (Figures Sb and S13 right), with
Hg** being the most relevant cation for the application of 10P
as a fluorescent chemosensor.

Colorimetric and fluorescent interference studies, in which
an equimolar amount of Hg*" was added to a solution of 10P
with the corresponding cation, show that the binding to Hg**
is dominant (Figure S14).

2.5. Titrations. Having assessed the selective response of
10P toward Hg*', the sensitivity of the probe was studied by
monitoring the changes in UV—vis and fluorescence emission
spectra of DMSO solutions upon addition of increasing
quantities of the cation. The UV—vis profile is shown in Figure
6. As observed, after adding Hg?*, a decrease in the visible
band at 620 nm was registered, together with the simultaneous

increase of a new band at 580 nm with an evident isosbestic
point at 590 nm.

On the other hand, upon excitation of the sample at 540 nm,
intense emission was observed at 598 nm, which increased
with the addition of Hg*".

From the UV—vis and fluorescence titrations, the limits of
detection (LoDs) of 10P were estimated by using the
regression approach from IUPAC (Figures S16 and S17).
The obtained values were 0.82 and 1.34 uM, respectively
(Table 2).

Apparent association constants for 10P-Hg>* were
estimated by linear fitting, according to the Hill equation,
with log K,,, being 4.65 and 5.48, respectively (Table 3 and
Figure S18).”® The estimated Hill coefficients were n = 1.14 for
both absorption and fluorescence titrations.

To gain some insight into the coordination mode and
identify the changes on which it depends, "H NMR titration
studies of 1 with Hg*" in DMSO-dj were carried out. The most
remarkable information was obtained from the signals related
to the methylene bridges, which indicated that the
conformation of calixarene was maintained in the range of 0
to S equiv (Figures 7 and S19). When the changes in the
aromatic region were considered, it could be concluded that
they were similar to those observed in the dilution experi-
ments. However, in this case, H, also showed a clear up-field
shift. These facts, as well as the fluorescence recovery after
complexation, suggested that the BODIPY moiety was
involved to some extent in the disaggregation process and in
the formation of a 1:1 complex with Hg*".

2.6. Theoretical Calculations. 2.6.1. Molecular Geo-
metries and Spectral Features. In order to shed light on the
interesting spectroscopic properties of compound 1, a series of
theoretical calculations were carried out. Thus, a conforma-
tional analysis as well as a stability study of possible aggregates
were done.

2.6.2. Conformational Analysis of 1. The four typical
conformers of the calix[4]arene unit of 1 were found (see
Scheme 2) and confirmed as minima on the potential energy
surface at the IEFPCM/B3LYP-D3/Def2SVP level, employing
CHCI; and DMSO as solvents. As can be seen in Table 4, both
the Gibbs free energy and electronic energy revealed that cone
conformation was predicted as the most stable one in both
solvents. Additionally, these results indicated that 1 existed
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Figure 6. (a) Absorption and (b) emission titration curves for 1OP (10 uM in DMSO, A, = 540 nm).

Table 3. Log K., Hill Coefficient, and LOD of UV—vis, and

pp’
Fluorescence Titrations of 10P with Hg2+ in DMSO
method log K., n LoD (uM)
UV—vis 4.65 1.14 0.82
fluorescence 5.48 1.14 1.34

totally in the cone conformation in solution, according to
Boltzmann distribution at room temperature.

2.6.3. Aggregate Types of 1. In the present study, two types
of dimers were found in both solvents and confirmed as
minima on the potential energy surface as displayed in Scheme
3. These were labeled as cisoid (a) or transoid (b), depending
on the relative position of the calixarene moiety. In both types
of dimers, the BODIPY moieties were stacked antiparallel to

each other. While both isomeric dimers were quite isoenergetic
in CHCl,, the cisoid one was more stable than the transoid in
DMSO by 0.77 kcal/mol. Gibbs free binding energy together
with the Boltzmann population of both aggregate types are
quoted in Table 5.

At first glance, our calculations unveiled that the binding
process of both aggregate types was exergonic in both solvents
but slightly more in CHCl; than in DMSO. In addition, cisoid/
transoid populations would be similar in CHCl; (52:48%) but
not in DMSO (79:21%; see Table S) under thermodynamic
control. However, experimental observations indicate that in
chloroform solutions, the main product was the monomer,
whereas in DMSO, it was the dimer. These data suggested a
kinetic control of the dimerization process (Figure 8).

4.0 eq
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Mhm_ o~ L
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Figure 7. '"H NMR study of 1 in DMSO-dg upon increasing amounts of Hg**.
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Scheme 2. Studied Conformations of 1 in DMSO and in CHCI,
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Table 4. Relative Gibbs Free Energies and Relative 04 ~

Electronic Energies (in Brackets) Computed for the Studied AN -—- CHCI,

Conformations of 1 at IEFPCM/B3LYP-D3/Def2SVP 04 N - — - DMSO

Level” & 1,

relative Gibbs free energy in relative Gibbs free energy in —_ 21 ,/ //’/ \‘\\\
conformer CHCl, DMSO E R \\\\
cone 0.00 [0.00] 0.00 [0.00] = 34 R ‘\\\\
pCone 7.62 [8.73] 7.22 [8.72] £ P R\
1,2-alternate 9.95 [11.64] 9.42 [11.51] s 4 S // N
1,3-alternate 12.78 [14.88] 11.96 [14.93] < ) N
“All data are in kcal/mol. > / N
-6 4 // \\
Scheme 3. Types of Dimers of 1, (a) Cisoid, and (b) — ~
Transoid-Type L T T
transoid 2 monomers cisoid
,ﬁié\ [nterconversion
- :§:}~ s Figure 8. Gibbs free energy profile for the transoid and cisoid dimers
N and the monomer in both studied solvents.

(a) interacted with Hg“. Accordingly, our calculations revealed an
intercalation-type complex that interrupted the intermolecular
interactions of the stacked BODIPY units (see Scheme 4a),
with 7.25 kcal/mol being more stable. In turn, this complex

Side view was capable of evolving toward an even more stable complex
4,3:2\* with a stoichiometry of 1:1 and with an interaction energy of
k=0 o —10.68 kcal/mol (see Scheme 4b) that would explain the ON
& mode of the chemosensor since its spectral features were quite
(b) ‘? , similar to those of the free monomer, but with a lower
Ii oscillator strength.
~ 1 o
i 3. CONCLUSIONS
Ny,
7%€({€,~ ~ The calixarene-BODIPY derivative 1 has shown interesting
< changes in its photophysical properties depending on the
S : lvent. In this regard, the typical absorption and emission
Side view >0 e )
Top view bands of the BODIPY moiety are observed in chloroform,
] o . whereas a new absorption band, along with the quenching of

Table 5. G}bbs Free ‘Bmdl'ng Energy (in kcal/mol) and fluorescence, is observed in DMSO. NMR dilution studies on

Boltzmann’s Population (in Brackets) Compu?ed at both solvents revealed that this behavior may be related to its

IEFPCM/B3LYP-D3/Def2SVP for the Isomeric Dimers possible dimerization. From the calixarene point of view, NMR

Gibbs free binding energy in  Gibbs free binding energy in spectra indicate that, in both monomer and dimer forms, it
aggregate CHCl DMSO adopts a symmetrical conformation. Modelization at the
cisoid —6.25 [52%] —5.66 [79%] IEFPCM/B3LYP-D3/Def2SVP level confirms both the major
transoid —621 [48%] —4.89 [21%] stability of cone conformation in the monomer and the

stability of J-dimer-type formation in both solvents. Two

dimers, cisoid and transoid, emerge as the most stable ones,

As it has been indicated above, the fluorescence properties of with a theoretical proportion of 52:48 in CHCl; and 79:21 in
the monomeric sensor in DMSO were recovered as the dimer DMSO. The higher stability of the dimer versus the monomer
825 https://doi.org/10.1021/acsomega.2c06161
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Scheme 4. Binding Modes between (a) Hg** and Cisoid
Dimers (Interaction Energy is —7.25 kcal/mol) and (b)
Hg’* and Cone Monomers (the Interaction Energy is
—10.68 kcal/mol)

Side view

Side view

Front view

in CHCI, contrasts with the "H NMR spectra, which is similar
to the spectra of highly diluted samples. However, the high
concentration of the monomer in CHCl; may be due to a
kinetic control, with a bigger barrier in CHCI; than in DMSO.
We have observed that, even in DMSO, a small amount of
SiO, is required to catalyze the formation of dimers with the
concomitant disappearance of its fluorescence. NMR spectra,
at higher concentrations, are consistent with the generation of
dimers in DMSO, but in CDCI; monomers, they still
predominate.

The addition of different cations to non-fluorescent DMSO
solutions led to a strong increase in the fluorescence intensity
only in the case of Hg*" both alone and in the presence of
other metal cations. Molecular modeling studies show that the
breakdown of the dimer due to the intercalation of the Hg**
cation between the two BODIPY structures, breaking their
m—n interaction, is responsible for fluorescence recovery.
Therefore, it can be ascertained that mono(calix[4]arene)-
substituted BODIPY dye 1 is a mercury-selective fluorogenic
sensor with an unconventional OFF—ON detection mecha-
nism based on dimer formation/breakage.

4. MATERIALS AND METHODS

The reagents employed in the synthesis were acquired from
Sigma-Aldrich and used without further purification. The
solvents used were dried and distilled under argon prior to use.
Silica gel 60 F254 (Merck) plates were used for TLC. Column
chromatography was performed on silica gel.

For screening assays and tritiations, either the perchlorate or
nitrate salts of the cations K, Cs*, Ba**, Mg**, Ca**, Ag®, Zn*,
Pb**, Cu®*, Fe**, Hg?*, AI**, Cr’*, and Fe®" are used. No effect
of the counterions was observed during the experiments. Stock
solutions of 107 M of 1 and the cations were prepared, and
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dilution to 107> M was prepared in the cuvette. For
interference studies, S equiv of each cation were added to a
solution 10™° M of the probe; afterward, 5 equiv of Hg*" were
also added.

Absolute photoluminescence quantum yields (PPL) were
recorded using an integrating sphere system with a reflectance
higher than 99% in the range of 400—1500 nm on a FLS1000
photoluminescence spectrometer (Edinburgh Instruments).
For reference, a neat solvent with exactly the same volume
was used. All spectra were recorded using a 1 cm path-length
quartz cuvette at room temperature.

'H, ®C NMR, COSY, HSQC, and NOESY spectra were
determined with Bruker Avance 300 and 500 MH:z
spectrometers. Chemical shifts are reported in parts per
million (ppm) and referenced to the solvent peak. High-
resolution mass spectra were recorded in the positive ion mode
with a TripleTOF 5600 LC/MS/MS System AB SCIEX mass
spectrometer. All photophysical analyses were carried out in
air-equilibrated DMSO or MeCN at 298 K. Absorption spectra
were recorded with a Shimadzu UV-2600 spectrophotometer.
Fluorescence spectra were carried out on a VarianCary Eclipse
fluorimeter. Quartz cells with a path length of 1.0 cm were
used. Origin 2020 was the program used to plot titrations and
to calculate complexation constants.

S-Formyl-25,26,27,28-tetra-hydroxy-calix[4]arene 4 and
BODIPY 3 were synthesized by previously reported synthetic
procedures.”***”

4.1. Synthesis. 4.1.1. Synthesis of 1. BODIPY 3 (155 mg,
0.63 mmol) and S-formyl-25,26,27,28-tetra-hydroxy-calix[4]-
arene 4 (142 mg, 0.31 mmol) were dissolved in DMF (4 mL).
Afterward, piperidine (100 uL) was added, and the mixture
was heated at 120 °C for 2 h. The mixture was cooled to room
temperature before adding acidified water (HCI 0.1 M). The
aqueous phase was extracted three times with dichloro-
methane, and the combined organic fractions were dried
with MgSO,. After filtration, the solvent was evaporated, and
the crude was adsorbed into silica. Purification was realized
using silica gel as the stationary phase and ethyl acetate/hexane
mixtures as the eluent (1:9, 1:4, and 1:2, successively). The
product was obtained as a violet solid (55 mg, 25%).

"H NMR (500 MHz, chloroform-d): § (ppm) 10.18 (s, 4H),
7.36 (d, ] = 16.4 Hz, 1H), 7.27 (s, 2H), 7.13 (dd, ] = 7.6, 1.6
Hz, 2H), 7.07 (m, SH), 6.99 (s, 1H), 6.77 (t, ] = 7.56 Hz, 2H),
6.72 (t, ] = 7.56 Hz, 1H), 6.59 (s, 1H), 6.07 (s, 1H), 4.26 (br s,
4H), 3.58 (br s, 4H), 2.59 (s, 3H), 2.26 (s, 3H), 2.25 (s, 3H).

"H NMR (500 MHz, DMSO-dg): § (ppm) 9.89 (br s, 4H),
7.58 (s, 1H), 7.36 (m, 3H), 7.15 (d, J = 16.3 Hz, 1H), 7.10 (m,
6H), 6.89 (s, 1H), 6.65 (t, ] = 6.65 Hz, 2H), 6.63 (t, ] = 7.54
Hz, 1H), 6.21 (s, 1H), 3.92 (br s, 4H), 3.88 (br's, 4H), 2.47 (s,
3H), 2.30 (s, 3H), 2.27 (s, 3H).

BC NMR (125 MHz, chloroform-d): § (ppm) 156.18;

154.63; 150.25; 148.86; 148.78; 140.67; 140.51; 136.35;
135.09; 133.84; 130.85; 129.33; 129.26; 129.13; 128.88;
128.55; 128.44; 128.27; 127.97; 122.57; 122.46; 119.08;

118.51; 117.46; 115.59; 32.08; 31.81; 31.78; 30.46; 30.19;
29.85; 29.51; 22.84; 14.96; 14.27; 11.46; 11.45.

HRMS: m/z calc for C,H,BF,N;0, (M + NH,),
700.3153; found, 700.3139 [M + NH,]".

4.1.2. Synthesis of 2. Following the same procedure as in 1
(17%).

"H NMR (300 MHz, chloroform-d): § (ppm) 8.07 (s, 1H),
7.53=7.38 (m, 3H), 7.20 (d, ] = 16.3 Hz, 1H), 7.01 (s, 1H),
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6.83 (dd, J = 8.7, 2.3 Hz, 2H), 6.65 (s, 1H), 6.07 (s, 1H), 2.57
(s, 3H), 2.29 (s, 3H), 2.26 (s, 3H).

'"H NMR (300 MHz, DMSO-dy): § 9.96 (s, 1H), 7.59 (s,
1H), 7.49 (d, ] = 16.4 Hz, 1H), 7.44 (d, J = 8.7 Hz,2), 7.22 (4,
J = 16.3 Hz, 1H), 6.93 (s, 1H), 6.85 (d, ] = 8.6 Hz, 2H), 6.20
(s, 1H), 2.45 (s, 1H), 2.31 (s, 1H), 2.28 (s, 1H).
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